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ABSTRACT 

Non-caffeinated coffee derivatives such as chlorogenic acids (CGAs), cafestol CFT) and 

trigonelline (TRG) have been shown to reduce the risk of type 2 diabetes (T2D). However, 

it is unclear whether the derivatives directly affect pancreatic beta cell survival and function. 

This study investigated effects of the derivatives on beta cell viability and apoptosis, 

including insulin secretion. Additionally, the study explored if a potential effect was 

mediated via changes in gene expression linked to beta cell apoptosis pathways . The CGAs, 

caffeic acid (CA) and ferulic acid (FA), and the CGA metabolites, dihydro ferulic acid 

(diFA), ferulic acid-4-O-sulphate (FA-4OS) and dihydro caffeic acid-3-O-sulphate (diCA-

3OS) as well as CFT and TRG were observed. To assess INS-1 beta cell viability, apoptosis 

and mRNA expression, measurement of cellular ATP content, caspase-3 and -7 activity and 

quantitative PCR were performed, respectively. Static incubation studies and 

radioimmunoassays were carried out to measure glucose-stimulated insulin secretion (GSIS) 

from both INS-1 beta cells and isolated mouse islets. 

Treatment with selected non-caffeinated coffee derivatives alone and combined significantly 

enhanced cell viability under basal, non-stressed conditions. These derivatives also directly 

attenuated cell apoptosis in response to glucolipotoxicity. In addition, a significant decrease 

in upregulated mRNA levels of Txnip induced by glucolipotoxicity was found in cells treated 

with all selected CGAs combined with or without CFT+TRG. Upregulated Ddit3 gene 

expression was also decreased by CFT+TRG. Acute and pre- treatment with diCA-3OS and 

a cocktail of all coffee compounds enhanced stimulus-induced insulin secretion from INS-1 

cells. This enhancement was also observed in cells pre-treated with specific combinations of 

CGA derivatives with or without CFT+TRG.  The GSIS from islets was increased after pre-
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treatment with CA+FA and the CGA metabolites alone and in combination. However, CFT 

and TRG, alone and combined, did not modify GSIS in both INS-1 cells and islets. 

In conclusion, these findings suggest that a range of non-caffeinated coffee compounds 

positively modulate beta cell viability and cell apoptosis, which are likely to be mediated via 

downregulation of Txnip and Ddit3 induced by glucolipotoxicity. In addition, they positively 

play a role in the regulation of pancreatic beta cell insulin secretion, more specifically, when 

they are combined. Thus, the decaffeinated coffee compounds exhibit anti-diabetic actions, 

which have therapeutic potential in the management and prevention of T2D. 
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1.1 Diabetes 

Diabetes mellitus (DM) is a complex metabolic disease that was first identified 3,000 years 

ago by Egyptians. The term "diabetes" was first established by Araetus of Cappodocia (81-

133AD), and "Mellitus" (honey-sweet) was added by Thomas Willis (Britain) later in 1675 

as the sweetness was found in urine and blood of Indian patients (Ahmed, 2002). Later in 

1936, the distinction between insulin-dependent diabetes mellitus (IDDM or type 1 DM) and 

non-insulin-dependent diabetes mellitus (NIDDM or type 2 DM) was identified. Type 1 DM, 

which was initially named juvenile-onset diabetes and found in the young, while type 2 DM 

developed in adults with or without overweight or obesity (Lakhtakia, 2013). 

Type 1 diabetes (T1D) is an autoimmune disease associated with T cells (CD4+ and CD8+)-

mediated beta cell destruction, including macrophages (CD68+) and B-lymphocyte antigen 

CD20+ (Burrack et al., 2017). T1D is generally diagnosed in children, youth and young 

adults, however, it is also developed at any age with hyperglycaemia due to no insulin 

production in pancreatic beta cells caused by the autoimmune destruction of the beta cells 

(Chiang et al., 2014). The typical symptoms are frequent urination and thirst, weight loss and 

fatigue (Chiang et al., 2014). Patients with T1D mostly have diabetic ketoacidosis 

(Dabelea et al., 2014). The causative factors of T1D are not well known. However, it is 

thought to involve both genetic and environmental factors (Redondo et al., 2008; Ferrara et 

al., 2017). The underlying mechanism involves an autoimmune eradication of the pancreatic 

beta cells. It has been reported that this autoimmune disease is caused by, for example, 

dysbacteriosis in the guts (Garcia et al., 2019) and chronic enteroviral infection (e.g. 

Coxsackie virus and lymphocytic choriomeningitis virus) (Vehik et al., 2019; King, 2012). 

T1D is diagnosed by measuring the levels of glucose, as indicated in section 1.1.2 below.  
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T1D could be distinguished from T2D by a measurement of the presence of autoantibodies 

(Chiang et al., 2014). The prevention of T1D is still unknown, although daily insulin therapy 

is an essential treatment for survival and the pancreatic islet or the pancreas transplantation 

could also be an alternative treatment (Chiang et al., 2014). 

Type 2 diabetes mellitus (T2DM), or called type 2 diabetes (T2D), is a type of diabetes of 

our interest, was first reported in 1988 (Patlak, 2002) and is typically characterised by high 

blood glucose levels, resulting from insulin resistance and/or abnormal insulin production 

and secretion (Olokoba et al., 2012). T2D is generally developed in adults, as mentioned, and 

also it can be found in children with overweight or obesity. It is widely known that causative 

factors are mainly genetic and environmental factors, including sedentary lifestyle. There is 

a solid hereditary genetic link to T2D; having family members with T2D raises the risk of 

developing T2D significantly (e.g. Qi et al., 2010; Dupuis et al., 2010; Tsai et al., 2010). So 

far, genes related to T2D have been discovered. For example, TCF7L2 (transcription factor 

7-like 2) has been reported to play a role in blood glucose homeostasis by regulating pro-

glucagon gene activity, and overexpression of this gene in the beta cells was shown to cause 

insulin release impairment in response to glucose and other stimuli (Lyssenko et al., 2007). 

The incidence of another factor, obesity, has increased annually and been reported to 

contribute to 50-55% of patients with T2D (Olokoba et al., 2012). Environmental factors, 

e.g. toxicity of bisphenol and some plastics, are also reported to contribute to the current 

augmentation of the incidence of T2D (Lang et al., 2016). In addition to the  factors above, 

ageing, high-calorie nutrient intake and inactivity, which refer to an urban lifestyle are 

significantly reported to raise the risk of T2D. 
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Type 2 diabetic patients have a high risk of either short (e.g. hypoglycaemia) -and long-term 

complications (e.g. retinopathy, nephropathy, and renal failure), which mostly lead to 

hospitalisation and premature death (Zheng et al., 2018). The morbidity and mortality rate 

for T2D has increased worldwide, particularly in low- and middle-income countries (WHO, 

2021). It is estimated that approximately 460 million people had diabetes in 2019, and this 

figure will reach 700 million within the next 26 years (International Diabetes Federation 

(IDF), 2019). Moreover, this number accounts for approximately 90% of all patients with 

diabetes (IDF, 2019), and the increasing incidence of T2D constitutes a solid health problem, 

with the condition being one of the top ten causes of mortality around the globe. Therefore, 

to decrease this figure, understanding pathophysiology, diagnosis and the prevention and 

management of T2D, including the regulation of beta cell mass and function associated with 

T2D are required as a significant part of finding alternative solutions of reduction in the 

incidence of T2D. 

1.1.1 Pathophysiology of Type 2 diabetes (T2D) 

T2D is caused by peripheral insulin resistance and/or impaired insulin release and synthesis 

in pancreatic beta cells resulting in hyperglycaemia that occurs during the progression of 

T2D. It is, therefore, imperative to primarily understand that impaired insulin release and 

insulin resistance contribute to the progression of the pathophysiology of the disease 

(Galicia-Garcia. et al., 2020).  

Insulin resistance is when insulin in the body does not adequately express sufficient function 

proportional to its plasma levels (Yalow and Berson, 1960b). The decrease in insulin action 

in target cells in the liver, muscles and fat is a typical pathophysiological condition of T2D. 

It has been revealed that insulin resistance is associated with whether genetic factors and/or 



Chapter 1 

 

   5 

obesity. Genetic factors such as insulin receptor and insulin receptor substrate (IRS)-1 gene 

polymorphisms directly impact insulin signals related to increased insulin resistance (Del 

Guerra et al., 2005; Deng et al., 2004; Brun et al., 2008 ). In addition to genetic factors, it is 

widely known that obesity with central visceral adiposity is one of the causative factors of 

insulin resistance (Fain et al., 2004; Wellen & Hotamisligil, 2005). Hence, the adipose tissue 

is involved in the pathogenesis of T2D and is believed to be associated with an increase in 

levels of non-esterified fatty acids and elevated deposition of triglycerides in the pancreatic 

beta cells and muscle cells, besides an increase in inflammatory adipokines production and 

secretion that lead to decreased insulin sensitivity and impaired beta cell function 

(Bonadonna et al., 1990; Gregor et al., 2009). Persistently elevated glucose levels and/or 

high fatty acid concentrations in the plasma and inflammatory cytokines are also critical 

factors of impaired insulin action as well as secretion. Moreover, changes in levels of whether 

leptin, adiponectin, adipokines or resistin are also other causative factors of insulin resistance 

(Kocot et al., 2017).  

Additionally, insufficient insulin secretion also leads to hyperglycaemia. Impaired insulin 

secretion is a decline in glucose responsiveness, which is detected before the clinical onset 

of T2D. More particularly, impaired glucose tolerance (IGT) is caused by a lower glucose-

responsive at an early stage of insulin release, and a decline in insulin release after dietary 

leads to postprandial hyperglycemia (Abdul-Ghani et al., 2008). The impairment of the early-

phase secretory response is a significant part of the basic pathophysiological progression of 

the disease. This impairment is typically progressive with high glucose-and high fat-induced 

toxicities that leads to beta cell dysfunction and failure (Butler et al., 2003). In the early stage 

of the disease, the elevation of postprandial plasma glucose resulted from enhanced insulin 

resistance and declined early-phase insulin release. The development of pancreatic beta cell 
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dysfunction dramatically impact the long-term blood glucose homeostasis, which eventually 

causes persistently elevated plasma glucose levels (Abdul-Ghani et al., 2008). 

In addition to abnormalities of insulin secretion and activities, glucagon hormone is also 

involved in the development of T2D. The hormone is produced and released by alpha cells 

in the pancreas. When blood glucose levels are low, glucagon signals the liver to activate 

glycogenolysis: changing stored glycogen into glucose, after which it is entered the 

circulation to balance plasma glucose level together with insulin (Bagger et al., 2015). 

However, when alpha cell dysfunction occurs, glucagon concentrations are increased during 

fasting and not inhibited by a dietary intake, which leads to high hepatic glucose 

concentrations, resulting in high glucose levels in the circulation. Therefore, impairment of 

alpha cell function can cause the progression of hyperglycaemia in T2D (Henquin & Rahier, 

2011; Knudsen et al., 2019). 

1.1.2 Diagnosis 

An international current criterion for diagnosis of T2D is defined by World Health 

Organization (WHO) (WHO, 2006). The condition is diagnosed when symptoms such as 

polyuria and weight loss are observed with a single or more of the criteria described as follow: 

- Fasting plasma glucose (FPG): a plasma sample is tested after eight hours of overnight fast, 

and if the FPG levels are ≥ 7.0 mmol/L (126 mg/dL), this complies with the diagnosis. 

- An oral glucose tolerance test (OGTT): the blood glucose level is measured before and two 

hours after the ingestion of 75 g of glucose, and if the blood glucose levels in the two hours 

sample are ≥11.1mmol/L (200 mg/dL), then diabetes is diagnosed. 
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- Glycated Hemoglobin (Hb) A1C, an additional criterion for diagnosis, was first 

recommended by The International Expert Committee (International Expert Committee, 

2009). This measurement provides an average of plasma glucose concentrations over the last 

two to three months. Patients with an HbA1c of ≥ 48 mmol/mol (6.5%) are diagnosed as 

having diabetes. 

1.1.3 Prevention for T2D 

It is well known that the prevention of the development of T2D is mainly through diets and 

the promotion of an active lifestyle. This is also established in evidence-based nutrition 

guidelines for the prevention and management of diabetes in both Diabetes UK (Diabetes 

UK, 2021) and the American Diabetes Association (ADA) guidelines (American Diabetes 

Association, 2021) suggesting that a combination of diets and physical activity have been 

reported to delay the onset of T2D effectively.  

According to nutrition management guidelines of Diabetes UK and the ADA (Diabetes UK, 

2021; American Diabetes Association, 2021), diets are significantly related to a reduction in 

the risks of the development of T2D. Currently, Mediterranean foods, Dietary Approaches to 

Stop Hypertension (DASH) diet, high fibre diet, vegetarian and vegan diets, the healthy 

Nordic diet and moderate carbohydrate restriction are recommended for prevention of T2D, 

including specific diets such as whole grains (e.g. Okarter et al., 2010; Ye et al., 2013; 

Parker et al., 2013), some fruits and vegetables (e.g. Basch et al., 2003; Li et al., 2014; 

Mursu et al., 2014) and edible nuts (e.g. Zhou et al., 2014; Jenkins et al., 2006; Li et al., 

2011), including regular, long-term coffee consumption (e.g. Bhupathiraju et al., 2014; 

Ding et al., 2014; Doo et al., 2014) have been independently reported to be linked to the 

reduction in the risks of T2D.  
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In addition, there is a number of both in vitro and in vivo studies that have investigated the 

possible mechanisms that may be responsible for the potential therapeutic impact of foods 

and drinks on T2D, including bioactive compounds and dietary fibre that improve impaired 

glucose tolerance and increase insulin sensitivity in diabetic patients (Guess et al., 2018; 

Della Pepa et al., 2018). In contrast, high consumption of refined grains (e.g. Malik et al., 

2010; de Koning et al., 2011) and sugar-sweetened beverages (e.g. Hu et al., 2012; Wu et 

al., 2004) has consistently been reported to increase the risk of the development of T2D.  

In addition to diet, weight control has been shown to be associated with a significant 

reduction in the incidence of T2D. A reduction of approximately 55% in the incidence of 

T2D over three years was seen in patients who lost weight by 7-10% from their baseline, by 

an intensive lifestyle intervention and changes in diets (Hamman et al., 2006; Eckstein et al., 

2019). These findings suggest that a healthy diet together with a non-sedentary lifestyle and 

weight control could significantly reduce the risks of T2D. 

1.1.4 Management and remission of T2D 

The aim of T2D management is to ameliorate symptoms and delay the development of the 

disease and its complications, including cardiovascular disease (CVD), through control of 

glycemia, plasma lipid profile and blood pressure (BP). According to Diabetes UK, 

suggesting weight loss of at least 5% could improve glycaemic control and protect CVD risk 

as well as improve HbA1c, lipid profile, BP and insulin sensitivity (Diabetes UK, 2021). For 

overweight or obese with T2D, combining diets (e.g. low glycemic index diets and lowering 

high-calorie consumption) and physical activity to achieve weight loss could be the primary 

T2D management strategy. Besides, Lean et al. (2018) suggest that weight loss of 

approximately 15 kg as soon as after diagnosis could meet T2D remission.  



Chapter 1 

 

   9 

If changes in eating behaviour and lifestyle are unsuccessful, metformin is an antidiabetic 

medicine often considered for the first-line regimen. Following metformin, many other 

medicines, for example, oral sulfonylureas, dipeptidyl peptidase-4 (DPP-4) inhibitors and 

glucagon-like peptide-1 (GLP-I) receptor agonists, including insulin therapy that lower 

elevated plasma glucose levels, are available for improving glucose tolerance and/or 

peripheral insulin sensitivity (Choi et al., 2019). Nevertheless, several classes of effective 

medicines have been used for treatment in most patients with T2D. Many of these chemical 

medicines have serious side effects as well. It was reported in meta-analysis studies that 

rosiglitazone and pioglitazone caused myocardial infarction, heart failure and peripheral 

oedema (Home et al., 2009; Nissen and Wolski, 2007). Additionally, long-term treatment 

with either rosiglitazone or pioglitazone has been found to increase risks of carcinogenesis 

and death (Home et al., 2009; Nissen and Wolski, 2007). Thus, a significant requirement 

exists for exploring alternative substances that will exert anti-hyperglycemic effects with less 

adverse effects. Relative to synthetic chemical drugs, naturally derived anti-hyperglycemic 

compounds, whether herbs, some dietaries or drinks, e.g. coffee and tea, might be potential 

safe solutions for the treatment of T2D (Xu et al., 2018).  

Besides medication, gastric bypass surgery, also known as metabolic or bariatric surgery as 

recommended as a therapeutic management option in adult type 2 diabetic patients with body 

mass index > 30kg/m2. It has been reported that this surgery is more effective compared to 

conventional medical therapy alone to achieve weight loss, improve glycaemic control and 

reduce risks of CVD (Schauer et al., 2017; Cummings et al., 2016).  

In addition, since beta cell dysfunction and loss of beta cell survival are hallmarks of T2D, 

finding strategies for promoting beta cell mass and function has also become a point of 

interest in diabetes research to find alternative solutions approaches for both prevention and 
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treatment of the progression of T2D besides improving plasma glycaemic control, glucose 

tolerance and peripheral insulin sensitivity. It also includes investigations of potential effects 

of natural compounds on beta cell survival in response to cellular stress associated with T2D 

(Ríos, Francini and Schinella et al., 2015). Therefore, understanding the regulation of beta 

cell mass and function could be a primary part of exploring the effects of the compounds on 

beta cell survival and function.  

 

1.2 Pancreatic beta cells 

Beta cells are endocrine cells located in islets of Langerhans (Fig. 1.1) in the pancreas. The 

islets of Langerhans are named for Paul Langerhans, a German anatomist who first identified 

them in 1869 (Banting & Best, 1990). Generally, in the human body, the pancreas contains 

approximately one million islets. Each islet consists of five main types of cells that produce 

and release essential hormones: insulin-producing beta cells (40-70%), glucagon-producing 

alpha cells (~20-60%), somatostatin-producing delta cells (8%), pancreatic polypeptide-

producing gamma cells (PP cells or F cells) (<5%) and ghrelin-producing epsilon cells (<1%) 

(Marchetti et al., 2017; Moede, Leibiger and Berggren, 2020). 

All the different cell types interact with each other via extracellular spaces and gap junctions. 

This regulation enables cellular hormones released from one cell type to impact the function 

of adjacent cells. For instance, the insulin release from beta cells inhibits glucagon release 

from alpha cells. A neurovascular cluster comprising arterioles and sympathetic and 

parasympathetic nerves infiltrate each islet through the central kernel of beta cells. The 

arterioles spread to construct capillaries that connect the cells to the peripheral islet and later 

enter the portal vein (Marchetti et al., 2017). 
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Figure 1.1 Human islets of Langerhans. In each islet contains five main types of cells 

insulin-producing beta cells (40-70%), glucagon-producing alpha cells (20-60%), 

somatostatin-producing delta cells (8%), pancreatic polypeptide-producing gamma cells (PP 

cells or F cells) (<5%) and ghrelin-producing epsilon cells (<1%) (Modified from Selvaraju, 

2015). 

 

1.2.1 Normal beta cell function 

The primary function of beta cells is to synthesise and release insulin, the hormone 

responsible for regulating plasma glucose concentration within the physiological range 

(Poitout, Stein and Rhodes, 2015). After nutrient ingestion, plasma glucose concentrations 

begin to increase. Beta cells immediately react by releasing some of their stored hormones 

and enhancing the synthesis of the hormone. This rapid reaction to a spike in plasma glucose 

usually takes approximately 10 minutes (Cavaghan & Polonsky, 2005). 
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1.2.1.1 Insulin production and secretion 

Insulin is a peptide hormone consisting of fifty-one amino acids, produced and packaged in 

pancreatic beta cells, then released from the cells. Insulin is produced as preproinsulin in the 

ribosomal endoplasmic reticulum. Preproinsulin is subsequently cleaved to proinsulin by a 

signal peptidase, which is transferred to the Golgi apparatus, where the proinsulin is packed 

and stored in secretory granules located close to the cell membrane. Proinsulin is cleaved 

into equimolar levels of insulin and C-peptide in granules by the action of two enzymes; 

trypsin-like endoproteases and an exopeptidase (Steiner, 2008; Docherty et al., 1989). The 

secretion of insulin is associated with the fusion of the secretory granules with the beta cell 

membrane that leads to C-peptide and proinsulin release. 

It is widely known that the stimulus-response pathway leading to insulin release is a multi-

sequence of events and is initially stimulated when glucose enters beta cells via glucose 

transporters (GLUTs), particularly GLUT1 and GLUT3 seen in humans and GLUT-2 in 

rodents, then glucose in the cell is phosphorylated by glucokinase to synthesise glucose-

phosphate, which affects metabolic influx via breakdown of glucose, producing pyruvate as 

the final product of this process (Berger & Zdzieblo, 2020; Liang et al., 1997; Matschinsky, 

1990). Pyruvate is subsequently transported into the mitochondria and decarboxylated to 

acetyl-CoA. The acetyl-CoA is a precursor of the tricarboxylic acid cycle through three 

shuttle pathways: pyruvate-malate, pyruvate-citrate, and pyruvate-isocitrate shuttles 

(Herzig et al., 2012). These shuttles direct the tricarboxylic acid cycle to intermediate into 

and out of the mitochondria allowing an ongoing synthesis of intracellular messengers along 

with the production of cytosolic nicotinamide adenine dinucleotide phosphate(NADPH), a 

final product of these three shuttles (Guay et al., 2007). After which, equivalents (NADPH, 

NAD+hydrogen (H) and flavin adenine dinucleotide (FADH2)) in mitochondria are 
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produced and transferred to the ion transport chains (Vigueira et al., 2014). The oxidation of 

NADPH in the plasma membrane is stimulated via protein kinase C in response to fatty acids 

derived signalling molecules, leading to an increased ratio of adenosine triphosphate (ATP) 

to adenosine diphosphate (ADP) in the cytoplasm. This enhancement leads to the closure of 

ATP sensitive potassium (K+) (K+
ATP)– channels, the depolarisation of the plasma membrane, 

influx of extracellular Ca2+ into the cell, and stimulation of exocytosis of insulin that occurs 

in many stages, which involve docking, priming and fusion of insulin granules to the plasma 

membrane of the beta cells (e.g. Szollosi et al.. 2007; Richards-Williams et al., 2008; Hivelin 

et al., 2016). Under normal physiological conditions, glucose-stimulated insulin secretion 

(GSIS) is characterised by a first phase that occurs for a few minutes followed by a more 

prolonged second phase in which insulin is secreted to the blood circulation (Del Prato, 

Marchetti and Bonadonna, 2002). However, it has been indicated that GSIS could 

additionally occur without K+
ATP channels activity (Alenkvist et al., 2017; Trogden et al., 

2019). 

In addition to glucose and K+
ATP channels activity, nutrients and incretins also stimulate  3',5'-

cyclic adenosine monophosphate (cAMP) pathways (ATP-sensitive K+ channel-independent 

pathways), cyclic guanine monophosphate (cGMP), inositol 1,4,5 triphosphate and 

diacylglycerol that subsequently engage cell signalling cascades to increase exocytosis, with 

cAMP involvement (Grange et al., 2019). The cAMP plays a crucial role in stimulating 

protein kinase A that enhances stimulus-induced insulin release from beta cells (Tenner et 

al., 2020). The induction of insulin secretion associated with cAMP could also develop 

through a protein kinase A (PKA) - independent pathway by activating PKA and exchange 

protein directly stimulated by cAMP (Epac), also known as cAMP-dependent guanine 

nucleotide exchange factor ( Gloerich & Bos, 2010; Henquin & Nenquin, 2014). Activation 
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of these two pathways results in an augmentation of cytosolic Ca2+ ions that lead to 

stimulation of exocytosis of insulin granules (Stožer et al., 2021). 

In addition, it has been reported that several pathways and mediators have been involved in 

the insulin release, including incretin hormones. The hormones are gut-derived hormones, 

essential intestinal mediators of insulin secretion, and in the case of glucagon-like peptide ( 

e.g. GLP-1) and glucagon inhibition. Gastric inhibitory polypeptide (GIP), also known as a 

glucose-dependent insulinotropic polypeptide, acts as an inhibitor of the secretion of the 

secretin hormone family, including a stimulator of glucagon secretion. Both GLP-1 and GIP 

are released from the gut on ingestion of nutrients/glucose to regulate insulin release from 

beta cells. They exhibit their impact by binding to their own receptors: the GIP receptor 

(GIPR) and the GLP-1 receptor (GLP-1R), which belong to the secretin receptor family. 

Receptor binding stimulates and enhances the concentration of intracellular cyclic adenosine 

monophosphate (cAMP) in beta cells, where inducing insulin releases glucose-dependently 

(Seino, Fukushima, & Yabe, 2010).  

1.2.2 Glucose homeostasis  

Maintenance of normal circulating glucose levels needs a balance of glucose utilisation and 

endogenous glucose synthesis or glucose intake from the diet. Plasma glucose is derived from 

three pathways: gut absorption following the digestion of carbohydrates, glycogenolysis, and 

gluconeogenesis (Rines et al., 2016). After food digestion, glucose absorption influences the 

influx of exogenous glucose into the plasma depending on the consumed amount of 

carbohydrate, carbohydrate-digesting enzymatic activities in the gut (e.g. amylase and 

maltase) and the rate of glucose absorption in the intestine (Eskandari et al., 2011). When 

glucose is absorbed, endogenous glucose synthesis is inhibited, and glucose is used by, for 
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example, the liver, muscle cells, and adipose tissue (Chadt & Al-Hasani, 2020). Glucose is 

converted in the cells via several metabolic mechanisms. For instance, in the liver, it is stored 

as glycogen, converted via glycolysis to pyruvate, and eventually, enters the circulation over 

the plasma membrane via specific transporters (GLUTs) from the targeting organs expressing 

glucose-6-phosphatase (G6Pase), the essential enzyme for glucose synthesis for secreting 

into the plasma (e.g. Liu et al., 2018; Chueh et al., 2006). 

In humans, average physiological plasma glucose concentrations are controlled through 

several hormones, especially glucagon and insulin in the pancreas, which play a role in the 

maintenance of blood glucose levels at very low concentrations ranging between 4 and 6mM 

by the balance actions of the two hormones (Röder et al., 2016). Insulin plays an essential 

role in blood glucose homeostasis. It initially controls the plasma glucose levels by 

modulating glucose synthesis in the liver (e.g. an increase in glucose utilisation) (Röder et 

al., 2016). In addition to insulin, glucagon also plays a role in hepatic glycogenolysis, as 

mentioned above. After carbohydrate ingestion, levels of insulin are increased while 

glucagon concentrations are decreased. This event is believed to be moderated through 

incretin hormonal signals occurring in the gastrointestinal tract via the action of, for example, 

GIP and GLP-1 (Chadt & Al-Hasani, 2020). The initial secretion of insulin leads to enhanced 

glucose removal during absorption that precludes hyperglycemia. If high plasma insulin 

levels appeared after glucose was transferred to the plasma, higher levels of the incretin 

hormone would be demanded to moderate the extensive alteration in glucose level that would 

result if the rate of glucose absorption and the rate of initial utilisation were imbalance (Holst, 

2019). 
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1.2.3 Regulation of beta cell mass  

Although beta cell function is paramount, a reduction in beta cell mass is a significant factor 

in the progression of T2D. Therefore, maintaining beta cell mass or survival is a prerequisite 

for remaining active secretion of insulin which is one of the strategies of prevention and 

management of the development of T2D. 

Beta cell mass is regulated by three major mechanisms: (1) proliferation, (2) neogenesis 

(development of new cells from precursor cells) and (3) apoptosis. The respective 

contributions of beta cell proliferation, neogenesis and apoptosis to overall beta cell mass 

varies at different stages of postnatal life as well as in response to cellular stress conditions 

associated with diabetes (Chen et al., 2017). In the adult state, excessive nutrient intake and 

sedentary lifestyle constitute a significant factor that can lead to the induction of cellular 

stress conditions in human physiology.  

The beta cell response to nutrient excess occurs by several mechanisms, including 

hypertrophy and proliferation of existing beta cells, increased insulin production and 

secretion (Marroqui et al., 2015). The proliferation of beta cells is mainly regulated through 

the collaboration of three specific groups of cell cycle proteins: cyclins (cyclin D1 and D2), 

cyclin-dependent kinases (CDKs; CDK4 and CDK2), and cyclin-dependent kinase inhibitors 

(CKIs) (Fatrai et al., 2006). In the adult stage, the proliferation of cells from pre-existing beta 

cells relies on the interaction of several cell cycle proteins, including cyclin D1, cyclin D2, 

CD2, CD4 and the CKI family. Besides that, neogenesis of new cells from precursor beta 

cells occurs to maintain beta cell mass under both physiological and metabolic stress 

conditions related to T2D (e.g. elevated levels of plasma glucose and high levels of serum 

saturated fatty acids). Abundant evidence from in vivo-animal studies has indicated that the 
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pancreatic ductal cells are a source of new beta cells under regenerative conditions (e.g. 

Téllez et al., 2016; Van de Casteele et al., 2014; Wang et al., 2016).  

Lastly, beta cell apoptosis is regulated by both pro-and anti-apoptotic factors and intrinsic 

cellular signals (Wali et al., 2013; Zeng et al., 2016). The apoptosis of beta cells is a key 

contribution to the development of T1D with an approximately 70% reduction in beta cell 

mass due to an autoimmune response. On the other hand, at diagnosis of T2D, beta cell 

dedifferentiation with approximately 25-50% decrease in beta cells occurs along with beta 

cell dysfunction (Rahier et al., 2008; Saisho et al., 2013; Zeng et al., 2016). However, in the 

late stages of the development of T2D, beta cell apoptosis becomes a key contributor to the 

impairment of beta cell mass (e.g. Porat et al., 2011; Gregg et al., 2012), which may be not 

found at the diagnostic stage of T2D in general. At diagnosis of T2D, beta cell dysfunction 

is primarily characterised by a reduction in the first phase of insulin release during glucose 

induction and may occur before the onset of glucose intolerance in type 2 diabetes. 

 

1.3 Causative factors of beta cell failure  

Hyperglycaemia, dyslipidaemia, increased pro-inflammatory cytokines in serum and islet 

amyloid deposition are among various metabolic and pathological abnormalities presenting 

in patients with T2D (Wysham & Shubrook, 2020). It has been reported that these events 

contribute to beta cell toxicity, as described below, which in turn eventually leads to beta cell 

loss. 
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1.3.1 Cell toxicity induced by elevated glucose levels (glucotoxicity)  

Glucose levels are the key modulator for the regulation of beta cell mass and function. 

Glucose concentrations within the physiological range stimulate insulin release and action. 

However, prolonged elevated plasma glucose levels, known as “glucotoxicity”, negatively 

affect beta cell function and structure, eventually leading to beta cell apoptosis (e.g. Sun et 

al., 2019; Butler et al., 2016). However, the impact of hyperglycaemia on beta cell function 

is believed to be linked to either the high levels of glucose or the duration of exposure (Kim et 

al., 2005). 

The detrimental effects of persistent high plasma glucose levels on beta cell mass and 

function have been explored in animal studies and in vitro-clonal beta cell line-and/or islet-

culture models. In the early 21st century, Khaldi et al., 2004 reported that over-secretion of 

insulin and impaired GSIS were found in rat islets after one week’s exposure to a high glucose 

concentration of 30 mM. Finegood et al. (2001) stated that hypersecretion of insulin was 

found in Zucker diabetic fatty (ZDF) rats, but after the rats were chronically fed with high-

glucose and -fat, elevated beta cell apoptosis levels were detected (Finegood et al., 2001). 

This finding was similar to outcomes from a human study by Butler et al. (2003) of type 2 

diabetic subjects. Several mechanisms have been revealed to describe elevated glucose-

induced beta cell dysfunction in both in vitro and in vivo-animal studies (e.g. Mellado-Gil 

and Aguilar-Diosdado, 2004; Piro et al., 2002; Federici et al., 2001; Maedler et al., 2001). 

Most key pathways are related to mitochondrial dysfunction with the biosynthesis of reactive 

oxygen species (ROS), endoplasmic reticulum (ER) stress and oxidative stress, as well as 

activation of glycation of end-product receptors, among others (Kupsal et al., 2015). 
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Additionally, elevated glucose concentrations also affect insulin gene expression in beta cells 

(Ramiya et al., 2000; Li et al., 2003). Initial trials found that persistent exposure of HIT beta 

cells to high glucose caused impaired beta cell function with lowered insulin mRNA levels, 

decreased insulin content and impaired insulin secretion (Li et al., 2003). Moreover, 

hyperglycemia-induced beta cell toxicity leads to stimulation of oxidative stress (Ma et al., 

2012). High glucose induces oxidative stress through cellular metabolic pathways linked to 

the excessive synthesis and accumulation of reactive oxygen and nitrogen species (ROS and 

RNS), superoxides, peroxides and hydroxyl radicals (Brasacchio et al., 2009; Gerber & 

Rutter, 2017; Salehi et al., 2018). In T2D, oxidative stress mediators, for example, 

nitrotyrosine and 8-hydroxy-2-deoxyguanosine levels, are increased compared to non-

diabetic islet cells (Ma et al., 2012). This is due to the fact that biological antioxidants such 

as catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (Gpx) and 

glutathione (GSH) are not capable of neutralising the radicals in beta cells (Stancill et al., 

2019; Gray & Heart, 2010). It is believed that these phenomena result from lower 

concentrations and activities of ROS-detoxifying enzymes in pancreatic beta cells compared 

to other cells/tissues (Tanaka et al., 2002; Prentki and Nolan, 2006; Stancill et al., 2019). 

Therefore, beta cells have a limited protective ability against ROS formation (see below). 

Tanaka et al. (2002) found that intracellular peroxide concentrations were elevated while 

insulin secretion and its mRNA levels were decreased. Moreover, GPx activity was also 

decreased after rat islets were exposed by buthionine sulfoximine and HIT-T15 beta cells 

induced by ribose (Tanaka et al., 2002). Additionally, the researchers also found that ROS 

levels in the beta cells were reduced by antiviral overexpression of GPx and led to improved 

insulin secretory function in response to chronically elevated glucose levels (Tanaka et al., 

2002). These study findings (Tanaka et al., 2002) were similar to findings from their previous 

animal study using db/db mice (Tanaka et al., 1999). Similarly, a study by Del Guerra et al. 
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(2005) found that these improvements were also observed after treatment with GSH in 

isolated islets from diabetic subjects. Additionally, the augmentation of oxidative stress 

caused decreased insulin gene transcription by lowering insulin promoter factor 1 (also 

known as pancreatic and duodenal homeobox 1 (PDX1)) and musculoaponeurotic 

fibrosarcoma (Maf) protein binding (Gannon et al., 2008; Ramiya et al., 2000; Li et 

al., 2003). Nevertheless, the mechanisms of ROS-induced beta cell dysfunction and 

apoptosis have remained debatable, although the overproduction of ROS eventually 

stimulates stress-induced cell toxicity pathways that include activation of nuclear factor- κB 

(NF-κB ), c-Jun N-terminal kinase (JNK), and hexosamines (Zhou et al., 2017; Kaneto et al., 

2002). Additionally, chronic exposure of beta cells to elevated glucose concentrations in 

more recent studies showed a decrease in the expression of several transcription factors and 

proteins and caused beta cell dedifferentiation, dysfunction and death (Sun et al., 2019; 

Bensellam, Jonas and Laybutt, 2018; Butler et al., 2016; Cinti et al., 2016). 

1.3.2 Cell toxicity induced by high free fatty acid (Lipotoxicity)  

Globally, the incidence of obesity has increased dramatically along with the increasing 

incidence of T2D. Obesity is related to high levels of free fatty acids (FFAs) in the plasma 

due to expanding adipose tissue mass and decreased clearance of FFAs (Montgomery, De 

Nardo, and Watt, 2019). A reduction of FFA elimination has been linked to an increase in 

the non-esterification form of FFAs in adipose tissue (Fabbrini  et al. 2016; Afolabi et 

al., 2018), suggesting this might be a mechanistic association between obesity and T2D. 

However, obesity is not only related to accumulating lipid in adipose tissue but also in non-

adipose tissues. Lipid accumulation (LAT) in non-adipose tissue is also known as ectopic 

LAT (Tong et al., 2020). This accumulation has been associated with the combination of 

obesity and a decrease in insulin sensitivity or metabolic diseases such as T2D and CVD 
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(Zhang et al., 2015). In particular, the LAT in skeletal muscle and the liver accumulation of 

intermediates of lipid metabolism (e.g. diacylglycerol (DAG) and Acyl-CoA) is associated 

with insulin resistance and the initial hallmark of developing T2D (Perry et al., 2015; 

Luukkonen et al., 2016). These accumulated lipids could negatively affect insulin signalling 

in the tissues. Early, insulin resistance in muscular and hepatocytes could be overcome by an 

enhanced pancreatic insulin biosynthesis leading to hyperinsulinemia. In the pancreas, LAT 

has been shown to be a cause of beta cell dysfunction (Zhao et al., 2017; Green & Olson 

2011). Although, pancreatic beta cell impairment could be found during the progression of 

T2D, resulting in decreased insulin synthesis. In the heart, LAT has been related to the 

impairment of cardiac function as well as heart failure, which is possibly linked to diabetic 

cardiomyopathy (Hoogeveen et al., 2014; Duncan et al., 2019). Thus, this could be suggested 

that evidence for the detrimental impact of the LAT in non-adipose tissue is critical, and this 

refers to the term lipotoxicity (Geng et al., 2021).  

Chronic exposure of beta cells to elevated FFA levels is detrimental and leads to beta cell 

dysfunction and failure. This is known as lipotoxicity. FFAs provide both positive and 

negative effects on beta cells. Under physiological conditions, FFAs are essential to the 

regulation of GSIS as reported in animal models, however, FFA depletion in islets caused 

GSIS failure, but it was restored by feeding with an exogenous fat diet in the short - term 

(Briaud et al., 2002; Carpentier et al., 2010). 

Prolonged exposure of beta cells to high FFA levels can decrease insulin gene transcription, 

impair GSIS and Pdx1 and MafA activity and cause beta cell death in islets (Hagman et al., 

2008; Goh et al., 2007; Hagman et al., 2005). An early in vivo study by Hagman et 

al. (2008) also showed that impairment of Pdx1 and MafA activity by shifting Pdx1 from the 

nucleus (where it generally mediates gene transcription) to the cytosol was found in islets 
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from rats after intralipid infusion (Hagman et al., 2008). Hagman et al. (2005) also reported 

that high levels of palmitic acid significantly reduced MafA transcription, causing lowered 

concentrations of MafA protein. Another proposed mechanism was suggested by Eitel et 

al. (2003). They found that high palmitate levels induced protein kinase C, which is a 

proapoptotic mediator as well as a potentiator of insulin secretion induced production of 

ceramides that suppressed the activity of B-cell lymphoma 2 (Bcl2), an anti-apoptotic 

protein, and downregulated insulin receptor substrate -1 and-2 (IRS-1/2) signalling 

(Marafie et al., 2019; Wei et al., 2013; Salgin et al., 2012; Peterson et al., 2008; Lupi et al., 

2002; Piro et al., 2002; Solinas et al., 2006). Lipotoxicity has also been shown to stimulate 

upregulation of the mitochondrial uncoupling protein-2 (UCP2), leading to reduced glucose-

induced ATP generation (Hirschberg Jensen and Affourtit, 2015; Barlow et al., 2016; Lee et 

al., 2014; Jiang et al., 2010; Wan et al., 2010; Joseph et al., 2004). Moreover, lipotoxicity 

significantly induced stimulation of oxidative stress and the unfolded protein response (UPR) 

pathways (Laybutt et al., 2007). However, these effects were observed in the presence of 

high glucose and were more likely due to the detrimental effects of glucotoxicity and 

lipotoxicity combined, that is, “glucolipotoxicity” (Costes et al., 2021). 

1.3.3 Cell toxicity induced by elevated levels of glucose and free fatty acid 

(Glucolipotoxicity)  

As mentioned above, the detrimental effects of high FFA levels cause GSIS failure, insulin 

resistance, abnormal secretion of insulin, decreased glucose homeostasis, beta cell 

dysfunction and eventual beta cell death in T2D (Zhao et al., 2017; Green & Olson 2011). 

These deleterious effects of FFAs are often combined with glucotoxicity as defined above 

(Costes et al., 2021). So far, many in vitro studies have indicated that high palmitate with the 

presence of elevated glucose levels has a similar impact on beta cell survival/death and 
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function (e.g. Barlow & Affourtit, 2013; Somesh et al., 2013; Morgan et al., 2007). However, 

a measurement of beta cell death in in vivo studies is more likely complex as apoptotic cells 

are quickly eliminated (Poon et al., 2014). So far, in vitro studies reported that chronic 

exposure to high FFA levels combined with elevated glucose concentrations induced ER 

stress (Hara et al., 2014), oxidative stress with overproduction of ROS (Molina et al., 2009), 

inflammation (Inoue et al., 2018), mitochondrial dysfunction (Morgan et al., 2007), and cell 

apoptosis in the pancreatic beta cell as described below. So far, several animal and human 

studies have found that antidiabetic drugs such as GLP-1 agonists, thiazolidinediones and 

metformin could alleviate the detrimental impacts of glucolipotoxicity on beta cell survival 

and function (e.g. Shao et al., 2014; Lupi et al., 2014; Lupi et al., 2002). 

1.3.4 Islet Amyloid Polypeptide  

Islet amyloid polypeptide (IAPP) is an amino acid peptide produced in pancreatic beta cells 

in addition to insulin. It is also known as amylin and presents in the pancreatic islets in T2D 

as amyloid deposition (Ogihara and Mirmira, 2010). Its role in the physiological condition 

of the human body has remained unclear. However, many studies investigating the effects of 

IAPP on islet function in transgenic mice harbouring the hIAPP found evidence that IAPP 

may be involved in islet dysfunction (Matveyenko & Butler, 2006; Butler et al., 2004; 

Vidal et al., 2003). Thus, its expression in the islets may cause amyloid fibril deposition and 

eventual beta cell death (Butler et al., 2004; Rocken, Linke and Saeger, 1992). Additionally, 

it was found that either glucotoxicity or lipotoxicity enhanced islet amyloid fibril deposition 

in human islets by up-regulating IAPP mRNA expression. Additionally, at an early stage of 

insulin resistance, insulin secretion is enhanced to compensate for high insulin demand and 

IAPP is co-released with insulin from beta cells. Thus, both secretion and accumulation of 

IAPP are raised with potentially elevated levels of IAPP, causing amyloid deposition in the 
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islets (Böni-Schnetzler and Meier, 2019). Moreover, this accumulation is consistently 

reported to be linked to oxidative stress; Fas signalling receptor involved cell death and the 

UP responsive-ER stress. 

1.3.5 Pro-inflammatory cytokines 

In general, chronic exposure of beta cells to elevated glucose levels induce Fas expression 

and interleukin 1 beta (IL-1β) synthesis and secretion, whereas release of other cytokines 

from beta cells are less likely to be induced by glucose (Maedler et al., 2002; Boni-

Schnetzler et al., 2008), as was shown in in vitro studies using human isolated islets from 

organ donors (Boni-Schnetzler et al., 2008). It might be due to elevated glucose levels 

indirectly inducing pro-inflammatory cytokines by up-regulating islet amyloid formation, 

which in turn is one of the critical triggers of islet inflammation. Besides that, high FFA 

levels are also reported to induce inflammation in human islets (Igoillo-Esteve et al., 2010; 

Ehses et al., 2007; Boni-Schnetzler et al., 2009). An islet culture model showed that high 

levels of palmitate stimulated secretion of the pro-inflammatory cytokines IL-6, IL-8 and the 

chemokine (C-X-C motif) ligand 1 (CXCL-1) (Boni-Schnetzler et al., 2009). Besides that, 

palmitate was also found to increase the expression of other cytokines, including IL-1β and 

tumour necrosis factor-alpha (TNF-α) (Ehses et al., 2007). These events were similarly found 

once the islets were exposed to other FFAs such as oleate and stearate, as supported by 

findings from a study by Boni-Schnetzler et al. (2009). They reported that the effects of FFAs 

on the secretion of IL-1α and IL-1β were suppressed after co-treatment with IL-1Ra or anti-

IL-1β antibodies (Boni-Schnetzler et al., 2009). This finding implies that IL-1β signalling is 

involved in these detrimental effects. Glucolipotoxicity has been reported to increase IL-1β 

expression and secretion of the pro-inflammatory cytokines in human islets (Igoillo-Esteve et 

al., 2010). In addition to these triggers, IL-1β expression could be induced by other causes 
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such as IAPP, leading to beta cell apoptosis (Zhang et al., 2018; Butler et al., 2003; Rahier et 

al., 2008). 

 

1.4 Mechanisms leading to a beta cell failure  

All the triggers mentioned above, whether glucotoxicity, lipotoxicity, glucolipotoxicity, 

IAPP or pro-inflammatory cytokines, cause beta cell dysfunction and eventual beta cell 

apoptosis. Proposed mechanisms of these causative factors for reduction in beta cell mass 

and functional failure are investigated and discussed below. 

1.4.1 Inflammation 

In T2D, islet inflammation primarily results from chronic elevated glucose-induced secretion 

of pro-inflammatory cytokines such as IL-1β and TNF-α, as reported in, for example, an in 

vitro study by Maedler et al. (2002). The researchers found that after 20 hr exposure to 

elevated glucose (33.3 mM) of islets from healthy organ donors, production and secretion of 

IL-1β were increased with concomitant activation of NF- κB, DNA fragmentation, and beta 

cell dysfunction. Similarly, these changes were also observed in subjects with T2D 

(Maedler et al., 2002). However, in several animal/human studies, macrophage number and 

infiltration of pancreatic islets is enhanced in type 2 diabetic mice/subjects relative to non-

diabetic mice/subjects (Ehses et al., 2007; Richardson et al., 2009). Besides islets, adipose 

tissues can also be a significant source of cytokines. In obesity, cytokines are produced and 

released from adipose tissue such as IL-10, TNF-α , and IL-6. Lumeng et al. (2007) found 

that after mice were fed with high-fat, macrophages were migrated to adipose tissue and then 
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cytokines IL-10 and TNF-α  were released from adipose tissue macrophages (Lumen et al., 

2007). 

IL-1β is also synthesised by cleavage of caspase-1, which itself is stimulated by the Nod-like 

receptor protein-3 (NLRP3) inflammasome. It has been found that thioredoxin-interacting 

protein (TXNIP) is involved in IL-1β synthesis by interacting with NLRP3, leading to 

hyperglycemia-induced IL-1β synthesis (Zhou et al., 2010). The binding of TXNIP to the 

redox-dependent suppression of thioredoxin (TRX) is thought to inhibit reductase 

expression, leading to TRX release in response to oxidative stress. Enhancement of TXNIP 

transcription is induced by glucose in pancreatic islets, implying that TXNIP serves as a 

glucose and oxidative stress signalling molecule linked to inflammation (Zhou et al., 2010).  

Alternative pathways induced by cytokine signalling in beta cells include arachidonate and 

cyclo-oxygenase pathways that can lead to oxidative stress and mitochondrial dysfunction 

(Nunemaker et al., 2008). A study by Hundal et al. (2002) also supported this notion as they 

found that subjects with T2D had elevated serine kinase IKK-b activation, which defined 

tissue inflammation along with elevated fasting plasma glucose (FPG) and impaired glucose 

tolerance. However, after administration of acetylsalicylic acid (7 gm/day) for 14 days, IKK-

b activity expression was decreased, which led to a 25% decrease in FPG and improved 

glucose tolerance in the subject. This suggests that anti-inflammatory medicine 

(acetylsalicylic acid) can ameliorate the development of T2D associated with inflammation 

(Hundal et al., 2002). 

1.4.2 Oxidative stress 

There are sufficient evidence indicating prolonged exposure of pancreatic beta cells to high 

glucose levels, elevated FFA concentrations alone or combined, IAPP or pro-inflammatory 
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cytokines induces ROS production. The ROS are produced from several sources, for 

example, mitochondrial oxidative phosphorylation and protein kinase C stimulation. 

However, beta cells are vulnerable to oxidative stress (Lenzen, Drinkgern and Tiedge, 1996; 

Elsner, Gehrmann and Lenzen, 2011). Since biological antioxidant enzymes such as CAT, 

SOD and Gpx, and GSH are not capable of neutralising the radicals, the expression of each 

antioxidant in beta cells is deficient compared to other organs. Thus, high levels of free 

radicals levels are increased in islets of Goto-kakizaki rats compared to non-diabetic islets 

(Elsner, Gehrmann and Lenzen, 2011; Li, Frigerio and Maechler, 2008). The increased 

oxidative stress leads to beta cell dysfunction; however, the oxidative stress is reportedly 

attenuated by exogenous antioxidants such as N-acetyl cysteine. Besides that, activating 

cellular antioxidant expression (e.g. SOD, CAT, or Gpx) (Drews et al., 2010) also reduced 

oxidative stress. An early in vivo animal study by Harmon et al. (2009) showed that 

upregulation of transgenic expression of GPx in islets of obese mice with T2D could restore 

pancreatic islet function, GSIS, and MafA nuclear localisation (Harmon et al., 2009). 

1.4.3 Endoplasmic Reticulum Stress  

The endoplasmic reticulum (ER) is a dynamically active organelle where mRNA and their 

encoded protein are translated and folded. The ER thus plays a crucial role in protein 

production, modification, folding, accumulation, and the transportation of unfolding peptide 

chains (Sano and Reed, 2013). Moreover, the ER is involved in balancing intracellular Ca2+ 

and its influx through the ER-embedded Sarco/ ER Ca2+ ATPase (SERCA) (Lindholm et al., 

2017). The ER is also important for beta cell function as proinsulin is processed in ER. At an 

adapting stage of islet hyperplasia and insulinemia, demand for insulin synthesis and 

secretion is increased, and a needed influx of chaperone proteins and SERCA activity prior 

to increasing ER activity. Misfolded proteins are subsequently accumulated, and this leads 
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to a stimulation of the UPR (Eizirik et al., 2008). The UPR is usually stimulated following 

cell stress in a variety of human disorders, including diabetes (Han and Kaufman, 2016; 

Wang and Kaufman, 2012). The UPR exhibits contrary effects on beta cell mass and function, 

such as it could protect beta cells or damage the cells relying on the intensity or length of 

exposure time for the initial insult (Sano and Reed, 2013). Prolonged, sustained UPR 

generally leads to cell death and is indicated as ER stress. In contrast, a persistently active 

UPR is a characteristic of several secretory cells, including insulin-secreting cells (Moore 

and Hollien, 2012). In the ER, the UPR is also involved in the proper production, secretion, 

and folding of protein by exerting an adaptive function in protein quality control (PQC). 

However, the UPR does not involve adaptive function in PQC in mitochondria as the 

mitochondria has their own PQC mechanism known as the mitochondrial unfolded protein 

response (UPR (mt)) (Haynes and Ron, 2010). The UPR plays important roles in folding 

protein homeostasis by inhibiting production of proteins when levels of unfolded protein are 

high and generating chaperone proteins to assist the folding of proteins in ER (Sovolyova et 

al., 2014). Therefore, the maintenance of the homeostasis and intensity of the environment 

inside ER directs whether the ER meets its proper function. 

However, some physiological/pathological conditions such as chronic exposure to high 

glucose and/or FFAs, pro-inflammatory cytokines, toxins and chemical antigens, including 

microbial infection, can lead to ER stress (Han and Kaufman, 2016; Wang and Kaufman, 

2012). The ER stress response is typically divided into three branches, that is, the UPR, the 

ER over-response or a complex of sterol regulatory elements and protein-mediated regulatory 

responses (Pahl, 1999). However, the UPR pathway has been reported to have significant 

functions in several physiological processes (Hetz, 2012). The UPR appears when the level 

of misfolded or unfolded proteins in the ER is raised and initiates a stress signal which 
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transfers into the nucleus via the membrane of the ER in beta cells. Upon ER stress, cells 

usually respond to antigens/oxidants in two different ways, one resulting in cellular survival 

and the other causing apoptosis (Ariyasu, Yoshida and Hasegawa, 2017). In the former 

pathway, detrimental effects of stress induced by causative factors are diminished and 

homeostasis restored via the UPR. This is mediated by suppressing the transcription of 

mRNA, increasing the folding capacity of the ER and ERAD (ER-assisted degradation) 

(Ariyasu, Yoshida and Hasegawa, 2017). However, when ER stress is either stimulated 

excessively or for a prolonged period of time, ER homeostasis is destabilised, and the latter 

pathway of cell apoptosis is stimulated by ER-associated molecules (Ayaub et al., 2016). In 

ER stress-induced cell apoptosis, the CCAAT-enhancer-binding protein homologous protein 

(CHOP) growth arrest- and DNA damage-inducible gene 153 (GADD153) pathway appears 

to be one of the main pathways involved in ER stress-induced cell apoptosis. This pathway 

was also found to be associated with the stimulation of UPR in ER following exposure to 

prolonged stress of pancreatic beta cells, which leads to beta cell dysfunction, followed by 

beta cell apoptosis (Oyadomari and Mori, 2004). The CHOP is also known as DNA damage-

inducible transcript 3, a proapoptotic transcription factor that is encoded by the Ddit3 gene 

(Oyadomari and Mori, 2004). In addition to the CHOP pathway, the Inositol requiring 

enzyme 1α (IRE1)/ Apoptosis signal-regulating kinase 1 (ASK1)/JNK pathway and the 

caspase-12 kinase pathway are also important (Oyadomari and Mori, 2004). This suggests 

that the expression of CHOP, IRE1/ASK1/JNK and/or caspase-12 kinase could be apoptotic 

markers in pancreatic beta cells associated with ER stress. 

1.4.4 Stress-responsive gene expression related to T2D 

As described earlier, beta cell failure is mediated via several pathways, including activation 

of ER stress and oxidative stress. ER and oxidative stress contribute to beta cell apoptosis in 
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T2D, and parts of the stress signals are mediated via changes in gene expression in beta cells. 

Thus, several ER and oxidative stress-responsive genes are involved in the regulation of beta 

cell apoptosis, such as DNA-damage-inducible transcript 3 (Ddit3) (Marchetti et al., 2007; 

Laybutt et al., 2007), thioredoxin interacting protein (Txnip) (Oslowski et al., 2012) and 

heme oxygenase 1 (Hmox-1) (Theys et al., 2009). They can therefore be viewed as indicators 

of cellular stress and apoptosis in pancreatic cells. 

Hmox-1, also called HO-1, is specific to the human chromosome 22q12 (Kutty et al., 1994). 

The encoding product of Hmox-1 is also known as heat shock protein 32, and its inducible 

isoform is highly sensitive to its substrates and external cellular stress agents (Hariharan, 

Chavan and Nadkarni, 2020). Thus, induction of Hmox-1 is regarded as an indicator for cell 

stress conditions (Bao et al., 2010). In diabetes, Hmox-1 has been found to be up-regulated 

in islets under stress conditions (oxidative stress) activated by, for example, oxygen-free 

radicals, NO and cytokines (Tobiasch et al., 2001). Prolonged exposure to high glucose and 

high FFAs alone and/or combined have also been reported in many in vitro studies as 

stressors causing increased expression of Hmox-1 among several other stress-responsive 

genes (Chu et al., 2020; Theys et al., 2009). For example, 24 hr exposure to high levels of 

both glucose (25 mM) and palmitate (0.4 mM) significantly increased Hmox-1 expression in 

INS-1 beta cells (Chu et al., 2020). Enhanced transcription of the Hmox-1 gene is the initial 

step to activate Hmox-1 antioxidant capacity. It has been well described that Hmox-1 is 

regulated via the Kelch ECH associating protein 1 (Keap1) and nuclear factor erythroid 2-

related factor 2 (Nrf 2) complex pathways. The Keap1-Nrf2 pathway is the key moderator of 

cytoprotective responses to both endo- and exogenous stresses caused by ROS and 

electrophiles (Loboda et al., 2016). The Nrf2 is a key transcription; protein co-binding with 

small Maf proteins to the antioxidant response element (ARE) in the regulatory regions of 
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target genes (Boettler et al., 2011). The Keap1 is a protein inhibitor binding to Nrf2 as a 

complex and activates its degeneration via the ubiquitin-proteasome process. The Nrf2 binds 

to the E3 ubiquitin ligase activator protein KEAP1, leading to Nrf2 ubiquitination and 

proteasomal degeneration (Loboda et al., 2016). 

It is believed that NO, ER stress and ROS interfere with the KEAP1 protein by changing 

cysteines in the Keap1, resulting in conformational alterations and its degradation. This 

alteration is a controlling step of Nrf2 stabilisation and secretion. Nrf2 can then translocate 

to the nucleus and induce the ARE-mediated transcription of protective antioxidant response 

genes such as Hmox-1 (Reichard, Motz and Puga, 2007; Biswas et al., 2014). 

Thus, the complex of Keap1/Nrf2 could be considered as a cytoprotective mechanism to 

defend against ROS or oxidative stress-induced pancreatic beta cells injury (Loboda et 

al., 2016; Biswas et al., 2014) and protect beta cells under physiological and pathological 

conditions (Yagishita et al., 2014). This suggests that further in vitro studies using clonal 

beta cell lines and/or islets are required to explore the expression of Hmox-1 in beta cells in 

response to cellular stress (e.g. high glucose and FFAs) via the Keap1-Nrf2 pathway. 

However, overexpression of the Hmox-1 gene is occurred due to high levels of oxidative 

stress mediators and the vulnerability of beta cells to defend against oxidative stress (Chu et 

al., 2020; Theys et al., 2009; Loboda et al., 2016; Biswas et al., 2014).  

The Txnip gene is coding for a ubiquitously expressed cellular redox activator, thioredoxin 

interacting protein (Nishiyama et al., 1999), which, as mentioned, is a glucose-induced gene 

in human islets (Minn et al., 2005). ER stress with or without inflammation contributes to 

impairment of beta cell survival and function during the development of diabetes. 

The Txnip gene is crucial in the response to ER stress and inflammation. The expression 
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of Txnip is mediated by the IRE1 and the PKR-like ER-resident kinase (PERK)-eIF2α arms 

of the UPR pathway in beta cells (Oslowski et al., 2012). 

Txnip expression has been reported to be up-regulated in response to high glucose-induced 

cell toxicity and apoptosis in animal models (Chen et al., 2010; Oslowski et al., 2012; 

Lipson et al.,2008; Oka et al., 2009; Oslowski et al., 2019). Chen and team (2010) found that 

the expression of  Txnip was increased in insulinoma beta cells (INS-1) and isolated islets 

from diabetic rats, leading to beta cell death through the intrinsic mitochondrial death 

pathway (Chen et al., 2010). Oslowski et al. (2012) also found that the expression of 

the Txnip gene was significantly increased in INS-1 832/13 cells after exposure to high levels 

of glucose (16.7 mM) for 72 hr. This expression was also found to cause beta cell dysfunction 

and death (Lipson et al., 2008; Oka et al., 2009; Oslowski et al., 2019). It is, therefore, 

considered that inhibition of Txnip expression might affect the regulation of beta cell mass 

in a beneficial manner (Oslowski et al., 2019; Chen et al., 2010). 

Furthermore, the Ddit3 gene is the encoding gene of CHOP, a proapoptotic transcription 

factor, which is highly expressed in response to ER stress in beta cells. Prolonged exposure 

of beta cells to high glucose and FFAs interferes with ER homeostasis and triggers ER stress, 

which leads to increased expression of Ddit3 in MIN6 beta cells and eventual cell apoptosis 

(Akari et al., 2003). During the progression of ER stress, up-regulated Ddit3 mRNA levels 

are increased by activation of PERK. Laybutt et al. (2007) found that mRNA levels of up-

regulated Ddit3 were increased in MIN6 cells after the cells were exposed to elevated 

palmitate concentrations relative to controlled, non-stressed conditions (Laybutt et al., 2007). 

In a study by Moens et al., 2020, Ddit3 mRNA expression was significantly increased in 

islets after exposure to 30 mM glucose for seven days. Thus, prevention of the up-regulation 
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of Ddit3 gene expression might improve beta cell mass and function during the progression 

of diabetes. 

 

1.5 Perspective 

Based on the data above, T2D is characterised by hyperglycemia resulting from peripheral 

insulin resistance, decreased insulin production and release from pancreatic beta cells, which 

links to beta cell dysfunction and beta cell failure. The development of this disease mainly 

results from genetic and environmental factors, including a sedentary lifestyle that causes 

hyperglycaemia and dyslipidaemia. Moreover, persistent exposure to high glucose and/or 

high palmitate leads to glucotoxicity, lipotoxicity, glucolipotoxicity, increased IAPP and pro-

inflammatory cytokines resulting in beta cell dysfunction and eventually beta cell apoptosis. 

Several pathways are involved in beta cell apoptosis. Oxidative stress, ER stress, and 

inflammation are more likely the fundamental and primary mechanisms of these triggers for 

beta cell damage and death in T2D. Thus, to explore effect of observed substances on beta 

cell survival, whether high glucose, elevated FFAs or cytokines, alone and combined would 

be set up to mimic cellular stress conditions typical of T2D. 

In addition, stress-responsive genes such as Ddit3, Txnip and Hmox-1 are involved those 

pathways highlighted above and can be defined as ‘biomarkers’ for cellular stress and 

possibly specific for the different pathways (Marselli et al., 2010). This suggests that 

delaying beta cell apoptosis or protecting pancreatic beta cell survival against the detrimental 

effects of the cellular stressed conditions highlighted above can greatly maintain beta cell 

function and play an essential role in the management or the prevention of the development 

of T2D.   
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Thus far, many classes of effective chemical medicines have been used for management in 

most patients with T2D. However, some of these medicines have been reported to have 

serious side effects in meta-analysis studies, more particularly when used for a long-term 

(Home et al., 2009; Nissen and Wolski, 2007).  Thus, alternative natural compounds that will 

exhibit anti-diabetic effects with less adverse effects relative to synthetic chemical drugs are 

significantly required.  

Based on the above, in this context, the potential beneficial impact of natural substances on 

beta cell survival and function has become a point of interest in diabetic medical research. 

Although there is sufficient evidence of the potential protective roles in diabetes, most natural 

derivatives of interest are not readily consumable as part of a regular diet, for example, 

puerarin from Rhizoma Coptidis (Ran et al., 2019), Kaempferol from Gingko 

Biloba (Lasaite et al., 2014), and phenylethanoid glycosides from Cistanche 

Tubulosa (Xiong et al., 2014). Further studies are thus required to investigate whether natural 

compounds found in regular diet and drink can potentially have a beneficial impact on beta 

cell survival and/or function in response to cellular stress associated with T2D. 

Coffee is a habitually consumed drink globally. Population studies report that regular, long-

term consumption of both caffeinated and decaffeinated coffee can potentially reduce the risk 

of T2D (e.g. Gao et al., 2018; Robertson et al.,2015; Sarriá et al., 2016; Ohnaka et al., 2012; 

Wedick et al., 2011). Coffee contains numerous bioactive compounds other than caffeine, 

such as chlorogenic acids (CGAs), cafestol (CFT) and trigonelline (TRG). So far, these non-

caffeinated coffee compounds have been reported to impact the regulation of glucose 

homeostasis in the circulation mostly via muscle and/or other peripheral tissues rather than 

pancreatic beta cells/islets in in vitro and in vivo studies, as described below (Santos & Lima, 

2016). In the reviewed literature, findings of these studies, in turn, provide significant 
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evidence enabling our present study to hypothesise that non-caffeinated coffee derivatives 

might have a positive effect on cell survival and function in pancreatic beta cells as well. 

 

1.6 Coffee consumption reduces the risks of T2D 

So far, several clinical population studies have shown that coffee consumption provides 

potential benefits regarding a number of health outcomes (e.g. Gao et al., 2018; Poole et 

al., 2017; Williamson, 2012), including a reduction in the risks of T2D reported in 

observational studies (e.g. Gao et al., 2018; Robertson et al., 2015; Sarriá et al., 2016; 

Ohnaka et al., 2012; Krebs et al., 2012). Consistently, the findings of meta-analysis studies 

showed that every additional cup of coffee a day was related to a 7% reduction in the risk of 

T2D within the observational period, which was 11 months on average (Ding et al., 2014; 

Huxley et al., 2009). This is similar to the findings of a meta-analysis by Jiang et al. (2014) 

and three systemic reviews conducting by van Dam and Hu, (2005), and dos Santos et 

al. (2006), respectively. Another systemic review also found a reduction in the risk of T2D 

incidence in participants who consumed four or more cups per day compared with less than 

2 cup drinkers (Muley et al., 2012).  

However, some randomized controlled clinical trials (RCTs) have shown that short-term (2-

4 weeks) caffeinated coffee consumption may not have a beneficial impact on glucose 

tolerance and insulin sensitivity (e.g. Marques et al., 2018; Keijzers et al., 2002; Petrie et 

al., 2004; Graham et al., 2001; Greer et al., 2001; Naismith et al., 1970). For example, an 

early RCT by Nasimith et al. (1970) reported that increased blood glucose levels following 

oral glucose administration were not reduced by daily consumption of caffeinated coffee (850 

mg caffeine/day) for 20 days (Naismith et al., 1970). Another RCT also shows that there 
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were no significant differences in fasting blood glucose concentrations between subjects who 

consumed 5-8 cups of filtered caffeinated coffee a day (1,100 mg caffeine/day) for 28 days 

and the control group (non-drinker) (van Dam, Pasman, and Verhoef, 2004). However, there 

was increased levels of fasting plasma insulin during the interventional period. This suggests 

that coffee consumption reduces insulin sensitivity. Additionally, van Dam, Pasman, and 

Verhoef, (2004) also found that drinking > 6 cups of coffee a day (870 mg caffeine/day) for 

20 days did not decrease fasting plasma glucose levels nor improve fasting plasma insulin 

concentration during the trial (van Dam, Pasman, and Verhoef, 2004). These findings were 

similar to other RCTs by Moisey et al. (2008) and Louie et al. (2008). 

Additionally, over ten RCTs studying short-term (2-4 weeks) effects of decaffeinated coffee 

intake on glucose metabolism in humans have been published with unclear findings. Of these, 

one RCT did not provide data of a control group (McCusker et al., 2006). Another three 

RCTs did not assess the impact on plasma glucose and plasma insulin concentrations after 

an oral glucose tolerance test (OGTT) of the coffee intake and control groups (Johnston, 

Clifford and Morgan, 2003; van Dijk et al., 2009; Reis et al., 2018). Moreover, one RCT 

found no statistically significant changes in plasma glucose and insulin levels after OGTT 

when comparing the decaffeinated coffee drinker and the control group (Wong et al., 2020). 

Among these, some studies showed that incretin concentrations and/or insulin sensitivity did 

not change after the decaffeinated coffee intake (Reis et al., 2018; Olthof et al., 2011; 

Johnston, Clifford and Morgan, 2003).  

Due to the points of a variation in the studies and lack of controls, the short-term effects of 

caffeinated or decaffeinated coffee consumption on fasting plasma glucose concentrations, 

fasting plasma insulin levels, and insulin sensitivity remain unclear (Kolb, Martin and 

Kempf, 2021).  
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Although the short-term effects of coffee consumption on the improvement of impaired 

glucose tolerance and/or insulin sensitivity are still unclear, there has been abundant 

epidemiological trials studying Chinese (Gao et al., 2018), Japanese (Kuang et al., 2018), 

Spanish (Favari et al., 2021), and Swedish participant groups (Cornelis et al., 2018) and these 

suggest that regular, long-term coffee intake can significantly improve impaired glucose 

tolerance after OGTT, compared to non-coffee drinkers (control group). Similarly, these 

findings were consistent with outcomes of an RCT study in a Dutch male participant cohort 

(n=1,100), who regularly drank > 5 cups a day (van Dam et al., 2004). Thus, the 

improvement of fasting glucose tolerance in subjects who drank > 5 cups of coffee a day was 

more significant than subjects who drank 1-2 cups of coffee a day (van Dam et al., 2004). A 

cohort study found a 12% lower risk of T2D in participants who regularly consumed more 

than a cup of coffee daily over four years (Bhupathiraju et al., 2014). In addition, Akash et 

al. (2014) found that the association of regular, long-term coffee consumption and reduced 

risk of T2D was more significant with decaffeinated coffee than with caffeinated coffee, as 

supported by the findings of two cohort studies by Salazar-Martinez et al. (2004) and 

Greenberg et al. (2005). Additionally, a prospective population study conducted by 

Ohnaka et al. (2012) showed that the protective effects of coffee were independent of 

caffeine intake (Ohnaka et al., 2012).  

These findings, therefore, suggest that regular high coffee consumption leads to lower risks 

of T2D compared to short-term (2-4 weeks) and low consumption of coffee (e.g. Ohnaka et 

al., 2012; Jiang et al., 2014; Wedick et al., 2011; van Dam and Hu, 2005; Muley et 

al., 2012). Moreover, the beneficial effect of coffee is potentially linked to non-caffeinated 

coffee compounds such as CGAs, TRG and CFT. 
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1.7 Bioactive Micronutrients in Coffee  

There are numerous bioactive compounds in coffee brews that vary according to the species 

of coffee bean (Costabile, Sarnsamak and Hauge-Evans, 2018), types of the brewing process, 

and the roasting process (Abdulmumin 2014). In addition to caffeine, CGAs, CFT and TRG, 

coffee contains several mineral nutrients such as magnesium and potassium, melanoidins, 

lignin, pectin, carbohydrate and amino peptides (Ludwig et al., 2014). So far, there is 

sufficient evidence reporting the regular, long-term decaffeinated coffee consumption could 

reduce the risk of T2D and is more potent than caffeinated coffee (Akash et al., 2014), as 

mentioned above. In this thesis, CGAs, CFT and TRG are the coffee compounds of our 

interest as they are three major coffee components that have been shown to provide a 

beneficial effect on T2D in both animal and human studies (van Dijk et al., 2009; Santos & 

Lima, 2016 ). However, these studies mostly focus on the effects of the compounds on the 

regulation of glucose homeostasis in the circulation via muscle and intestinal glucose uptake 

and hepatic glucose output linked to regulation of cellular stress in the liver (Santos & Lima, 

2016) rather than the protective effect of the compounds on the survival of beta cells as 

described below. Moreover, little is known about the role of circulating bioactive metabolic 

compounds (metabolites) of coffee, which are modified by the body once they enter the 

circulation. More specifically, metabolites of CGAs might have beneficial effects on beta 

cells in T2D and would be more physiologically relevant to study than the parent compounds 

from which they are derived (e.g. caffeic acid (CA), ferulic acid (FA)). Besides, the effect of 

the combination between these three major coffee compounds on beta cell function and 

survival has been insufficient. Therefore, the protective effect of coffee compounds on 

pancreatic islet cells has been questionable. Thus, this study investigated the effects of CGA 
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and some of their metabolites, CFT and TRG alone and combined on beta cell survival and 

assessed how this affects the ability of the pancreatic islet cells to secrete insulin.  

1.7.1 Chlorogenic acids  

The term chlorogenic acids (CGAs) was first used by Payen in 1846 to present ester 

compounds derived from a combination of trans-cinnamic acid (e.g. CA and FA; Fig. 1.2), 

and p- coumaric acid (p-CoA) and quinic acid (QA) for example, caffeoylquinic acid (CQA), 

dicaffeoylquinic acid (diCQA), p-coumaroylquinic acid (p- CoQA), feruloylquinic acid 

(FQA), and caffeoylferu- loylquinic acid (CFQA) (Stalmach et al., 2010; Upadhyay & 

Mohan Rao., 2013; Farrell et al., 2011).  

 

Figure 1.2 General pathway of chlorogenic acid metabolism in rats (Modified from 

Gonthier et al., 2003). 

 

However, the most abundant form of CGAs found in coffee and other natural sources (e.g. 

whole grain, fruits such as blueberries, grapes, apples, and some vegetables such as broccoli, 

spinach and lettuce) is 5-O-caffeoylquinic acid (5-CQA; Fig. 1.3) (Tajik et al., 2017). 
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Nowadays, the term “chlorogenic acids (CGAs)” is mainly used to refer to 5-CQA (Lu et 

al., 2020).  

As mentioned, coffee is a natural source of CGAs (Lima et al., 2016), with a single serving 

of espresso (100 ml) providing between 24 and 422 mg CGAs (Crozier and Stalmach, 2012). 

The varied amount of the compound in coffee depends on the roasting and brewing processes, 

and species of coffee (Liang & Kitts, 2016; Ludwig et al., 2014). Among CGAs, 5-CQA 

alone is found in coffee; roasted coffee beans thus contain approximately 100 mg 5-CQA/g, 

caffeinated coffee drinks 2-7 mg/g, decaffeinated coffee drink 0.8-6 mg/g and instant coffee 

9-41 mg/200ml (Liang & Kitts, 2016).  

Many studies have investigated the bioavailability and physiologically relevant levels of 

coffee chlorogenic acids and their metabolites in human and animal models (e.g. Farrell et 

al., 2011; Stalmach et al., 2009; Stalmach et al., 2014). In animal studies, it is well described 

that approximately 20% of ingested unchanged CGA is absorbed in the guts and enters the 

circulation ( Lafay et al., 2006; Williamson & Stalmach, 2012). However, it is absorbed in 

the human body differently (e.g. Farah & de Paula Lima, 2019; Nabavi et al., 2017; 

Monteiro et al., 2007; Erk et al., 2012). Erk and co-workers (2012) reported that there was 

two ways of unmodified CGA absorption in humans. Firstly, the CGA was rapidly absorbed 

in the stomach and/or the upper part of the guts. Another way was a slow absorption of the 

CGA via the small intestine (Erk et al., 2012). 
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Figure 1.3 Structure of 5-O-caffeoylquinic acid and some of its metabolites (Stalmach 

et al., 2009). 

In the small intestine, it is consistently found that the unconjugated CGA is absorbed via, for 

example, monocarboxylic acid transporters (El-Seedi et al., 2012; Zhao & Moghadasian, 

2008). Additionally, CGA absorption and metabolism can occur in the large intestine by 

microbiota hydrolysing, catabolising and modifying the parent compounds (Olthof et al., 

2003), which subsequently are accumulated in the liver. Interestingly, CGAs may play a 
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beneficial role in enhancing the population of beneficial bacteria (e.g. bifidobacteria) whilst 

reducing adverse populations, as suggested from both in vitro and in vivo studies (Mills et 

al., 2015; Chacar et al., 2018; Xie et al., 2017). Consistently, Brandt et al. (2019) and 

Vitaglione et al. (2019) reported that CGA metabolites accumulated in the liver might have 

a probiotic effect on the gut microbiota. 

After the CGAs enter the circulation, they are subsequently absorbed and metabolised in 

either the liver or the kidney (Clifford et al., 2020; Stefanello et al., 2019). In the circulation, 

two plasma level peaks of CGAs appear after CGA absorption in healthy volunteers. The 

first peak contains CQAs (at 30-60 minutes), and the second contains diCQAs (at 1.5-4 hr) 

primarily. Approximately 40% of the total plasma CGA is 5-CQA, while only 14% CA is 

found in the bloodstream (Monteiro et al., 2007; Mubarak et al., 2012). Moreover, other 

metabolites of unconjugated 5-CQA such as FA, isoFA, lactone, glucuronidated, and sulfated 

5-CQA metabolites are also detected in the circulation and urine after 5-CQA ingestion or 

coffee intake. However, the levels vary significantly between different isomers. Stalmach et 

al. (2014) reported that there were only low levels (nM) of the unhydrolised forms of CQAs 

and FQAs appearing in plasma and the urine of healthy participants (Stalmach et al., 2009; 

Stalmach et al., 2014). Similarly, studies have reported that the circulating levels of CGA 

and CA after coffee ingestion is in the range of nanomolar to micromolar (Farah et al., 2008; 

Monteiro et al., 2007). For instance, after coffee consumption, CA is reported in the 

circulation at levels ranging between 80 nM and 1.60 μM in studies of Farah et al. (2008) 

and Renouf et al. (2010), suggesting that this level may be represented as physiologically 

relevant concentrations of the CGAs and their metabolites. 

It is likely that the bioactive metabolites from the large intestine such as dihydrocaffeic acid-

3’-O-sulphate (diCA-3OS), dihydroferulic acid (diFA) or dihydroferulic acid-4-O-sulphate 
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(diFA-4OS) contribute quantitatively more to the plasma levels of physiologically relevant 

metabolites than the metabolites absorbed from the small intestine (Gonthier et al., 2003; 

Renouf et al., 2010; Stalmach et al., 2014).  

Nevertheless, some metabolites from the small intestine, e.g. ferulic acid-4-O-sulphate (FA-

4OS), reach the first peak plasma concentrations (Cmax) after 0.5-1 hr coffee ingestion as 

well as 5-CQA, whereas FA-4OS as the only exception seems to remain in the plasma for a 

more extended period (Stalmach et al., 2014). Therefore, this bioactive isomer from the small 

intestine may potentially exert a more significant physiologically important role than less 

abundant isomers, as may be the case for the metabolites from the large intestine mentioned 

above. Besides these, the three metabolites; diCA-3OS, diFA and FA-4OS, are mainly found 

in the urine compared to other CGA metabolites after the absorption (Stalmach et al., 2014; 

Stefanello et al., 2019). Thus, this present study would focus on diCA-3OS, diFA and FA-

4OS along with their parent compounds, CA and FA, as we expected that these metabolites 

might provide some effect on beta cell survival and insulin secretory function associated with 

T2D. 

1.7.2 Cafestol 

Cafestol (CFT) belongs to a lipophilic diterpene alkaloid family found in the oil phase of 

coffee (Fig. 1.4), in addition to other sources such as tea. The content of CFT in coffee varies 

depending on the brewing methods, the temperature of the water, grind sizes of grounded 

coffee (Zhang et al., 2012). The highest content of CFT is found in unfiltered coffee such as 

espresso coffee, French press coffee, Scandinavian boiled coffee and Turkish style method 

(van Cruchten, 2009). French press coffee and Scandinavian boiled coffee approximately 

contains 1-1.4mg/100ml CFT, and 1.7-3.3 mg CFT is found in 100ml of Turkish coffee. The 
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amount of CFT can be up to 8.8 mg/100ml in some Turkish coffee brews (Buchmann et al., 

2010). 

However, little is known about circulating levels and the metabolism of CFT. Van Crunchten 

et al. (2010) reported that following intake of 2-3 cups of unfiltered coffee, approximately 

70% of unconjugated forms of ingested CFT was absorbed in guts in healthy participants, 

whereas only 1% of CFT was found in the urine as conjugated forms and the part of the 

absorbed CFT was partly metabolised to the conjugated CFT forms (van Cruchten et al., 

2010). 

 

Figure 1.4 Structure of cafestol (Ren et al., 2019). 

1.7.3 Trigonelline 

Trigonelline (TRG) is a bitter-tasting, nitrogenous derivative, which belongs to the pyridine 

alkaloid family (Fig. 1.5). TRG is found in coffee and other plants such as fenugreek seeds 

and pumpkin seeds (Zhou et al., 2012). The amount of TRG in green coffee is higher than 

roasted coffee due to approximately 85% of TRG in coffee beans is decomposed by 

demethylation to nicotinic acid, also known as niacin (vitamin B3). Therefore, the amount of 

TRG in brewed coffee is very low per serving (Midttun et al., 2018). This demethylation 

process occurs at a high temperature (~160-230 °C) and is time-dependent. In the human 

body, the metabolism of TRG has been well established in human studies (Bresciani et al., 

2020). It was found that ingested TRG with pyridines and niacin were partly eliminated in 
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the urine. Bresciani et al. (2020) reported that TRG was mainly absorbed in the small 

intestine after ingestion, and some oxidised and methylated forms of the compounds were 

detected in the plasma in 21 healthy volunteers who daily had a cup of espresso containing 

approximately 540 µmol of TRG for 30 days and subsequently, blood and urine samples of 

the volunteers were collected for 24 hr. Results showed that the median levels of TRG 

detected in human plasma were 1.63 µM. However, it has been reported that drinking 3 cups 

of coffee on average per day is associated with a lower risk of the development of T2D 

(Ding et al., 2014; Huxley et al., 2009). Thus, the median plasma levels of the compound 

would be 3.56 μM when 2-4 cups were consumed (Bresciani et al., 2020) 

 

Figure 1.5 Chemical structure of trigonelline (Mohamadi et al., 2017). 

1.8 Non-caffeinated coffee bioactive compounds and T2D 

As described in 1.2.2, maintaining normal circulating glucose levels needs the balance of 

glucose utilisation and endogenous glucose synthesis or glucose intake via the diets. In 

humans, plasma glucose is derived from three pathways: the digestion and absorption of 

carbohydrates in the gut, glycogenolysis, and gluconeogenesis (Rines et al., 2016). Insulin, 

glucagon and incretin (GIP and GLP-1) hormones also play essential roles in glucose 

homeostasis, among other hormones such as neuropeptides; somatostatin, and other key 

regulators such as hypothalamic neuropeptide 26Rfa (Prévost et al., 2019) along with 

enzymes related to glucose absorption (e.g. amylase and maltase), glycogenolysis, and 
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gluconeogenesis. Therefore, many medical studies have focused on reducing the risks of T2D 

in humans and animals with a measurement of the potential effect of coffee compounds on 

circulating glucose levels and/or plasma insulin concentration as an indication of their impact 

on glucose homeostasis. 

1.8.1 Non-caffeinated coffee bioactive compounds and fasting plasma glucose and 

glucose absorption 

So far, CGA has been reported to decrease fasting plasma glucose in in vivo studies. 

Roshan et al. (2018) also found that the administration of 1,200 mg of green coffee bean 

extract containing 558 mg of CGA daily for eight weeks significantly reduced fasting plasma 

glucose (FPG) in 21 subjects with diabetes (Roshan et al., 2018). 

Another study by Karthikesan, Pari and Menon (2010) also reported that after type 2 diabetic 

rats were daily administrated with CGA (5 mg/kg/day) for 45 days, FPG levels were 

significantly decreased compared to the control (Karthikesan, Pari and Menon, 2010). 

Nevertheless, some clinical trials have reported that the observed effect of CGA was 

beneficial only when combined with other bioactive compounds (Roshan et al., 2018). 

TRG has similarly been shown to decrease plasma glucose concentrations in diabetic rats 

(Zhou, Zhou and Zeng, 2013). Zhou and co-partners reported that treatment with TRG 

(50mg/kg/day) for four weeks modulated FPG concentrations in rats where T2D was induced 

by streptozocin followed by high fat and carbohydrate diets (Zhou, Zhou and Zeng, 2013). 

Similarly, a very early in vivo study by Mishkinsky and colleagues (1967) reported that TRG 

decreased FPG levels in alloxan (AX)-induced diabetic rats (Mishkinsky, Joseph, and 

Sulman, 1967). The researchers concluded that TRG had a hypoglycaemic effect on diabetic 

rats (Mishkinsky, Joseph, and Sulman, 1967). However, another early animal study reported 
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that TRG did not affect fasting plasma glucose levels after two hours of administration of 

cortisone in rabbits (hyperglycaemia induced by cortisone) relative to non-diabetic rabbits 

(Mishkinsky et al., 1974). 

In addition, effects of the coffee compounds on alteration of glucose absorption have also 

been investigated in in vivo studies. For example, in a human study, Gad et al., 2006 found 

that TRG possibly slowed down glucose absorption by inhibiting the activity of the enzyme 

α-amylase in the intestine in diabetic subjects (Gad et al., 2006), as also observed in studies 

of diabetic rats (e.g. Hamden et al., 2013; Zhou, Zhou and Zeng, 2013; Subramanian & 

Prasath, 2014). For example, Hamden et al. (2013) found that the administration of TRG 

(50mg/kg) for 30 days significantly reduced intestinal α-amylase, which resulted in a 

significant decline in the blood glucose levels by 46% in AX-induced diabetic rats compared 

to the baseline before treatment with TRG (Hamden et al., 2013). This suggests that TRG 

may reduce plasma glucose levels by delaying glucose absorption through the inhibition of 

the enzyme α-amylase in the gut (Zhou, Zhou and Zeng, 2013). CGA was also reported to 

restore the activity of several enzymes involved in glucose metabolism in diabetic rats, such 

as a gluconeogenic and glycolytic enzyme, G-6-Pase, hexokinase, and glucokinase (Lu et al., 

2020). Besides that, CGA was found to modulate glucose uptake in the small intestine by 

suppressing sodium-glucose co-transporter-1 (SGLT-1), resulting in lower plasma glucose 

levels in diabetic rodents (Tunnicliffe et al., 2015). CGA was also found to decrease glucose 

absorption in the gut, improve glucose uptake from the liver cells and inhibited hepatic 

glucose output by suppressing G-6-Pase activity, thereby decreasing the blood glucose 

concentrations (Meng et al., 2013).  

Based on the findings above, it is therefore suggested that the coffee compounds might 

beneficially improve glucose homeostasis through different pathways such as the alteration 
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of incretin hormones and glucose absorption, resulting in decreased plasma glucose levels in 

both animals and humans with diabetes. 

1.8.2 The coffee compounds and impaired glucose tolerance, insulin resistance and 

release.   

As mentioned, most studies have focused on the effect of the coffee derivatives on blood 

glucose levels in either animal models of T2D or in human participants with T2D/obesity, 

although T2D is also linked to insulin resistance resulting in elevated plasma insulin levels 

to maintain glucose tolerance. The disease is clearly characterised when insulin release fails 

to achieve demands, leading to hyperglycemia and pancreatic beta cell failure. Impaired 

glucose tolerance (IGT, a 2-hr glucose level >7.7 mmol/l but <11.1 mmol/l after 75-g OGTT) 

greatly increases the risk of the development of T2D (Gerstein et al., 2007). Therefore, a 

reduction in IGT is also one of the main goals that indicate the beneficial effect of the 

compounds on reducing the risks of the development of T2D. 

TRG has also been reported in an animal model by Yoshinari, Sato and Igarashi, (2009). 

They reported that insulin concentrations were raised after 15 minutes and then reduced over 

the next 2 hr in non-obese type 2 diabetic Goto-Kakizaki rats after feeding with a pumpkin 

diet containing TRG 0.406 mM daily for 5 weeks compared to the control rats not treated 

with TRG. This suggests that TRG can decrease insulin resistance in type 2 diabetic rats 

(Yoshinari, Sato and Igarashi, 2009). In addition, TRG has been shown to affect impaired 

glucose tolerance positively, increased insulin resistance and lowered glucokinase/glucose-

6-phosphatase ratios in KKay obese mice (Yoshinari & Igarashi, 2010). These phenomena 

were restored after administration of 0.4 mM of TRG (0.05%) and nicotinic acid (0.056%) 

for 5 weeks, including a decrease in fed plasma glucose levels (Yoshinari & Igarashi, 2010). 
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These findings support the notion that the beneficial effects of coffee compounds in the 

progression of T2D may be associated with improved glucose tolerance. However, a positive 

control group was not included in this study (Yoshinari and Igarashi, 2010).  

In addition, CGAs have also been shown to improve impaired glucose tolerance and insulin 

sensitivity. Tunnicliffe et al. (2011) found that after prolonged administration of standard 

diet with CGA (120 mg/kg/day), plasma glucose levels were raised from fasting levels at 15 

minutes which was similar to a control group feeding with placebo. However, the glucose 

levels at 1 hr in rats fed with the CGA were significantly lower than in the control group 

(Tunnicliffe et al., 2011). 

Another animal model, Ma and co-authors who found that after administration of CGA (100 

mg/kg, twice a week) for 15 weeks significantly decreased fed plasma glucose levels, 

hyperinsulinemia and impaired glucose tolerance in high fat diet-induced obese mice with 

hepatic steatosis and insulin resistance (Ma et al., 2015). This suggests that CGA is beneficial 

in improving glucose tolerance and insulin sensitivity which was also supported by an in 

vivo human study by Zuñiga et al. (2018). The authors conducted an RCT in 15 patients with 

impaired glucose tolerance and found that this impairment was improved after administration 

of CGA (1,200mg/day) for 12 weeks. Besides, CGAs are consistently reported to promote 

insulin sensitivity in diabetes in several animal models. For example, Yan et al. (2018) found 

that the expression of phospho-insulin receptor-B (p-Irb), phospho - insulin receptor substrate 

1 (p-IRS-1), and phospho-protein kinase B (p-PKB also known as Akt) in the liver was 

significantly enhanced in a rat model of non-alcoholic fatty liver disease (NAFLD) when the 

animals were fed glucose. The NAFLD is believed to be one of the causative risks of chronic 

liver diseases and is typically related to insulin resistance and dyslipidaemia. IRS-1 is one of 

the primary substrates of the insulin receptor kinase (Katerina et al., 2009) and contains 
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several tyrosine/serine/threonine phosphorylation sites that mediate the metabolic and 

growth-promoting functions of insulin (Gao et al., 2002; Horike et al., 2003). It was found 

that insulin signalling in beta cells was suppressed by (1) Ser307 phosphorylation by IRS-1 

and JNK, and (2) phosphorylation of Ser1101-IRS-1 by protein kinase C (Gao et al., 2002). 

This suggests inhibition of IRS-1 phosphorylation would be a possible pathway of insulin 

resistance in some models of obesity (Li et al., 2004). After the rats were treated with CGA 

(50 mg/kg/day) for 20 weeks, the expression levels of p-Irb, p-IRS-1, and Akt in the liver 

were significantly decreased, which were linked to the inhibition of the JNK pathway. 

Relative protein levels of p-JNK1/JNK1 were increased in the muscle, adipose tissue and the 

liver of the rats, indicating activation of JNK. Treatment with the CGA significantly inhibited 

high fat diets-induced increase in p-JNK1/JNK1 expression (Li et al., 2004). 

Another animal study by Ma et al. (2015) reported that hyperinsulinemia was reduced and 

insulin sensitivity was improved in obese mice after treatment with CGA (100 mg/kg) for six 

weeks (Ma et al., 2015), which was consistent with findings of other animal studies by, for 

example, Liang et al., (2013), Song et al., (2014) and Jung et al., (2016).  

In addition to CGA, its metabolites and other polyphenols have also been shown to have a 

beneficial effect on insulin sensitivity in animal research (Adisakwattana, 2017). For 

instance, administration of ferulic acid (25 and 50 mg/kg) daily for eight weeks alleviated 

insulin resistance by increasing the expression of insulin receptor substrate-1 (IRS-1), 

phosphatidylinositol 3-kinase (PI3-k), and phosphorylated-protein kinase B (Akt) in obese 

mice (Naowaboot et al., 2018). Another animal study by Adisakwattana and team (2008) 

showed that intravenous administration of FA (5 mg/kg) increased fasting plasma insulin 

levels along with decreased FPG concentrations and in healthy rats on a high glucose diet. 

Additionally, Ibitoye et al. (2017) also found that increased levels of glucose, insulin, 
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Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) and plasma leptin along 

with decreased plasma adiponectin concentrations in high-fructose diet-induced diabetic rats 

were restored by treatment for four weeks with 40 mg/kg/day of CA, FA or gallic acid, 

respectively. It is, therefore, suggested that these CGA derivatives could improve insulin 

sensitivity in diabetic rats (Adisakwattana et al., 2008; Ibitoye et al., 2017). 

In terms of insulin secretion, there are a few in vitro, cell/islet culture models and animal 

studies investigating whether CGAs potentially impact insulin secretory function from 

pancreatic beta cells (e.g. Bhattacharya et al., 2014; Fernandez-Gomez et al., 2016; 

Tousch et al., 2008; Adisakwattana et al., 2017). Fernandez-Gomez et al. (2016) found that 

20hr pre-treatment with 10 μM CGA increased GSIS in insulinoma -1E (INS-1E) beta cells 

(Fernandez-Gomez et al., 2016). Additionally, GSIS from both INS-1E beta cells and 

isolated rat islets was enhanced after treatment with 50 μM CGA (Tousch et al., 2008). 

Adisakwattana and colleagues (2008) similarly found that 100 μM FA and other cinnamic 

acids enhanced GSIS in INS-1, and this effect was the highest compared to other 

polyphenolic compounds (e.g. Adisakwattana, Moonsan and Yibchok-Anun, 2008). In 

contrast, some metabolites of isoferulic acid, a CGA metabolite, surprisingly did not affect 

GSIS in INS-1 beta cells (Adisakwattana et al., 2017). 

However, the concentrations of CGA used in these in vitro studies were higher than 

physiological levels of CGA reported in humans, and only CA in the range of 0.1 nM – 1 μM 

increased insulin secretion in response to 16.7 mM glucose in INS-1E beta cells 

(Bhattacharya et al., 2014). 

In addition to CGA and TRG, CFT has also been found to impact insulin secretion from beta 

cells positively. Mellbye and co-authors (2015) found that acute and 72 hr pretreatment with 
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CFT or CA at concentrations ranging between 0.1 nM and 10 nM increased glucose-induced 

insulin secretion in INS-1E beta cells. Acute treatment with CFT enhanced GSIS by 12% at 

0.1nM, 12% at 0.01 μM, and 16% at 1 μM, respectively. CA increased insulin secretion by 

9% at 0.1nM, 18% at 0.01 μM, and 9% at 1 μM, respectively. It was also shown that the 

secretion was enhanced by 34% and 68% after 72 hr pre-treatment with CFT at 0.01μM and 

0.1nM, respectively. Moreover, pretreatment with CA at 0.01μM significantly enhanced 

GSIS by 16%. In contrast, the coffee compounds CGA, TRG, oxokahweol, and 

secoisolariciresinol were also tested in this study, but these four compounds did not alter 

GSIS (Mellbye et al., 2015). In addition to the measurement of GSIS, the researcher also 

reported that only CFT (10 nM) significantly increased glucose uptake in skeletal muscle 

cells. Mellbye and team later investigated the effect of 10-week treatment with CFT (at 

low:0.4 mg/kg/day, and high dose: 1.1 mg/kg/day of CFT) on insulin release in KKay mice 

and showed that in vivo CFT administration enhanced insulin secretion from isolated islets 

in addition to decreasing fasting plasma glucose levels and improving insulin sensitivity 

(Mellby et al., 2017). However, no OGTT was performed to provide specific data on either 

glucose concentrations or insulin secretion following a glucose challenge (Costabile, 

Sarnsamak and Hauge-Evans, 2018). 

Nonetheless, this study (Mellby et al., 2015) provides crucial findings of the potential role of 

the decaffeinated coffee derivatives in managing and treating T2D, however, at 

pharmacological levels rather than physiological concentrations. 

However, the potential effects of coffee compounds on the secretion of incretin hormones 

linked to insulin secretion have been unclear (Olthof et al., 2011; Tunnicliffe et al., 2011). 

As mentioned, the incretins play a role in regulating insulin secretion from pancreatic beta 

cells concomitant with other pathways (Olthof et al., 2011). However, in a group of 15 
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overweight men, decaffeinated coffee, CGA, and TRG all failed to affect the overall levels 

of GLP-1 or GIP release following an OGTT (Olthof et al., 2011). Although decaffeinated 

coffee stimulated GLP-1 release slightly 30 minutes after ingestion (but prior to the OGTT) 

relative to control, changes in glucose or insulin secretion did not accompany this increase 

(Olthof et al., 2011). Tunnicliffe et al. (2011) found that GIP levels were decreased without 

changing GLP-1 release besides a lowering in impaired glucose tolerance in rats fed with 

CGA (120 mg/kg/day). Taken all together, these findings suggest that decaffeinated coffee 

compounds; TRG and CGA may not improve insulin release through effects on the secretion 

of incretins. However, the chronic effects on the incretin release of ingested coffee and its 

major components still need to be more investigated (Ma, Gao, and Liu, 2015). 

1.8.3 The coffee compounds and beta cell survival  

As mentioned, pancreatic beta cells play a crucial role in insulin secretion and production to 

control levels of glucose in the circulation within the normal physiological range. However, 

the deleterious effects of cellular stressors, such as elevated glucose and/or high FFA-induced 

cell toxicity, cause several metabolic abnormalities that lead to beta cell dysfunction and 

eventual loss as described. Therefore, it is crucial to investigate how the non-caffeinated 

coffee compounds impact beta cell survival besides beta cell secretory function and other 

regulatory pathways of glucose homeostasis. In the development of diabetes, pancreatic islets 

are injured under diabetic stress conditions that also cause diminished pancreatic islet 

mass/size. In an in vitro study, Nam et al. (2015) found that pancreatic islet (PI) size and the 

survival rate of pancreatic islets of zebrafish declined after the islets were treated by AX. 

However, treatment with 100ug/ml of coffee extract (containing TRG (8.8  M), CGA (9.6 

M), and caffeine (31M), or CGA at 10 M and TRG at 10 M, alone and combined for 

48 hr, led to a significant increase in PI size and survival rate of the AX-induced injured 
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islets. This finding suggests that the coffee derivatives CGA and TRG provide a regenerative 

effect on beta cell mass/survival, which was more potent when CGA and TRG were 

combined compared to when tested alone. The researchers concluded that the combination 

of CGA and TRG provides synergistic effects on beta cell survival (Nam et al., 2015). This 

study also found that the regenerative effect of the coffee extract on the cells was more 

effective than treatment with CGA or TRG alone. This implies that the regenerative effects 

on beta cell mass/survival likely resulted from a mixture of other coffee compounds, 

including caffeine and CGA and TRG. 

In addition, coffee compounds have also been shown to affect beta cell survival by increasing 

antioxidant activity. An in vivo study, Zhou and co-authors reported that increased oxidative 

stress in diabetes was associated with low cellular antioxidant activities (SOD, CAT, GPx 

and GSH) in pancreatic beta cells, which in turn further exacerbated the detrimental effects 

of free radicals such as ROS and nitric oxide (NO) in the beta cells (Zhou, Zhou and Zeng, 

2013). These events were found in AX-induced diabetic rats supplemented with a high-fat 

and high-carbohydrate diet. Additionally, increased malondialdehyde (MDA) levels were 

detected in the beta cells of the diabetic rats as well (Zhou, Zhou and Zeng, 2013). MDA is 

one of the end products resulting from the decomposition of lipid hydroperoxides and has 

been reported to be one of the biomarkers of lipid peroxidation-associated cell injury 

(Niedernhofer et al., 2003). However, after treatment with TRG (50 mg/kg/day) for four 

weeks, these negative changes were partially reversed and restored in the T2D rats. This, 

therefore, suggests that TRG exhibits a potential therapeutic effect through the protection of 

the beta cells from oxidative stress by reducing lipid peroxidation and upregulating cellular 

antioxidant activities that lead to reduced plasma glucose concentrations and improved 

insulin sensitivity (Zhou, Zhou and Zeng, 2013). 
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Apart from oxidative stress, ER stress is one of the mechanisms underlying beta cell damage 

and death in diabetes as described in section 1.4.3. An in vivo study by Tharaheswari et al., 

2014, investigated the effects of TRG and diosgenin (DGN) on beta cell survival through 

alteration of ER stress-related protein levels. DGN is a steroidal sapogenin found 

in Trigonella foenum-graecum and other plants (e.g. Dioscorea nipponoca and Solanum 

xanthocarpum); it has been reported to have an anti-hyperglycaemic effect in both in 

vitro and in vivo studies (Patel et al., 2012). Tharaheswari and co-authors reported that levels 

of the ER stress-related proteins CHOP, caspase-3 and -12 were significantly enhanced, and 

pancreatic antioxidant levels (SOD, CAT, GPx and GSH), and adipose tissue PPARc activity 

were reduced in obese rats with T2D induced by a combination of STZ and high-fat-diet. 

Additionally, elevated lipid peroxidation was also observed in the rats. A significant increase 

in glucose, FFA, and pro-inflammatory cytokines (i.e. TNF-α and IL-b1) and a decrease in 

plasma leptin levels confirmed the T2D status of the rats. However, administration of TRG 

(40mg/kg) or diosgenin, for four weeks led to significantly decreased levels of ER stress-

related proteins CHOP, Caspase 3 and Caspase 12. TRG or DGN also reduced oxidative 

stress markers by increasing antioxidant activities, diminishing lipid peroxidation in the 

pancreas, and enhancing adipose tissue PPARc activity. Therefore, these findings suggest 

that these two substances could potentially have antidiabetic efficacy by attenuating ER-

stress and oxidative stress in the pancreas and improving PPARc activation in adipose tissue 

(Tharaheswari et al., 2014). This also implies that TRG could protect the pancreatic beta cell 

mass from the deleterious impact of ER and oxidative stress triggered by elevated glucose 

and fatty acids. These suggestions are supported by outcomes of two other studies using T2D 

animal models (Affi et al., 2016; Liu et al., 2018a). For example, Afifi et al. (2016) found 

that administration of TRG (50 and 100 mg/kg) for two weeks led to a reduction in hepatic 

lipids, oxidative stress biomarkers, and inflammatory cytokines in high-fat high fructose-
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induced T2D rats. Liu and co-authors studied the effects of TRG on inflammatory factors, 

beta cell apoptosis and oxidative stress parameters in the pancreas besides plasma levels of 

glucose and insulin contents from pancreatic beta cells in STZ-induced diabetic mice. The 

authors found that treatment with TRG (50 mg/kg/day) for 28 days significantly decreased 

serum TNF-α, IL-6 and IL-1 β levels. Results also showed that GSH concentrations, serum 

activities of SOD and catalase were increased serum MAD levels were declined in the 

pancreas. A decrease in plasma glucose levels and an increase in insulin content from the 

pancreas were also detected after treatment with TRG. Additionally, the researcher reported 

that numbers of cleaved caspase-3 positive beta cells were also decreased, showing a 

reduction in beta cell apoptosis. These findings suggest that TRG might protect type 1 

diabetic mice mediated by lowering plasma glucose, promoting pancreatic insulin activity, 

regulating inflammatory response, decreasing beta cell apoptosis partly through 

downregulating Caspase-3 expression, and increasing antioxidant enzyme activity and 

concentrations (Liu et al., 2018a). 

Cafestol (CFT), another coffee compound, has been shown to have protective effects on 

hepatic cells against the detrimental impact of carbon tetrachloride (CCl4) in an in vitro study 

(Lee et al., 2007). It was shown that CCl4 induced activation of cytochrome P450 2E1 

(CYP2E1) activity through hydroxylation of two specific substrates of hepatic CYP2E1, p-

Nitrophenol and aniline, that led to overproduction of superoxide ions, lowered levels of 

GSH and reduced activity of glutathione-S-transferase (GST), resulting in hepatotoxicity in 

mice (Lee et al., 2007; Campo et al., 2001). Lee et al. (2007) found that pretreatment with 

kahweol (which is another diterpene derivative in coffee) or CFT (50 and 100 mg/kg/day) 

for three days significantly decreased hepatic CYP2E1 expression and both p-Nitrophenol 

and aniline hydroxylation activities in CCl4-induced hepatotoxic cells. Moreover, the 
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compounds were also shown to enhance GSH levels and activity in the cells. Additionally, a 

reduction of lipid peroxidation and superoxide activity in the cells was also observed. This 

study suggests that the two coffee compounds have anti-hepatotoxic effects, potentially 

mediated by suppressing hepatic CYP2E expression, increasing antioxidant level and 

activity, and exhibiting superoxide scavenging activity (Lee et al., 2007). 

Regarding the free radical scavenging activity, Sompong et al. (2017) also reported that FA, 

a CGA derivative, could exhibit this activity in INS-1E cells in response to a cellular stressor, 

methylglyoxal (MG). MG causes beta cell dysfunction and death by inducing protein 

glycation (lysine/MG glycation) that leads to elevated free radical generation during the 

glycation in diabetic conditions (Vander Jagt, 2008). Sompong and team reported that six-

hour pretreatment with FA (0.1 mM) significantly antagonised MG-induced INS-1E cell 

apoptosis, and it was believed that FA could act as a free radical scavenger to protect the cells 

in response to cellular stressors characteristic of T2D (Sompong et al., 2017). Chaari and co-

authors (2020) have investigated the in vitro effect of polyphenolic compounds from date 

palm (containing cinnamic acid, CA and FA, among others) on amylin-induced cell death in 

INS-1E cells, and they showed that treatment with 10 and 50µM of the polyphenolic 

compounds for 36hr  inhibited hIAPP amyloid toxicity in amylin-induced apoptotic cells by 

interfering with the binding of misfolded proteins to amylin (Chaari et al., 2020). Results 

from this study (Chaari et al., 2020) were similar to the findings of the study by Sompong et 

al. (2017). These effects of coffee components fit with a role in the long-term preservation 

of functional beta cell mass rather than acute improvement of insulin secretion and are, 

therefore, in line with the lack of an acute metabolic effect of decaffeinated coffee. 

Another possible mechanism by which decaffeinated coffee compounds may protect 

pancreatic beta cells is by stimulating nuclear factor erythroid 2-related factor 2 (Nrf2) 
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activity. As described, prolonged exposure of beta cells to metabolic stress related to T2D 

and obesity, such as high levels of glucose and FFA, leads to mitochondrial dysfunction and 

ER stress, which cause beta cell dysfunction and apoptosis (Weir, Gaglia and BonnerWeir, 

2020). The activation of Nrf2 is thought to maintain upregulation of antioxidant expression, 

enhance mitochondrial function and improve beta-oxidation of fatty acids in the liver as well 

as pancreatic beta cells of type 2 diabetic rodents (Salomone, Galvano and Li, 2017; Farias-

Pereira, Park, and Park, 2019). There is abundant evidence from animal studies showing that 

activation of Nrf2 reduces ROS levels under oxidative stress (Kolb, Martin and Kempf, 

2021). Additionally, the activation of Nrf2 could enhance the biosynthesis of NADPH to 

produce and release insulin from beta cells in response to glucose. Therefore, the activation 

of Nrf2 could be a mechanism for modulating beta cell loss and maintaining normal beta cell 

function under metabolic stress (Baumel-Alterzon et al., 2021). 

There is currently limited evidence suggesting that coffee consumption alleviates stress-

induced cell apoptosis through the activation of Nrf2 activity (e.g. Boettler et al., 2011; Shi et 

al., 2018; Fratantonio et al., 2017), and these studies involved non-beta cells such as human 

colon carcinoma cells (HT29, Boettler et al., 2011), liver cells (Shi et al., 2018) and primary 

human umbilical vein endothelial cells (Fratantonio et al., 2017). Thus, to understand 

whether coffee compounds protect beta cell against the deleterious impact of cellular 

stressors typical of T2D through the activation of Nrf2 activity, further studies using 

pancreatic beta cells and/or isolated islets are required. 

1.8.4 The coffee bioactive compounds and stress-responsive genes 

As described, oxidative stress and ER stress are two of the metabolic pathways that cause 

various abnormalities in pancreatic beta cells, including alteration of stress responsive-gene 
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expressions such as DNA-damage-inducible transcript 3 (Ddit3), thioredoxin interacting 

protein (Txnip) and heme oxygenase 1 (Hmox-1). 

So far, little is known about the effects of coffee components on relevant cellular stress-

induced gene expression. For example, some in vitro studies reported that FA (in lymphocyte 

cells, Ma et al., 2011) and CFT (in endothelial cells Hao et al., 2018) induced Hmox-

1 expression mainly through activation of Nrf2 activity linked to a reduction of oxidative 

stress (Ren et al., 2019). Caffeic acid phenethyl ester (CAPE) found in coffee and other 

sources such as honeybee propolis (Wang et al., 2020) significantly enhanced Hmox-1 gene 

expression in porcine renal epithelial proximal tubule cells (LLC-PK1) and rat kidney 

epithelial cells (NRK-52E) after the cells were exposed to a stressor such as a hydrogen 

peroxide (Shi et al., 2018; Fratantonio et al., 2017). However, these findings from existing 

studies reported the effects of the compounds only on Hmox-1 gene expression in non-

pancreatic beta cells. Thus, to understand how coffee derivatives affect stress-responsive 

gene expression in beta cells, more specifically, Ddit3, Txnip or Hmox-1, further studies 

investigating whether the compounds could promote beta cell survival through alteration of 

these gene activities and levels in response to metabolic stress related to T2D conditions in 

beta cells or islets are essentially required. 

1.9 In vitro cell models  

As described, beta cells are located in endocrine tissue of the islets of Langerhans together 

with other cell types; glucagon-producing alpha cells, somatostatin-producing delta cells, 

pancreatic polypeptide-producing gamma cells (PP cells or F cells), and ghrelin-producing 

epsilon cells (Ahmed et al., 2013). Regulation and adaptation of the overall hormonal 

secretion from this endocrine tissue result from the interaction between these cells (Hauge-
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Evans et al., 2009). Therefore, to fully understand the role of observed coffee derivatives in 

regulating beta cell survival and insulin secretory function in general primary in vitro studies 

investigating the effects of the derivatives using other islet cell types and then employing 

experimental models whereby non-beta cell input has been completely removed or 

minimised are important (Costabile, Sarnsamak and Hauge-Evans, 2018).  

However, islet isolation from animals requires advanced techniques apart from the ethical 

and financial implications, even more so regarding human samples. As a consequence of the 

isolation limitations, many beta cell research areas have used pancreatic beta cell lines cloned 

from rodents as research models. Thus, this enables the researcher to better conform to the 

principles of the 3Rs (replacement, reduction, and refinement) (Russell and Burch, 1959; 

Boo and Knight, 2008; De Boo and Hendriksen, 2005), which is a foundation for ethical 

study. Besides that, the beta cell lines can be maintained for long periods in tissue culture, 

and the cells maintain key characteristics of the primary tissue and the pancreatic islets 

(Amin et al., 2016). Thus, the utilisation of the cells might assist researchers to investigate 

beta cell physiology and function.  

So far, several pancreatic cell lines, such as mouse and rat insulinoma beta cell lines have 

been used to study beta cell function (Green et al., 2018). However, pancreatic beta cell lines 

have their own limitations, such as they cannot replicate the heterogeneous nature of islets in 

mammals, including humans. Moreover, the structure of clonal beta cell lines used in diabetes 

research is mostly two-dimensional (2D) monolayers, which cannot represent the cell-cell 

interaction in islets, except for beta cell lines, where the cells are configured in islet-like 3D 

clusters (Ntamo et al., 2021). Additionally, in terms of insulin content and secretory 

response, islets exhibit a more robust secretory response in general (Rutter and Hodson et 

al., 2013). Many other characteristics are unique to islets relative to clonal beta cells. For 
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instance, insulin release in the 1st phase of secretion in response to high glucose levels is 

almost non-detected, as well as the second phase in clonal beta cell lines (Rutter and 

Hodson et al., 2013). Thus, it is essential to support any initial research using primary islet 

culture (Costabile, Sarnsamak and Hauge-Evans, 2018). Besides that, isolated islets could 

enable a research model to explore the impact of observed substances on insulin release and 

the entire function of beta cells in response to glucose or other stimuli under conditions where 

there is without interfering factors from either peripheral or central tissues and thus do not 

obscure any direct effects on the beta cells (Ntamo et al., 2021). For this specific aim, 

pancreatic cell/islet culture models are more likely informative relative to in vivo models, 

even though findings from the cell culture studies are required to be followed up in 

animal/human models to confirm their relevant human physiology (Costabile, Sarnsamak 

and Hauge-Evans, 2018). Another informative measurement model of islet hormone 

secretion is ex-vivo studies with entire perfusion of in situ isolated pancreases. Nevertheless, 

islets in this model could cooperate with local factors inside the islet without interference 

from other tissue/organs, although some interactions with the duodenum cannot be 

completely excluded (Wang, 2015). 

So far, investigations of the direct effects of coffee compounds on beta cell survival and 

insulin secretory function have been limited, even though the preservation of a healthy beta 

cell mass is crucial for normal insulin secretion. Therefore, it is suggested that the study of 

potential effects of the coffee compounds on either beta cell insulin secretory function or 

survival utilise both clonal beta cell lines and isolated islets, where the cells or islets are 

exposed to a range of cellular stressors associated with T2D, which negatively affect beta 

cell /islet survival. 
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A number of rodent clonal beta cell lines have been used in diabetic research, including rat 

insulinoma cell lines (RIN), insulinoma cell lines (INS, i.e. INS-1), hamster pancreatic beta 

cell lines (HIT), mouse insulinoma cell lines (MIN, i.e. MIN6) (Ntamo et al., 2021). These 

beta cell lines synthesise and release insulin hormone with a little content of amylin and are 

glucose-responsive compared to other cell lines (Skelin et al., 2012). However, some beta 

cell lines have been reported to lose some of their cellular characteristics during prolonged 

cell culture (Rupnik, 2009; Wikstrom et al., 2012). Moreover, during the progression of cell 

culture, the phenotype of the cells is changing due to the fact that cells are continuously 

maintained only by regular passaging and in vitro-culture only for a limited period of time 

(Yamato, Tashiro and Miyazaki, 2013). Of all beta cell lines currently available for research, 

MIN6 or INS-1 cells are considered as two of the most physiologically relevant, with an 

ability to maintain a differentiated phenotype for up to 6 months in culture (Amin et al., 2016; 

Hohmeier et al., 2000). 

1.9.1 Mouse insulinoma-6 (MIN6) beta cell 

The MIN6 cells are a clonal beta cell line derived from transgenic mice expressing a simian 

virus 40 (SV40)-T antigen/insulin promoter construct where primary beta cells were 

modified to immortalised insulinomas (Miyazaki et al., 1990). Compared to other cell lines, 

the MIN6 cells exhibit characteristics of primary pancreatic beta cells, particularly, 

expression of glucokinase and GLUT2, and insulin secretion in response to physiological 

glucose concentrations and secretagogues similar to primary islets (Ishihara et al., 1993; 

Miyazaki et al., 1990). However, it has been reported that impairment of insulin secretory 

ability, alteration of gene expression and downregulation of some genes (i.e. phospholipase 

D1 and cholecystokinin) (O’Driscoll et al., 2006) occurred in cells with high passage (e.g. 

passages 35-40 (Kayo et al., 1996), passages 40-49 (O’Driscoll, Gammell and Clynes, 2004)) 
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(Cheng et al., 2012). Additionally, high passage MIN6 cells have decreased expression of 

some proteins involved in folding of proteins in response to ER as well as enzymatic 

antioxidants compared to low passage (Cheng et al., 2012; Dowling et al., 2006). High 

passage MIN6 cells were also found to lose oxidation of lipid under normal tissue culture 

conditions along with a reduction in gene expression of Glut1, Gck, Pfk, Srebp1c, Ucp2, Sirt3 

and Nampt. Two genes, in particular, Sirt3 and Nampt, are believed to play a crucial role in 

the maintenance of glucose homeostasis (Cheng et al., 2012). 

1.9.2 Insulinoma -1 (INS-1) beta cell   

The INS-1 cells are a tumour beta cell line derived from rat insulinomas induced by X-ray 

irradiation (Asfari et al., 1992). The cells present several essential characteristics of the 

pancreatic beta cell , such as expression of GLUT-2 and glucokinase as well as production 

and secretion of insulin with a higher amount in response to glucose at physiological 

concentrations, compared to other cells (Asfari et al., 1992). However, this cell line requires 

a mediuM supplemented with 2- mercaptoethanol (2-ME) to grow and maintain essential 

functional characteristics properly, and the 2-ME can cause irreversible protein denaturation. 

Additionally, glucose responsiveness of the cells is consistently reported to be impaired in 

high passages, as is the case with MIN6 cells (Hohmeier et al., 2000).  

The present study involved cell/islet culture experiments, which was conducted using the 

rodent beta cell lines MIN6 and INS-1. The experimental results from the cell lines were 

confirmed in in vitro studies using primary isolated mouse islets. This aimed to investigate 

the potential effects of the observed coffee compounds on pancreatic beta cell /islet function 

and survival, as described below. 
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1.10 Aims and objectives of the thesis 

The main objectives of this study were to determine the potential effects of specific coffee 

compounds and some of their metabolites, alone and combined, on pancreatic beta cell 

survival (cell viability and apoptosis) under normal conditions and when exposed to cellular 

stressors characteristic of the development of T2D. Additionally, this study aims to explore 

whether the compounds modulate stimulated insulin secretion from pancreatic beta cells. 

Therefore, this study was conducted following the experimental aims as follow:  

1. Assessment of the effects of specific coffee compounds (caffeic acid, ferulic acid, cafestol 

and trigonelline) and some of their metabolites (dihydro ferulic acid, ferulic acid-4-O-

sulphate, and dihydro caffeic acid-3-O-sulphate) alone and combined on beta cell viability 

under normal, non-stressed conditions and on beta cell apoptosis in response to specific 

cellular stressors related to the development of T2D, in both clonal beta cell lines and primary 

mouse islets. 

2. Assessment of the potential effects of the observed coffee derivatives, alone and combined, 

on pancreatic beta cell function, with particular focus on stimulated insulin secretion from 

both clonal beta cell lines and primary mouse islets. 

In addition to the main objectives, this study seeks to investigate the combined effect of the 

observed coffee compounds on the expression of selected cellular stress-responsive genes 

following exposure of clonal beta cells to selected cellular stressors associated with the 

development of T2D.
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2.1 Research design 

This research is an in vitro experimental study, which was conducted using the rodent 

pancreatic  beta cell lines, INS-1 and MIN6, maintained in tissue culture. Some experimental 

results from  beta cell lines were confirmed in primary mouse islets isolated from mice. The 

islet isolation procedure was performed at King’s College London (KCL) under the 

supervision of Dr Aileen King (KCL) and Dr Astrid Hauge-Evans (University of 

Roehampton). Male mice of the CD-1® lab strains were made available to us through 

collaboration with Professor Peter Jones and Dr Aileen King from KCL. The animals were 

supplied by Charles River Laboratories International Inc. and housed at the animal facilities 

of KCL. 

The study was approved by the University of Roehampton Research Integrity and Ethics 

Committee (Ethics Application Reference: LSC_18/240) on 08/04/2019 and carried out in 

the laboratories of the Department of Life Sciences at Whitelands College, University of 

Roehampton.  

 

2.2 Beta cell-based assays 

2.2.1 Cell lines 

To examine whether non-caffeinated coffee compounds could beneficially affect cell 

survival and function of pancreatic beta cells, rodent pancreatic  beta cell line models were 

used in this study. The cell lines are commonly used as models for beta cell function in both 

health and disease and are also an affordable research model compared to the use of primary 

tissue. Additionally, using the  beta cell lines decreases the utilisation of animals, which 
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complies with the guidelines of the 3Rs (Replacement, Reduction and Refinement) in animal 

research (Boo and Knight, 2008; De Boo and Hendriksen, 2005).  Beta cell lines are 

beneficially used to explore the physiology, pathophysiology, or biochemistry of pancreatic 

beta cells and to investigate the impact of specific agents of interest on underlying cellular 

mechanisms. In addition to reducing the use of animals, the clonal nature of the cell line 

further enables consistency regarding the reproducibility of results compared to the 

variability often observed when using primary tissue. 

However, cell lines have their own limitations compared to primary islet tissue with regards 

to issues such as reduced levels of insulin content and secretory responses (Skelin et al., 

2010). Furthermore, changes in cellular characteristics during continued passaging of cell 

cultures may occur, leading to altered chromosomal content, genetic mutations, protein 

expression, and metabolism of cells (Skelin et al., 2010), as described in Chapter 1. 

Therefore, the results of the study were subsequently confirmed in primary mouse islets 

isolated from mice. 

In this study, both MIN6 and INS-1 beta cells were used to test whether selected cellular 

stressors typical of the development of T2D are detrimental to beta cell survival in these 

chosen research models (Chapter 3). INS-1 beta cells were subsequently selected to assess 

further experiments (Chapter 4, 5, and 6). 

MIN6 cells used in this study were kindly provided by Professor J-I Miyazaki, University of 

Tokyo, Japan, and INS-1 cells were kindly provided by Dr Natasha Hill (University of 

Kingston, London, UK). Both rodent beta cell lines are well-established  beta cell models for 

studies in the field of diabetes. Both  beta cell lines were regularly tested for mycoplasma 

contamination. 
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2.2.2 Culture of beta cells 

INS-1 beta cells  

INS-1 beta cells (passages 16-24) were maintained in culture in Roswell Park Memorial 

Institute Medium, known as RPMI medium or RPMI-1640, at 37 °C in a 95% O2 and 5% 

CO2 humidified incubator. The medium mimicked the typical extracellular environment of 

the cells and was supplemented with 10% (vol/vol) Fetal Bovine Serum (FBS), 2 mM L-

glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin (1% Pen/Strep), 1 mM 4-(2-

hydroxyethyl) piperazine-1-ethane sulfonic acid (HEPES), 1 mM sodium pyruvate and 0.05 

mM 2-mercaptoethanol. The cells were passaged every 5-7 days until they reached 70-80% 

confluency for further culture or experimental purposes.  

MIN6 beta cells 

MIN6 beta cells (passages 32-40) were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM; containing 25 mM glucose) supplemented with 10% FBS, 2 mM L-glutamine, 1% 

Pen/Strep and incubated at 37 °C in a 95% O2 and 5% CO2 humidified incubator. The medium 

was changed every 48-72hrs. The cells were passaged every 5-7 days until they reached 70-

80% confluency for further culture or experimental purposes. For some experiments, MIN6 

beta cells were maintained in the supplemented DMEM medium containing 7.5 mM glucose 

for 4-8 weeks before further use. 

2.2.3 Trypsinisation, counting, and splitting of cells 

Prior to experiments, the INS-1 and MIN6 cells were detached and counted. Firstly, the 

original cell medium was aspirated off and the cells rinsed with 6-7 ml of sterile phosphate-

buffered saline solution (PBS, pH 7.4). Subsequently, the attached monolayers of cells were 
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treated with 3 ml of 0.1% trypsin and 0.02% ethylenediaminetetraacetic acid (EDTA) 

combined and incubated at 37 °C for 3 minutes. Trypsin works as a proteolytic enzyme to 

digest proteins that facilitates cell adhesion to the flask and cells (Huang et al., 2010). When 

the cells were detached from the flask, 12 ml fresh supplemented RPMI medium for INS-1, 

and DMEM medium for MIN6 cells was added to neutralise the enzymatic action of trypsin. 

The medium containing cells was transferred into a 15 ml Falcon tube to be centrifuged at 

1,500 rpm for 3 minutes. The supernatant was next aspirated off, the pellet of cells was then 

re-suspended in 1 ml fresh media, and the cells were counted in a 1:20 dilution (10 μl of cell 

suspension and 190 μl of PBS). Ten microliters of diluted cell suspension were added to a 

Neubauer hemocytometer (Hawksley, UK), and the cells were counted under a light 

microscope. Each square of the hemocytometer (with a coverslip in place) represents a total 

volume of 10-4 cm3. Since one cm3 is the equivalent of 1 ml, the cell number per ml (and the 

total number of cells) was determined using the following calculation: 

Cells/mL = Mean of the four cell counts x 104 x dilution factor  

Consequently, to generate a new passage of cells, ~ 3.0 x 106 cells (either INS-1 or MIN6 

cells) were gently added into 10-12 ml of new culture medium in a new T75 tissue culture 

flask and incubated at 37 °C (95% O2, 5% CO2). 

2.2.4 Seeding of cells for cell-based assays  

In order to seed cells into 96-well plates for cell-based experiments, trypsinised monolayer 

cells of the pancreatic INS-1 or MIN6  beta cell lines were centrifuged at 1,500 rpm for 3 

minutes. The cells were counted and added into their new culture medium in a sterile-petri 

dish to obtain a cell suspension of 5,000 or 10,000 cells per 100 or 200 μl of the medium in 

each well using a multichannel pipette. 
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2.2.5 Freezing down and defrosting of cells 

To store either INS-1 or MIN6 beta cells for future experiments, cells were frozen down. 

Firstly, cells were washed with PBS and then trypsinised. Subsequently, 12 ml of fresh 

supplemented medium for the cells was added, and the medium containing cells was next 

transferred into a 15 ml Falcon tube to be centrifuged at 1,500 rpm for 3 minutes. The 

precipitated cells were re-suspended in 95% RPMI medium and 5% dimethyl sulfoxide 

(DMSO) for INS-1 cells and 90% DMEM and 10% DMSO for MIN6 cells and 1.5 ml 

aliquots of ~1.5x106 cells added to 1.8 ml cryovials. The DMSO acts as a cryoprotectant, 

which prevents intracellular and extracellular crystals from forming in cells during the 

freezing process. Without the cryoprotectant, these crystals would cause cell death, thus 

rendering the cells useless for experiments (Lovelock and Bishop, 1959). 

Consequently, these cryovials were stored in a Mr Frosty freezing container (Nalgene, 

ThermoFisher Scientific, UK) containing 98-99% isopropanol at -80 ºC overnight, after 

which the vials were transferred to liquid nitrogen (-196 ºC) for storage. For tissue culture 

purposes, frozen cells were quickly defrosted in a warm water bath (37 ºC), and the cell 

suspension was gently added drop by drop into a sterile 15 ml falcon tube with 5 ml of pre-

warmed medium. Next, the cells were centrifuged at 1,000 rpm for 4 minutes, after which 

the supernatant was aspirated off and the cells re-suspended in 12 ml of pre-heated medium. 

Then, the medium containing cells was transferred to the T75 flask and incubated at 37 °C 

(95% O2, 5% CO2).   
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2.3 Islet isolation from mice 

Islets of Langerhans were isolated from the pancreas of male mice (age 6-10 weeks) of the 

CD-1® lab strains. As mentioned, the mice were made available to us through collaboration 

with Professor Peter Jones and Dr Aileen King from KCL. The animals were supplied by 

Charles River Laboratories International Inc. and housed at the animal facilities of KCL.  

Mice were killed humanely by cervical dislocation in accordance with UK Home Office 

regulations (Schedule 1, section 6 of Guidance on the Operation of the Animals Act, 1986 

(GOV. UK, 2018). The islet isolation procedure was approved by the University of 

Roehampton Ethics Committee (Ethics Application Reference: LSC_18/240) and conducted 

at a designated licenced animal facility at King’s College London (KCL) (Licence number: 

PPL 70/7728; licence holder: Dr Aileen King (Ethics Application Reference: LSC_18/240).  

To isolate mouse islets, 1 mg/ml of collagenase type XI (Sigma, made from Clostridium 

histolyticum) was freshly made by reconstituting in Minimum Essential Media (MEM) and 

kept on ice. The abdominal wall of the mouse was cut and opened to expose the intestines, 

the pancreas, and the common bile duct of the animal. Then, the mouse was placed under the 

light microscope. The duodenum was clamped at the location of the Vater’s ampulla, and 2.5 

ml collagenase (1 mg/ml) was injected into the common bile duct to expand the pancreas. 

Collagenase enzymes are routinely used for the digestion of the connective tissue 

surrounding the islets within the exocrine pancreatic tissue. 

The expanded pancreas was surgically removed and placed in a sterile 50 ml falcon tube on 

ice (maximum three pancreases per tube, King et al., 2016; Ryall et al., 2014). The tube was 

incubated in a warm water bath (37 °C) for 10 minutes to allow digestion of the exocrine 

pancreatic tissue, after which the tube was placed on ice immediately. Twenty-five ml of 
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MEM containing 10% New-born Calf Serum (NCS) and 1% Pen/Strep was added into the 

tube to terminate the enzymatic action of collagenase, and the tube was shaken vigorously to 

separate the digested pancreas. The tube was subsequently centrifuged at 1,400 rpm for 1 

minute and 15 seconds. Next, the supernatant was slowly poured out, and the tube was 

refilled with 25 ml MEM. The process of washing and centrifugation was repeated twice. 

The pellet containing the pancreas was re-suspended in a 50ml sterile falcon tube containing 

25 ml of MEM and vortexed to disrupt the pellet. The MEM containing the digested pancreas 

was then poured through a 425 mm sieve and funnel into a new 50 ml sterile tube to separate 

the endocrine islets from the exocrine tissue, followed by centrifugation at 1,500 rpm for 90 

seconds. The media was removed, the tube was placed upside down on tissue paper to allow 

excess moisture to drain out, and the tube walls were wiped with tissue paper.  

Histopaque 1077 (15 ml) was subsequently added, and the pellet was re-suspended by 

vortexing, after which 10 ml of MEM (10% NCS and 1% Pen/Strep) was slowly added. The 

tube was then centrifuged at 3,510 rpm, 10 °C for 24 minutes, after which a distinct layer of 

islets (approximately 5 mm) at the interface of media and the histopaque 1077 could be seen.  

The islets were transferred into a new clean Falcon tube, MEM (10% NCS and 1% Pen/Strep 

added) added up to 50 ml, and the tube centrifuged at 1,500 rpm for 90 seconds. Then, the 

tube was placed on ice for 4-5 minutes to allow sedimentation, after which the top 25 ml 

media was removed and replaced with fresh media. This process was repeated twice, and the 

remaining media with islets were transferred to a petri dish. The islets in the 90 mm petri 

dish were picked and washed by a micropipette under the light microscope to a new dish 

containing 20 ml of supplemented RPMI and subsequently transferred to a sterile falcon tube 

(50 ml) containing 10% FBS RPMI (containing 11mM glucose, 1% Pen/Strep and 2 mM L-
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glutamine added) for transportation. Dangerous Goods International (DGI) states that 

isolated islets are not classified as harmful material (Risk Assessment no. RISK_ 

LSC_18/240). The isolated islets were transported on wet ice in the standard growth medium 

in a tightly sealed container from KCL to Whitelands College, University of Roehampton, 

by public transport. The islets were cultured in sterile Petri dishes (~300-500 islets/ petri 

dish) containing supplemented RPMI at 37 °C (95% O2, 5% CO2). The islets were used for 

further experiments within 2-5 days. 

 

2.4 Assessment of  beta cell viability 

To measure cell viability in response to selected cellular stressors (Chapter 3) and examine 

whether specific decaffeinated coffee compounds of interest may potentially affect the 

viability of beta cells under basal conditions (Chapter 4,5 and 6), remaining viable cells were 

measured at the end of each experiment.  

This research used an ATP Assay of Cell Viability ( CellTiter-Glo® kits, Promega, UK), 

which is appropriate for assessing cell viability, cell toxicity and cell proliferation using 

multi-well-plate formats. ATP contents of the cells were measured as an indication of the 

number of viable cells present in the culture (Riss et al., 2018), as once the integrity of the 

cell membrane is damaged, cells will be unable to synthesise ATP. Endogenous ATPases 

will deplete the remaining ATP from the cell cytoplasm, and eventually, a reduction in 

cellular ATP concentrations is detected. These events occur within minutes.  

The CellTitre-Glo® Kit contains reagents to lyse the cells and ATPase suppressors for 

stabilising the ATP content of the lysed cells, a substrate (luciferin), and the stable form of 
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luciferase (Promega, 2015) in order to catalyse the reaction that creates photons of light (Fig. 

2.1). The ATP method has previously involved the use of firefly luciferase generated 

from Photinus pyralis (LucPpy) (Gerhardt et al., 1991; Crouch et al., 1993); however, this is 

an unstable form of luciferase with its limitations. The luciferase used for the CellTiter-Glo® 

Assay is a licensed thermostable luciferase (Ultra-Glo™ Recombinant Luciferase) modified 

from Photuris pennsylvanica (LucPpe2; another firefly). At a suitable temperature for the 

luciferase, a stable “glow-type” luminescent response is created. 

 

Figure 2.1 A reaction scheme of ATP and luciferin as substrates for luciferase to create 

light (Lee & Mohns, 2019). 

 

Initially, INS-1 cells were seeded at a density of 5,000 cells/well and MIN6 cells were seeded 

at a density of 10,000 cells/well into white 96-well plates and pre-incubated with 200 μl 

supplemented RPMI medium containing 10% FBS for 24 hr at 37 °C (95% O2, 5% CO2). 

The media was then replaced with a 200 μl medium containing agents of interest, and the 

cells were incubated further according to the specific experimental protocol.  



Chapter 2 

   75 

Before adding CellTiter-Glo® reagent into the test wells, CellTiter-Glo® buffer and CellTiter-

Glo® Substrate (lyophilised enzyme) were thawed and stored at room temperature (RT) for 

approximately 1 hour to equilibrate to RT,  then mixed. After which, 160 μl of the medium 

was removed from each well, and 40 μl of CellTiter-Glo® reagent was added to ensure a 1:1 

ratio of media and reagent. Next, the plate was covered with aluminium foil and shaken on 

an orbital shaker at 300 rpm for 5 minutes to induce cell lysis, after which the plate was left 

at RT for 10 minutes to incubate. The luminescence signal of the individual wells of the plate 

was then read on a luminometer (Promega GloMax®) to obtain relative light unit (RLU) 

values indicating the ATP content of the wells. 

In the subsequent analysis, blank values obtained from wells containing only media were 

subtracted from wells containing cells to account for non-specific binding. 

 

2.5 Assessment of  beta cell apoptosis   

In order to measure the potential effects of selected coffee derivatives on  beta cell apoptosis, 

the activities of cysteine aspartic acid-specific protease (caspase)-3 and-7, which is one of 

the markers of cell apoptosis was measured. Caspase is a family of endoproteases, which are 

essential for maintaining homeostasis through regulating cell death and inflammation. 

Caspase-3 and-7 are consistently found in proteins cleaved by caspases during apoptosis in 

response to known β-cell stressors such as high levels of palmitate and cytokines (Oh et al., 

2018). 

The caspase 3/7 assay (Caspase-Glo® 3/7 Kit, Promega, UK) was used in this study. In recent 

years, this assay has been commonly used to study the activation of caspases 3/7 in pancreatic 
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beta cells mimicking either type 1 or type 2 diabetes (e.g. Kim et al., 2021; Abreu et al., 

2020; Damsteegt et al., 2019). 

The assay is a homogeneous and luminescent assay, uses a thermostable licence form of 

luciferase, provides reagents to lyse cells and a luminogenic tetrapeptide sequence (DEVD-

aminoluciferin). The caspase cleavage of the substrate and luminescent light (glow-type, 

UltraGlo® Luciferase) are created by luciferase after adding the reagents (Fig. 2.2). The light 

is assessed by using a luminometer as above (Promega GloMax Navigator). 

 

 

Figure 2.2 Caspase-3/7 cleavage of the luminogenic substrate containing the DEVD 

sequence. Following caspase cleavage, a substrate for luciferase (aminoluciferin) is released, 

resulting in the luciferase reaction and the production of light (Promega, 2021). 
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For a predetermined period before adding the observed compounds, 96-white well plates 

were set up containing cells at a density of 5,000 or 10,000 cells/well and blank wells. The 

plate was then incubated for 24 hr to allow the cells to adhere to the tissue culture plastic. 

The media was then replaced with 200 μl of RPMI or DMEM (2% FBS) with or without 

specific coffee compounds, alone or in combination under selected cellular stress conditions 

for 20 or 48 hr, as indicated in Chapter 3-6. In some experiments, cells were pre-treated for 

48hr with coffee compounds under normal tissue culture medium, followed by 20 hr 

exposure to selected cellular stress conditions. 

Following incubation, the plate and Caspase-Glo® 3/7 reagent was left on the lab bench for 

approximately 1 hour to equilibrate to RT. A 170 μl of the media was then removed from 

each well, and a 30 μl of Caspase-Glo® reagent was added to ensure a 1:1 ratio of media and 

the reagent presents in each well, including blank wells without cells. The plate was then 

covered with aluminium foil and shaken at 300 rpm for 5 minutes to ensure cell lysis and 

incubated at RT for 10 minutes to stabilise the luminescence signal. Lastly, the luminescence 

signal of the wells was read on a luminometer (Promega GloMax®) to obtain relative light 

unit values indicating the level of caspase 3/7 activity in the wells. In the subsequent analysis, 

the values of the blank wells containing only media were subtracted from wells containing 

cells and treatment to take into account non-specific binding. For measurement of cell 

apoptosis, the plate was read every 20 minutes for 1 hr. 
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2.6 Insulin secretion  

2.6.1 Static secretion assays with INS-1 beta cells 

The effect of selected non-caffeine coffee derivatives on the insulin secretory response of 

INS-1 beta cells was assessed in static secretion experiments. In order to assess insulin 

secretion, static secretion experiments were carried out. INS-1 cells were seeded into 96-well 

plates at a density of 5,000 cells/well and cultured at 37 C, 95% O2 and 5% CO2 for 48 hr. 

In some insulin secretion experiments, the media was replaced with the observed compounds 

and incubated for an additional 48 hr. 

Prior to the secretion experiment, a bicarbonate-buffered physiological salt solution (Table 

2.1) was freshly made up from a x2 stock solution in deionised water (1:1) and pH adjusted 

to 7.4 with CO2. Then, the solution was made up to 2 mM CaCl2 and 0.5 mg/ml of BSA 

(bovine serum albumin) (Gey & Gey, 1936). 

To suppress insulin secretion and establish basal secretory levels from the beta cells, they 

were washed twice with the salt solution (Gey & Gey salt solution) containing 2 mM glucose 

and then incubated at 37 C for 2 hr. After the pre-incubation, the salt solution was replaced 

with 200 μl of the salt solution containing either 2 mM glucose alone, 20 mM glucose alone 

or combined with 10 µM forskolin (FSK, an activator of adenyl cyclase) and 100 µM 3-

isobutyl-1-methylxanthine (IBMX, a non-specific phosphodiesterase inhibitor) with or 

without selected decaffeinated coffee compounds, alone and combined. The cells were 

incubated for an additional 1 hr at 37 C, 95% O2 and 5% CO2. Finally, 160 µl of supernatant 

was transferred into a new clear 96 well plate and stored at -20 C for later analysis of insulin 

content by radioimmunoassay (RIA). 
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FSK and IBMX were used to further stimulate glucose-induced insulin release from INS-1 

cells. The proposed mechanism of FSK related to adenylate cyclase activity by elevating 

cAMP concentrations resulting in increased insulin secretion (Wiedenkeller and Sharp, 

1983). The role of IBMX, a phosphodiesterase inhibitor in insulin release, is to prevent the 

breakdown of cAMP, leading to elevated insulin secretion from beta cells (Rabinovitch et 

al., 1978). 

2.6.2 Static secretion experiments in mouse islets  

To confirm the results of secretion experiments in INS-1 cells, isolated mouse islets were 

required. The islets were cultured in supplemented RPMI medium for 1-2 days. After that, 

the islets were washed twice with Gey & Gey salt solution containing 2 mM glucose and 

incubated for 1 hr. Then, 3-7 islets were added into 1.5 ml microcentrifuge tubes containing 

400 μl salt solution supplemented with 2 mM glucose, and 20 mM glucose with or without 

the observed coffee compounds, respectively, on ice. Subsequently, the tubes were incubated 

in a water bath for 1hr at 37 °C and then centrifuged at 2,000 rpm, 4 °C for one minute. 

Lastly, 350 µl of the supernatant was transferred into a new tube and stored at -20 C for later 

analysis of insulin content by radioimmunoassay (RIA). 

2.6.3 Reagents for static secretion assays 

Bicarbonate-buffered physiological salt solution 

To make 2 litres of bicarbonate-buffered physiological salt solution, all reagents were 

dissolved in deionised water in a 2-litre glass bottle, and deionised water was added to give 

a final volume of 2 litres. Before adding a final volume of water, pH was adjusted to 8.4, and 

then the buffer was stored at 4 ºC.  
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Reagent g/2L Final concentration (mM) 

NaCl 26 111.23 

KCl 1.48 4.96 

NaHCO3 9.08 27.02 

MgCl2.6H2O 0.84 1.03 

KH2PO4 0.12 0.22 

MgSO4.7H2O 0.28 0.28 

Table 2.1 Bicarbonate-buffered physiological salt solution (Gey & Gey, 1936). 

2.6.4 Radioimmunoassay 

To assess the insulin secretion of beta cells and islets in response to secretagogues with and 

without the presence of the decaffeinated coffee derivatives, the insulin content of samples 

was measured by radioimmunoassay (RIA). This technique was first established in 1956 

(Berson & Yalow, 1956). Later, this method was developed and tested by Roger Ekin (1960), 

Murphy and colleagues (1966), and Daughadsy and Odell (1971) using a competitive binding 

assay. Moreover, the use of labelled radioactive thyroxine (T4) as a tracer was first published 

in the study of Roger Ekin (1960).  

In order to conduct a RIA, a radioactive-antigen (Ag*) is made, mostly by labelling an 

antigen with gamma-radioactive isotopes of iodine as tracer (e.g. 125-I), via binding to 

tyrosine residues within the molecule of interest. An unknown amount of non-radiolabeled 

antigen (Ag) from the supernatant of the static experiment above is combined with the tracer 
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(Ag*) and a specific antibody (Ab) for the antigen. Practically, RIA relies on the competition 

between binding of labelled (Ag*) and unlabelled (Ag) antigen to Ab (Bolton & Hunter, 

1973; Goldsmith, 1975). The more Ag binds to the Ab, the lower the proportion of Ab bound 

to Ag* is, compared to free Ag*. The bound Ag is then precipitated, and the radioactivity of 

the remaining Ag in the precipitant is assessed using a gamma counter. This competitive 

binding occurs when the complexes are incubated at 4 °C for 48-72 hr. 

2.6.4.1 Radioimmunoassay for insulin 

The quantitative analysis of insulin content of the static experimental supernatants was 

carried out using an in-house radioimmunoassay (Jones et al., 1988). This assay can detect 

low concentrations of the hormone with high sensitivity and can be applied to a large number 

of samples, thus being very cost-effective. Furthermore, this method has previously been 

used to investigate the level of hormone secreted from pancreatic islets and beta cells in 

several animal models and in vitro cell models (e.q. Jones et al., 1988; Hauge-Evans et al., 

2009).  

In preparation for the insulin RIA, tracer (radioactive iodine, 125I-Insulin) was made by Dr 

Astrid Hauge Evans, and the insulin antibody (Guinea pig polyclonal to insulin) was provided 

by Prof. Peter Jones (KCL). In addition to tracer and the antibody, a 10 ng/ml stock solution 

of insulin (bovine pancreas, Sigma, UK) for generating a standard curve, borate buffer (pH 

8.0) (Table 2.3), phosphate-buffered saline (PBS) (Table 2.4) and 30% polyethylene glycol 

(PEG) (Table 2.5) were made. Radioactive iodine, the antibody and the stock of insulin were 

stored at -20 °C. The buffer, PBS and PEG were kept in the fridge (4-8 °C). 

When insulin RIA was performed, 10 ng/ml standard stock solution of insulin (bovine, 

Sigma, UK) was diluted 1:1 with borate buffer to create serial dilutions needed to set up a 
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standard curve (10, 5, 2.5, 1.25, 0.63, 0.32, 0.16, 0.08 and 0.04 ng insulin/ml). A series of 

reference tubes were also prepared in triplicate as follows (Table 2.2): total radioactivity (T) 

containing 100 μl radiolabeled antigen (125I; 10,000 counts per minute (cpm)/100 μl /tube) 

to indicate the amount of radioactivity per tube; maximum binding tubes (MB) containing 

100 μl borate buffer, 100 μl anti-insulin antibody and 100 µl tracer but no unlabelled insulin 

for assessment of antibody binding to radiolabelled antigen in the absence of unlabelled 

insulin. For assessment of non-specific binding (NSB), 200 μl buffer and 100 μl tracer, but 

no antibody was added to the tubes. The supernatants from the secretion experiments were 

diluted in borate buffer and added to tubes in duplicate (100 μl/tube). To each insulin standard 

or test sample, 100 μl of insulin antibody (final dilution in borate buffer: 1:125,000) and 100 

μl tracer was subsequently added to give a final volume of 300 μl (Table 2.2). All assay tubes 

were then incubated for 72 hr at 4 °C to allow equilibrium to be established between the 

antibody and the radio-labelled or unlabelled insulin.  
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Buffer 

(µl) 

AB 

(µl) 

Tracer 

(µl) 

Standard 

(µl) 

Sample 

(µl) 

Non-specific binding (NSB) 200  100   

Maximum binding (MB) 100 100 100   

Totals (T)   100   

Standards  100 100 100  

Samples  100 100  100 

Table 2.2 Preparation of insulin standard and test sample for radioimmunoassay. 

 

Following the incubation period, 1 ml of precipitant (Table 2.6) was added to each assay tube 

except those defined as T. This was followed by centrifugation at 1,500g/2,700 rpm 4 °C for 

15 minutes after which the supernatant was aspirated and discarded down a designated sink 

for radioactive waste in the radiation laboratory of the Life Sciences Department, University 

of Roehampton. The radioactivity of the pellet samples was then measured as counts per 

minute (cpm) on the gamma counter (Wizard, Perkin Elmer, UK) available in the radiation 

laboratory. The machine is equipped with the WorkOut plus® (My Assays) software from 

which a standard curve was generated (Fig. 2.3), and the insulin content of the samples were 

calculated according to a pre-set protocol. 
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Concentration of insulin (ng/ml) 

Figure 2.3 A Typical standard curve for the insulin radioimmunoassay. 

 

2.6.4.2 Reagents for radioimmunoassay (RIA) 

Borate buffer 

Reagents (Table 2.3) were dissolved in 1.8L deionised water and pH adjusted to 8.0 with 

approximately 6 ml concentrated HCl, then deionised water was added up to 2L. Lastly, BSA 

was added. The buffer was stored in the fridge (4-8 ºC). 
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Reagents g/2L Final concentration (mM) 

Boric acid 16.5 133 

EDTA 7.4 10 

NaOH 5.4 67.5 

BSA 2 0.1% 

Table 2.3 Borate buffer for insulin RIA, pH 8.0 for 2 L. 

 

Phosphate buffered saline (PBS, 2L) 

One tablet of PBS was dissolved in 200ml of deionised water to reach a final concentration 

as shown in Table 2.4, pH 7.4.  To make up 2L of PBS, 10 tablets of PBS were dissolved in 

2L of deionised water (diH2O) and stored it at 4-8 ºC. 
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Reagent g/2L Final concentration 

Na2HPO4  18.0 63.4mM 

KH2PO4  1.652 6.1mM 

C10H14H2O8N2(H2O)2 7.444 11.34mM 

BSA 6 3 g/L 

Table 2.4 Phosphate buffered saline for insulin RIA, pH 7.4 for 2L. 

 

Polyethylene glycol (30%, PEG, 2L) 

Six hundred gram of PEG (MW = 6,000) was gradually dissolved in 2L of deionised water 

(Table 2.5) and stored it at 4-8 ºC. 

Reagent Amount 

PEG (MW 600) 600 

di(H2O) 2L 

Table 2.5 Polyethylene glycol (30%) for RIA, 2L. 
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Precipitant 

Prior to adding RIA precipitation solution into each assay tubes, 15% PEG precipitant was 

freshly made (Table 2.5). Thirty percent PEG was diluted 1:1 with PBS, after which γ-

globulin (1mg/ml) and Tween 20 (0.5μl/ml) was added. Subsequently, 1ml of 15%PEG 

precipitant (Table 2.6) was added to the 300 μl in the tube of insulin standard, and test 

samples for radioimmunoassay (Table 2.2) and then the dilution of the PEG precipitants was 

further down to 12%. 

 

Reagent Amount (120mL) 

30% PEG 60mL 

PBS 60mL 

γ-globulin 120mg 

Tween 20® 60μL 

Table 2.6 An example of a RIA precipitation solution, 120mL. 

 

Antibody 

Anti-insulin antibody raised against bovine insulin in Hartley guinea pigs (Jones et al., 1988) 

was kindly provided by Professor Peter Jones (KCL, London) and used in a stock dilution of 

1/20,000. 
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2.7 Gene expression assessment 

To confirm the functional studies above and to investigate whether a mixture of each selected 

coffee compound could potentially affect the expression of specific cellular stress-responsive 

genes, the effect of coffee derivatives on mRNA levels of specific cellular markers was 

assessed using the quantitative real-time polymerase chain reaction (qPCR) technique.   

Quantitative PCR is based on mRNA analysis and can sensitively detect and measure changes 

in expression levels of protein-coding genes (Livak & Schmittgen, 2001; Kolacsek et al. 

2017)  

2.7.1 Total RNA extraction  

For the preparation of RNA samples, INS-1 cells were cultured in elevated glucose and 

palmitate concentrations with or without the presence of the selected compounds alone and 

combined for 20 hr as indicated in Chapter 6. In parallel, cells were also incubated in 

supplemented RPMI containing 11mM glucose only as control. The cells were then harvested 

for RNA extraction by trypsinisation and then washing in cold PBS. Subsequently, 1 ml cold 

PBS containing cells were transferred to DNA/RNA-free microcentrifuge tubes and 

centrifuged at 1,000 rpm for 3 minutes. The supernatant was aspirated, and the cell pellets 

lysed in 350 μl RLT® buffer containing 10 μl/ml β-mercaptoethanol (β-ME).  

Total RNA was extracted from INS-1 beta cells using an RNAeasy Mini Kit (Qiagen, UK). 

With the utilisation of this kit, total RNA can be extracted for each sample in a time-efficient 

manner. Furthermore, the purified RNA can be used in various applications such as RT-PCR 

and real-time RT-PCR and cDNA synthesis. The RNeasy Kits also allows the parallel 

processing of multiple samples in a short period (<30 minutes), thus exhibiting advantages 
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compared to more time-consuming methods such as CsCl step-gradient ultracentrifugation 

and alcohol precipitation, or methods involving the use of toxic substances, such as phenol 

and/or chloroform. 

To extract RNA from the lysed cells, the cells were loaded onto the QIAshredder 

homogeniser, placed in a collection tube and centrifuged at 15,000 rpm for 2 minutes. One 

volume of 70% ethanol was added into the homogenised lysate and finely mixed by pipette. 

The lysates (700 μl) were then added to an RNeasy mini spin column which was in a 2 ml 

collection tube. The tube was then centrifuged at 12,000 rpm for 30 seconds at room 

temperature, and the flow-through was discarded and then repeated twice. Subsequently, 350 

μl of buffer RW1 was added to all assay columns and tubes. The tubes were centrifuged at 

12,000 rpm for 30 seconds at room temperature, and the flow-through was disposed of later. 

To eliminate all possible DNA contamination, DNase digestion was performed by using an 

RNase free DNase set (Qiagen). A mixture of 10 μl of DNase-I and 70 μl of RDD buffer was 

made, then the mixture (80 μl) was added onto the membrane in every column directly and 

incubated for 15 minutes at RT. Next, tubes were centrifuged at 12,000 rpm for 30 seconds 

at RT again after adding wash buffer RW1 (350 μl), and the flow-through was disposed of. 

After that, the spin column membrane was washed, and the yield of salt traces was prevented 

by adding 500 μl RPE wash buffer to all columns and tubes, which were then centrifuged at 

12,000 rpm for 30 seconds at room temperature. This process was repeated with 

centrifugation at 12,000 rpm for 2 minutes. The columns were transferred to new collection 

tubes (2 ml) and centrifuged at 15,000 rpm for 60 seconds. At the same time, the collection 

tubes containing the flow-through were disposed of. The columns were transferred to new 

collection tubes (1.5 ml), and 30-50 μl RNase- free water was added to the membrane, and 

the tubes were then centrifuged at 12,000 rpm for 1 minute to elute RNA. Lastly, the 
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collection tubes containing extracted RNA were stored at -80 ºC prior to assessment of RNA 

concentration and purity. 

2.7.2 Quantification of RNA concentration  

The extracted RNA was quantified using a spectrophotometer (NanoVue, GE Healthcare), 

which can detect RNA and other nucleotides accurately in small quantities of samples (0.5-

2 µl). The examination of RNA purity was also detected in this process using 2 absorbance 

ratios: 260/230 and 260/280. 

The 260/230 ratio was used to indicate the contamination of phenol and salts, and detection 

of protein contamination was evaluated from the 260/280 ratio. Regarding the absorbance at 

260 nm, the level of RNA was measured as nucleic acids could absorb at 260 nm. The 

extracted RNA was stored at -80 °C. 

2.7.3 cDNA reverse transcription 

Enzyme DNA polymerase plays a role in cDNA production through DNA synthesis from an 

RNA template. To convert RNA to complementary DNA (cDNA), a High capacity cDNA 

reverse transcription kit (Applied BiosystemsTM, UK) was required. The kit provides reagents 

in order to make a master mix for cDNA reverse transcription (Table 2.11). The master mix 

solution was freshly prepared and kept on ice, after which the solution was added into each 

tube with 10 μl RNase-free water containing RNA samples of known amount (as calculated). 

Next, the tubes were spun briefly before loading onto a thermal cycler (BIO-RAD T100TM 

Thermal cycler), and the reverse transcription was performed according to the indicated 

settings (Table 2.7). The cDNA samples were maintained at -20 °C.  
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Settings Step 1 Step 2 Step 3 Step 4 

Temperature (°C) 25 37 85 4 

Time (min) 10 120 5 

 

Infinite hold 

 

Table 2.7 Thermal cycler settings for cDNA reverse transcription. 

 

2.7.4 Quantitative polymerase chain reaction (qPCR)  

Quantitative PCR analysis was performed using the StepOnePlusTM Real-time PCR System 

(Applied BiosystemsTM, UK) and the QuantiFast SYBR Green PCR Kit. 

The kit contains the fluorescent SYBR® Green dye in the master mix, which enables the 

analysis of several targets without having to synthesise labelled target-specific probes. 

SYBR® green master mix was made by mixing 2X SYBR® green, RNase-free water and 10 

μM primers on ice (Table 2.12). Prior to making the master mix, 10 μM stock solution of 

each primer; Heme oxygenase 1 (Hmox1, Sigma, geneID: 24451), Thioredoxin-interacting 

protein (Txnip, Sigma, geneID: 117514), Ddit3,   CCAAT-enhancer-binding protein 

homologous protein (CHOP) (Sigma, geneID: 29467) and the reference gene, Peptidylprolyl 

isomerase A (Ppia) (Sigma, geneID: 25518) was made up in molecular biology grade water. 

Sequences of each primer are shown in table 2.9-2.10. 
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Next, an 18 μl master mix was added into reaction tubes (0.2 ml), and 2 μl cDNA or RNase 

free water was added into tubes, after which tubes were briefly vortexed and centrifuged. 

After that, 9.8 μl of each reaction mixture was added into each well of a MicroAmpTM Fast 

Optical 96-Well Reaction Plate (Applied BiosystemsTM, UK), after which the plate was 

covered with a film. Subsequently, the plate was centrifuged at 2000 rpm for 1 minute and 

placed onto a StepOnePlusTM Real-Time PCR System (Applied BiosystemsTM), using a 2-

step cycling procedure to perform the analysis (Table 2.8).  

To analyse outcomes, expression levels of the observed gene were calculated relative to the 

expression level of the house-keeping gene, Ppia, using the delta cycle threshold comparative 

CT model (ΔΔCT) (Livak & Schmittgen, 2001). 

 

 Time Temperature (°C) 

1. Pre-incubation 5 minutes 95 (denaturation) 

2. PCR (40 cycles) 10 seconds 

30 seconds 

95 (annealing) 

60 (extension) 

Table 2.8 A 2-step cycling protocol parameters. 
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2.7.5 Reagents for qPCR experiments 

Primers 

Forward and reverse primers were obtained for each gene target (Sigma-Aldrich, UK, Table 

2.9), and the forward and the reverse primers were mixed prior to experimenting in a 1:1 

ratio. 

Gene Primer sequence T annealing 

(°C) 

Hmox1         FR1_CCTGGTTCAAGATACTACCTC 

        RR1_ACATGAGACAGAGTTCACAG 

60 

 

Txnip         FR1_CGTCAATACTCCTGACTTCCTG 

        RR1_AAATGTCATCACCTTCACAG 

60 

 

Ddit3         FR1_GGAAACGAAGAGGAAGAATC 

        RR1_ATAGAACTCTGACTGGAATCTG 

60 

Table 2.9 Primer sequence for qPCR and the annealing temperature (°C) (Sigma-

Aldrich, UK). 
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Primer for  house-keeping genes 

Ppia was used as a house-keeping gene (Sigma-Aldrich, UK), its forward and reverse primers 

were mixed freshly before experimenting. The ratio of the forward primer to the reverse 

primer is 1:1. 

Gene Primer sequence PCR 

product 

(bp) 

T annealing 

(°C) 

Ppia        FR1_GTGTTCTTCGACATCACG 

       RR1_AAGTTTTCTGCTGTCTTTGG 

83.56 

 

60 

 

Table 2.10 Primer sequence for house-keeping gene, Ppia (designed in-house) and the 

annealing temperature (°C) (Sigma-Aldrich, UK). 

 

Master mix for cDNA reverse transcription 

To make up a 2x master mix, all reagents were mixed as indicated in table 2.11. The enzyme 

(MultiScribeTM Reverse Transcriptase) was added last and the solution gently vortexed and 

centrifuged using a 1.5 ml RNase-free micro tube.  
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Reagent Volume (μl) 

10X RT Buffer 2.0 

25X dNTP Mix (100 mM) 0.8 

10X RT Random Primers 2.0 

Nuclease-free H2O 4.2 

MultiScribeTM Reverse Transcriptase 1.0 

Table 2.11 Master mix for cDNA reverse transcription. 

Master mix for qPCR 

A 1x master mix SYBR
® green was required to prepare for qPCR with RNase-free water as 

showed in table 2.12. Forward and reverse primers were mixed separately and added to the 

master mix.  

Reagent Volume (μl) 

2X SYBR
® green 10 

RNase-free water 6 

Primers (10 μM) 2 

Table 2.12 Master mix for qPCR. 
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2.8 Statistical analysis 

Raw data were processed and analysed using Microsoft Excel. GraphPad Prism (version 9.0; 

Graph-Pad Software, 188 La Jolla, CA, USA) was used to analyse the differences among 

group means and variation of independent and dependent variables for statistical 

significance. Data were expressed as mean ± standard error of the mean (SEM) and analysed 

statistically using one-way analysis of variance (ANOVA) followed by the Bonferroni’s 

multiple comparison Post-Hoc test with significance set at P-Value <0.05.  
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3.1 Introduction  

There has been sufficient evidence in islet and rodent beta cell culture studies identifying that 

beta cell failure is triggered by several metabolic and pathological irregularities in type 2 

diabetes (T2D). Elevated glucose levels, high concentrations of free fatty acids (FFAs) alone 

or combined, cytokines, and islet amyloid deposition all contribute significantly to beta cell 

impairment in addition to age and genetic history.   

High levels of glucose (Glucotoxicity) 

Generally, acute exposure of beta cells to hyperglycemia induces insulin secretion and 

transcription of the gene encoding preproinsulin. Adversely, prolonged exposure of beta cells 

to hyperglycemia causes impaired beta cell secretory function, decreased PR proinsulin gene 

transcription, decrease in beta cell and islet transcription factors and proteins, altered gene 

expression patterns, and eventual beta cell apoptosis (e.g. Zhou et al., 2017; Mellado-Gil and 

Aguilar-Diosdado, 2004; Sun et al., 2019; Bensellam, Jonas and Laybutt, 2018; Butler et al., 

2016; Cinti et al., 2016). A number of existing in vivo and in vitro studies using islets from 

human or animals or rodent beta cell lines have stated that these abnormalities involve several 

mechanisms, but a major cause appears to be oxidative stress, endoplasmic reticulum (ER) 

stress, mitochondrial dysfunction, inflammation and hypoxia-induced stress (Ehses et al., 

2007; Richardson et al., 2009; Harmon et al., 2009; Han and Kaufman, 2016; Wang and 

Kaufman, 2012). 

High levels of free fatty acids (Lipotoxicity) 

The link between obesity and the development of T2D is well established. Exposure of beta 

cells to physiological concentrations of free fatty acids (FFAs) regularly maintain glucose-
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stimulated insulin secretion (GSIS) under basal environments. This may contribute to the 

over secretion of insulin in the early stages of high fat-induced obesity (Boden et al., 1995; 

Deeney et al., 2000). Dietary fats, particularly unsaturated fats, have modulatory effects on 

the development of T2D. In contrast, chronic exposure of beta cells to saturated fats, for 

example, palmitate, negatively suppresses GSIS in beta cells, diminishes insulin gene 

expression, and induces beta cell dysfunction and apoptosis (Barlow et al., 2016; Tumova, 

Andel and Trnka, 2016). 

In an early study stated that lipotoxicity induced by chronic exposure of beta cells to high 

levels of palmitate that results in beta cell death. This detrimental event might be linked to 

increased caspase activity, ceramide formation, lipid droplet formation, DNA fragmentation, 

mitochondrial dysfunction, and apoptotic gene expression in rat islets (Shimabukuro et al., 

1998). In addition to these mechanisms, other proposed pathways, whether the activation of 

oxidative stress via a pathway of increased reactive oxygen species (ROS) synthesis, ER 

stress, increased production of pro-inflammatory cytokines or induced protein expression of 

a multifunctional transcription factor such as CCAAT-enhancer-binding protein homologous 

protein (CHOP) have been reported to be associated with lipotoxicity-induced cell apoptosis 

(Liang et al., 2011; Chen et al., 2013). However, some studies have observed effects of FFAs 

on beta cell mass and function in the presence of increased levels of glucose that pointed to 

the combined effects of high glucose and high FFAs (e.g. Maedler et al., 2001; Maedler et 

al., 2003; Dubois et al., 2004). Therefore, the deleterious effects might stem from the 

synergistic effects between glucotoxicity and lipotoxicity, as can be described by the term 

glucolipotoxicity.  
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High levels of glucose and free fatty acids combined (Glucolipotoxicity) 

There has been evidence in several in vitro- and in vivo-studies showing that chronic 

exposure of beta cells to high FFA levels in addition to elevated glucose concentrations could 

eventually lead to beta cell death, stated as glucolipotoxicity. This abnormality might be 

explained by several mechanisms, including the progression of accumulating FFA-derived 

long-chain acyl-CoA ester and multi-lipid signalling molecules in beta cells resulting in 

impaired GSIS and cell death (Cunha et al., 2008; Prentki & Madiraju, 2012; Fontés et al., 

2010.). Another proposed mechanism suggests that glucolipotoxicity induces beta cell failure 

through ER and oxidative stress via the secretion of pro-inflammatory mediators, which leads 

to beta cell inflammation and death (Hara et al., 2014; Inoue et al., 2018). 

Cytokines 

Beta cell impairment in T2D is consistently reported to associate with obesity linked to 

visceral adipose tissue. In obesity, the adipose tissue releases leptin and pro-inflammatory 

adipocytokines (e.g. tumour necrosis factor-a (TNF-α)), interleukin-6 (IL-6) and monocyte 

chemoattractant protein-1 (MCP-1). For example, TNF-α has a negative impact on insulin 

receptor substrate-2, induces pro-inflammatory responses and inducible nitric oxide synthase 

(iNOS)  activation leading to the unfolded protein response/ER stress (Bouzakri, Ribaux, and 

Halban, 2009). Interleukin-1 β (IL-1β) is another cytokine that has been known to trigger 

islet inflammation directly. IL-1β is produced by caspase-1, stimulated by the NLRP3 (NOD-

, LRR- and pyrin domain-containing protein 3) inflammasome (Zhou et al., 2010). 

Thus, several studies testing the potential effects of drugs or bioactive substances on reducing 

the risk of T2D have been conducted under experimental designs aimed at mimicking 

glucotoxicity, lipotoxicity, cytokines-induced inflammation and/or glucolipotoxicity. This 
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current study also tested if non-caffeinated coffee derivatives directly impact beta cell 

survival and function under cellular stressors characteristic of the development of T2D. 

Initially, murine beta cell lines were used to confirm whether those cellular stressors 

mentioned above have deleterious impacts on our chosen research models. 

Cell models for the study of beta cell and islet function 

As described, islet isolation from animals requires advanced techniques apart from the ethical 

and financial implications, even more so regarding human samples. As a consequence of the 

limitations of the isolation, many areas of beta cell research have used pancreatic beta cell 

lines cloned from rodents. Furthermore, this enables the researcher to better conform to the 

principles of the 3Rs (replacement, reduction, and refinement (Russell and Burch, 1959), 

which is a foundation for ethical study as described in Chapter 1. Additionally, the beta cell 

lines can be maintained for long periods in tissue culture and maintain essential 

characteristics of the primary tissue, the pancreatic islets (Miyazaki et al., 2021; Amin et al., 

2016; Hohmeier et al., 2000). So far, several pancreatic beta cell lines, whether mouse and 

rat insulinoma beta cell lines such as MIN6 or INS-1 cells have been used in existing research 

to study beta cell function (e.g. Cheng et al., 2012; Damsteeg et al., 2019; Miyazaki et al., 

2021). However, they have their own limitations, such as their two-dimensional (2D) 

structure as monolayers, which does not represent the three-dimensional cell-cell interaction 

in islets, except for 3D cluster beta cell lines (Ntamo et al., 2021; Essaouiba et al., 2021). 

Therefore, the results of cell line culture models are still needed to be confirmed in primary 

islets. This current study initially assessed the responses of both MIN6 and INS-1 beta cell 

lines. Consequently, to optimise the research, only one beta cell line was chosen for further 

experiments. 
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3.2 Aims of the study 

The aims of this experimental study were to test whether selected cellular stressors typical of 

the development of T2D impaired beta cell viability and apoptosis in the selected in 

vitro research model. Additionally, the aims were to determine whether this effect differed 

between the two pancreatic beta cell lines, INS-1 and MIN6 and whether it was dependent 

on the length of exposure. In this way, both choices of the stressors and research models were 

validated. 

This study was conducted following the experimental objectives as follow: 

 - Assessment of the effect of elevated glucose, palmitate and cytokine levels, alone or in 

combination on MIN6 or INS-1 cell viability following 20, 48, 72 and 96 hr exposure.  

 - Assessment of the effect of the above cellular stressors on MIN6 or INS-1 cell apoptosis 

at 20 hr exposure. 
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3.3 Methods 

3.3.1 Tissue culture of beta cell lines 

MIN6 monolayer cells (passage 32-40) were cultured in supplemented DMEM and incubated 

at 37 °C, 95% O2 and 5% CO2 as described in section 2.2.2. MIN6 beta cells were maintained 

in supplemented DMEM medium containing 7.5mM glucose for 4-8 weeks before further 

use. The medium was changed every other day until the cells reached 70-80% confluency. 

After that, the attached monolayer cells were detached by trypsinisation (0.1% trypsin and 

0.0% EDTA, section 2.2.3) and split every 5-7 days, after which the MIN6 cells were used 

for experiments. INS-1 beta cells between passages 16 and 24 were grown as monolayers in 

supplemented RPMI-1640 medium containing 10% FBS and 11mM glucose as previously 

described (section 2.2.2). Confluent INS-1 monolayer cells were trypsinised (section 2.2.3). 

The cells were split every 5-7 days prior to experiments. 

 3.3.2 Assessment of cell viability and apoptosis 

After 6-8 days of culture, either MIN6 or INS-1 beta cells were washed with PBS, trypsinised 

and counted as described in section 2.2.3. Cells were seeded into four white-walled 96 well 

plates for four different time points (20, 48, 72 and 96 hr) and one white-walled 96 well plate 

for 20hr in order to measure cell viability and apoptosis, respectively. MIN6 cells were 

seeded in supplemented DMEM medium (10% FBS) at a density of 10,000 cells/200µl/well, 

and INS-1 cells were seeded in supplemented RPMI-1640 medium (10% FBS) at a density 

of 5,000 cells/200µl/well. Subsequently, the plates were incubated for 24 hr at 37 °C, 95% 

O2 and 5% CO2 to allow the cells to adhere to the wells. 
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Following 24 hr incubation of the cells in 96-well plates with normal medium, the medium 

was removed and replaced by DMEM medium or RPMI-1640 medium supplemented with 

2% FBS and 1% bovine serum albumin (BSA) with or without the following selected cellular 

stressors: 30 mM glucose, 0.5 mM palmitate, or 2.5 U/ml IL-1β and 500 U/ml TNF- α, alone 

or combined. The plates were at 37 °C, 95% O2 and 5% CO2 for 20, 48, 72 and 96 hr, 

respectively, for cell viability experiments, and for 20 hr for cell apoptosis studies.  

At the end of the incubation period, the cellular ATP content was quantified using the 

CellTiter-Glo® assay kit (Promega), where ATP content was measured as an indication of 

cell viability (described in section 2.4). To measure cell apoptosis, the activity of caspase 3/7 

enzymes was assessed using the Caspase-Glo®3/7 kit (Promega), section 2.5). 

30 mM glucose (glucotoxicity)  

A solution of 22.5 mM glucose (45 % w/v) was added to DMEM containing 7.5mM glucose 

(2% FBS), and 19 mM glucose (45 % w/v stock solution) was added to RPMI media 

containing 11 mM glucose with 2% FBS, respectively, to prepare a 30 mM glucose solution. 

0.5mM Sodium palmitate (lipotoxicity) 

Prior to making up a 50mM sodium palmitate solution, 5% w/v BSA (fatty acid-free) was 

prepared in pre-warmed 2% FBS complete RPMI containing 11 mM glucose or DMEM 

containing 7.5 mM glucose and filter sterilised. A 50 mM sodium palmitate solution was 

made by adding 1 ml 50% ethanol (EtOH) solution (50% of EtOH and 50% of diH2O) to 

13.9 mg sodium palmitate. The palmitate solution was then solubilised at 70 °C for 10 

minutes. In order to obtain a concentration of 0.5 mM sodium palmitate, 50 mM palmitate 

was diluted 1:10 in 5% w/v BSA solution. In parallel, the 50% ethanol solution was also 
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diluted 1:10 in 5% w/v BSA solution as a control. The palmitate and control solution were 

next incubated in a water bath at 37 °C for 1 hr to allow BSA to bind the palmitate. Lastly, 

the solutions were further diluted 1:10 in 2% FBS supplemented RPMI or DMEM medium 

to a final concentration of 0.5 mM palmitate and 0.5% ethanol, 0.95% BSA. 

 30 mM glucose and 0.5 mM sodium palmitate (glucolipotoxicity) 

A 30 mM glucose (45 % w/v stock solution) was added to the 0.5 mM palmitate solution 

above to prepare 30 mM glucose and 0.5mM sodium palmitate. 

Pro-inflammatory cytokines  

TNF-α with an activity of  0.001x109 U/mg (Peprotech, UK) and IL-1β with 

activity 0.5x109 U/mg (Peprotech, UK) was re-constituted in RPMI or DMEM with no 

glucose containing 2% FBS to reach a final of 1,000 U/ml and 100 U/ml, respectively. The 

concentrations of the cytokines were further diluted and used at 500 U/ml TNF-α and 25 

U/ml IL-1β, respectively. 
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3.4 Results 

3.4.1 Effect of high levels of glucose, high levels of free fatty acid, and cytokines on beta 

cell viability  

To investigate whether the detrimental effects of high levels of glucose, palmitate or the pro-

inflammatory cytokines IL1- β and TNF-α alone or combined is applicable to MIN6 or INS-

1 beta cell lines in our chosen research model, the measurements of MIN6 or INS-1 beta cell 

viability and apoptosis were carried out. 

 3.4.1.1 Effect of high levels of glucose, high levels of free fatty acid, and cytokines on MIN6 

beta cells with time 

To test whether the selected stressors affect the viability of MIN6 beta cell line in this model 

system, the cells were co-treated with or without each selected stressor, alone or combined 

for 20, 48, 72 and 96 hr, respectively. Following co-treatment with individual stressors, 

results showed that cell viability was significantly reduced at all time points in response to 

0.5 mM palmitate (p<0.001) and cytokines (p<0.001) alone (n=6, versus 7.5 mM glucose 

alone; Fig. 3.1 A-D). Palmitate impaired beta cell viability to a greater extent than cytokines 

at 48 hr (p<0.01), 72 (p<0.001) and 96 hr (p<0.001) but there was no significant difference 

in ATP content of MIN6 beta cells between the two stressors at 20 hr (p>0.05, 0.5mM 

palmitate; 1.79 x 106 + 0.04x106 RLU versus cytokines; 1.85 x 106 + 0.05 x 106 RLU). In 

contrast, 30 mM glucose alone did not alter the ATP content relative to the control group 

(n=6, p>0.05 versus 7.5mM glucose) regardless of incubation time. 
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In addition to the impact of individual cellular stressors, cells were co-treated in parallel with 

the specific combinations of each stressor. Elevated glucose levels at 30 mM and cytokines 

combined (at 20, 48 and 72 hr; p<0.001, and at 96 hr; p<0.01 versus 7.5 mM glucose), 30 

mM glucose + 0.5 mM palmitate alone (at all time points; p<0.001) or combined with 

cytokines (at all time points; p<0.001), showed a significant detrimental effect in cell viability 

which was more potent than the normal control (n=6, versus 7.5 mM glucose; Fig. 3.1 A-D). 

Additionally, the detrimental effect of 30mM glucose + 0.5 mM palmitate on cell viability 

was more pronounced compared to the cells treated with elevated palmitate alone at 20 and 

48 hr (20 hr; p<0.05, and 48 hr; p<0.01 versus 0.5 mM palmitate; Fig. 3.1 A-B), but not 72 

and 96 hr (Fig. 3.1 C-D). However, there was no significant alterations in ATP content 

between the combination of cytokines and elevated glucose versus cytokines alone at 20, 72 

and 96 hr. (Fig. 3.1 A, C and D). Only at the 48hr incubation was the combination of 

cytokines and 30mM glucose more toxic to the cells than cytokines alone (p<0.01; versus 

cytokines; Fig. 3.1B). 

Similarly, the adverse effect of 0.5 mM palmitate was further enhanced at 20-48 hr once it 

was combined with cytokines (20 hr; p<0.001, 1.33 x 106 + 0.032 x 106 RLU; 48 hr: p<0.001, 

0.73x 106 + 0.008 x 106 RLU) or 30 mM glucose (at 20 hr; 1.53 x 106 + 0.038 x 106 RLU 

and at 48 hr 1.04 x 106 + 0.018 x 106 RLU) compared to 0.5 mM palmitate alone (at 20 hr; 

1.79 x 106 + 0.04 x 106 RLU and 48hr; 1.40x 106 + 0.02 x 106 RLU, n=6). The three cellular 

stressors combined at 20hr (p<0.001; 1.19 x 106 + 0.027 x 106  RLU) and 48 hr (p<0.001; 

0.65 x 106 + 0.014 x 106 RLU) caused a higher degree of cell viability impairment than 0.5 

mM palmitate alone, which was also observed at 72 hr (p<0.01; 0.27x 106 + 0.046 x 106 RLU 

versus 0.5 mM palmitate; 0.95 x 106 + 0.02 x 106 RLU) but not at 96 hr (p>0.05, n=6, 0.71 

x 106 + 0.22 x 106 RLU versus 0.5mM palmitate; 0.57x 106 + 0.05x 106 RLU, n=6). 
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Moreover, the adverse effect of the three cellular stressors combined was more potent than 

cytokines alone (at all time points; p<0.001 versus cytokines alone) regardless of incubation 

time.  

Furthermore, across a range of incubation times, the combination of cytokines and 0.5 mM 

palmitate (at all time points, p<0.001) and the three cellular stressors (at all time points, 

p<0.001) showed a harmful effect on cell viability which was stronger than cytokines alone 

(Fig. 3.1A-D).  

Among the adverse effects of the specific combinations of each stressor, the three stressors 

combined led to more significant cell viability impairment than the combination of 0.5 mM 

palmitate and cytokines did across a range of time points (p<0.001), and high levels of 

glucose and palmitate at 20 (p<0.001) and 48 hr (p<0.01). 
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Figure 3.1 MIN6 cell viability after treatment with selected cellular stressors alone and 

combined.  MIN6 cells were incubated with different cellular stressors for 20 (panel A), 48 

(panel B), 72 (panel C) and 96hr (panel D), respectively. Cell viability was assessed by 

measuring ATP content. Results are shown as Mean ± SEM, one experiment representative 

of three independent experiments (n=6). One-Way ANOVA with Bonferroni’s post hoc test, 

***p<0.001 versus 7.5 mM GLU. ϕϕp<0.01, ϕϕϕp<0.001 versus 0.5 mM PAL, ΔΔp<0.01, 
ΔΔΔp<0.001 versus cytokines,         p<0.001 versus 30 mM GLU, ∂∂p <0.01, ∂∂∂p<0.001 versus 30 

mM GLU + 0.5 mM PAL, and ###p<0.001 versus 30 mM GLU + cytokines. 
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3.4.1.2 Effect of high levels of glucose, high levels of free fatty acid,  and cytokines on INS-1 

beta cells with time 

To confirm that the observed effects of high glucose, elevated palmitate and cytokines, alone 

and combined in MIN6 beta cells also applied to INS-1 cell viability, measurement of ATP 

content was assessed.  

Results showed that 30 mM glucose (p<0.001) or 0.5 mM palmitate (p<0.001) significantly 

reduced beta cell viability compared to normal conditions across a range of incubation times 

(n=6, versus 11 mM glucose; Fig 3.2 A-D). Palmitate induced more significant cell toxicity 

than high glucose levels (n=6, p<0.001; versus 30 mM glucose, at 20, 48, 72 and 96 hr; Fig. 

3.2 A-D).  

Meanwhile, cytokines alone did not significantly affect INS-1 cell viability at 20, 48, 72 hr 

(p>0.05, cytokines versus 11 mM glucose; Fig. 3.2 A-C), whereas a significant reduction was 

seen at 96 hr (p<0.001, n=6, Fig. 3.2D). Moreover, cytokines were not involved in cell 

viability impairment when combined with high glucose, as the combination of high glucose 

and cytokines was more potent than cytokines alone (p<0.001, cytokines versus cytokines + 

30 mM glucose at 20-96 hr, n=6). In contrast, it was similar to the detrimental effect of 

glucose alone (p>0.05, 30mM glucose versus cytokines + 30mM glucose at 20-96 hr, n=6). 

For specific combinations of cellular stressors, the results showed that 30 mM glucose + 0.5 

mM palmitate (p<0.001), cytokines combined with either 0.5 mM palmitate (p<0.001) or 30 

mM glucose (p<0.001) and the cocktail of the three stressors (p<0.001) significantly impaired 

INS-1  beta cell viability compared to control conditions at all time points (n=6, versus 11 

mM glucose; Fig. 3.2 A-D). Furthermore, high glucose and palmitate presented more potent 

effects on cell toxicity than 30 mM glucose alone at 20-96 hr (p<0.001) or 0.5 mM palmitate 
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alone (p<0.001). Consistently, the combination of 0.5 mM palmitate and cytokines decreased 

cellular ATP content more than 0.5 mM palmitate alone (p<0.001, at 20-96 hr, n=6) or 

cytokine alone (at 20-72 hr p<0.001 and at 96 hr p<0.05, n=6). 

Among all observed stressors, the three stressors combined reduced cell viability to a greater 

extent than other stressors except a mixture of 0.5 mM palmitate and cytokines at 20 hr  

(Fig. 3.2A). When the incubation time was prolonged to 48, 72 and 96 hr, high palmitate 

combined with elevated glucose or cytokines caused cell viability impairment to a similar 

extent as when the three stressors were combined (p>0.05, Fig. 3.2 B-D).  
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Figure 3.2 INS-1 cell viability after treatment with selected cellular stressors alone and 

combined alone or combined.  INS-1 cells were incubated with different cellular stressors 

for 20 (panel A), 48 (panel B), 72 (panel C) and 96 hr (panel D), respectively. Cell viability 

was assessed by measuring ATP content. Results are shown as Mean ± SEM, one experiment 

representative of three independent experiments (n=3-6). One-Way ANOVA with 

Bonferroni’s post hoc test, ***p<0.001 versus 11 mM GLU. ϕp<0.05,  ϕϕp<0.01 , ϕϕϕp<0.001 

versus 0.5 mM PAL, ΔΔΔp<0.001 versus cytokines,            p<0.001 versus 30 mM GLU, ∂∂p <0.01 

versus 30 mM GLU + 0.5mM PAL, and ###p<0.001 versus 30 mM GLU + cytokines.  
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3.4.2 Effect of high levels of glucose, high levels of free fatty acid, and cytokines on beta 

cell apoptosis 

To affirm whether the deleterious effects of the selected cellular stressors above can be 

attributed primarily to beta cell apoptosis in the insulinoma beta cells, the measurement of 

cell apoptosis in both MIN6 and INS-1 beta-cells was conducted. 

3.4.2.1 Effect of high levels of glucose, high levels of free fatty acid,  and cytokines on MIN6 

beta cell apoptosis 

To measure the apoptosis of MIN6 beta cells as detected by caspase 3/7 activity, cells were 

co-incubated in supplemented DMEM containing 2% FBS and 7.5 mM glucose with or 

without selected cellular stressors for 20 hr as indicated below. Results showed that cytokines 

(p<0.05), 0.5 mM palmitate (<0.05), the combination of cytokines and 0.5 mM palmitate 

alone (p<0.001) or with the presence of 30 mM glucose (p<0.001), increased beta cell 

apoptosis compared to basal conditions (n=4-5, versus 7.5 mM glucose; Fig. 3.3), In contrast, 

30 mM glucose alone ,  or combined with 0.5 mM palmitate or cytokines did not significantly 

affect MIN6 cell apoptosis (all three stressors; p>0.05, versus 7.5 mM glucose).  

The results also showed that either the combination of 0.5 mM palmitate and cytokines 

induced more significant cell apoptosis than cytokines or 0.5 mM palmitate alone (all two 

stressors; p<0.01 versus 25 U/ml IL1- β + 500 U/ml TNF-⍺, and p<0.01 versus 0.5 mM 

palmitate; Fig. 3.3). This significant change was also observed in cells treated with the three 

stressors combined (n=4-5, p<0.01 versus 25 U/ml IL1- β + 500 U/ml TNF-⍺, and p<0.01 

versus 0.5 mM palmitate) 
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Figure 3.3 MIN6 cell apoptosis after treatment with selected cellular stressors alone and 

combined.  MIN6 cells were incubated with different cellular stressors as indicated for 20 

hr. Cell apoptosis was assessed by measuring caspase 3/7 activity. Results are shown as Mean 

± SEM of one independent experiment  (n=4-5). One-Way ANOVA with Bonferroni’s post 

hoc test, *p<0.05, ***p<0.001 versus 7.5 mM GLU, ΔΔp<0.01 versus 0.5 mM PAL, ##p<0.01 

versus cytokines. 

 

3.4.2.2 Effect of high levels of glucose, high levels of free fatty acid, and cytokines on INS-1 

beta cell apoptosis 

To test whether the cellular stressors have a detrimental effect on cell apoptosis of INS-1  

beta cells, cells were co-cultured in supplemented RPMI 11 mM glucose (2%FBS) with or 

without the presence of the stressors, alone and combined for 20 hr. Results showed that 

exposure to 0.5 mM palmitate (p<0.001), 30 mM glucose + 0.5 mM palmitate (p<0.001), the 

combination of cytokines and 0.5 mM palmitate (p<0.001) alone or with 30 mM glucose 
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(p<0.001) significantly increased beta cell apoptosis compared to non-stressed conditions 

(n=5, versus 11 mM glucose; Fig. 3.4).  

Results also showed that a combination of 0.5 mM palmitate and cytokines led to higher 

levels of cell apoptosis compared to 0.5 mM palmitate alone (p<0.001) or combined with 30 

mM glucose (p<0.01). Additionally, the cocktail of the three stressors had more potent 

adverse effects than 0.5 mM palmitate with or without glucose (Fig. 3.4). 

However, 30 mM glucose alone (p>0.05) or in combination with cytokines (p>0.05; 

0.12x106 + 0.006x106) and cytokines alone (p>0.05) did not significantly alter the level of 

caspase 3/7 activity compared to the control (n=5, versus 11 mM glucose; Fig. 3.4). 

 

Figure 3.4 INS-1 cell apoptosis after treatment with selected cellular stressors alone and 

combined.  INS-1 cells were incubated in different cellular stressors as indicated for 20 hr. 

Cell apoptosis was assessed by measuring caspase 3/7 activity. Results are shown as 

Mean±SEM of one experiment independent experiment (n=5). One-Way ANOVA with 

Bonferroni’s post hoc test, ***p<0.001 versus 11mM GLU, ΔΔp<0.01 versus 0.5mM PAL, 
##p<0.01 versus 30mM GLU+0.5mM PAL. 
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3.5 Discussion 

T2D is a complex metabolic disease, linked to either insufficient insulin release or peripheral 

insulin resistance. The primary function of pancreatic beta cells is insulin production and 

secretion. Therefore, it would be a crucial strategy to maintain a sufficient beta cell mass in 

response to various factors of cellular challenges such as sustained hyperglycaemia, 

hyperlipidaemia and elevated inflammatory cytokines. Thus, to support the strategy, this 

study aimed to explore whether natural compounds like non-caffeinated coffee derivatives 

may protect beta cells against cellular risk factors typical of the development of T2D 

described above, leading to prolonged survival. Prior to testing the potential impact of the 

coffee compounds, it was important to test the effects of stress conditions mimicking the 

development of T2D in our pancreatic beta cell models. This study used the rodent 

insulinoma beta cell lines MIN6 (mouse) and INS-1 (rat). Both cell lines have been reported 

to respond to physiologically relevant levels of glucose and express glucokinase compared 

to other pancreatic beta cell lines (Miyazaki et al., 2021; Groot Nibbelink et al., 2016). The 

aim was, therefore, to confirm the detrimental impact of selected cellular stressors 

highlighted above on beta cell survival and thus optimise the chosen experimental model.  

It is well known that these cellular conditions trigger oxidative stress, endoplasmic reticulum 

(ER) stress and lysosomal destabilisation, stimulate cell toxicity through apoptosis, 

autophagy, or necroptosis which have been reported in several beta cell viability and 

apoptosis studies (e.g., Butler et al., 2003; Chan et al., 2012; Shi et al., 2011). Assessment 

of cell viability gives an indication of the proportion of healthy viable cells in a cell 

population. Basically, cell viability assays can measure ATP content, metabolic activity or 

cell proliferation. Additionally, cell toxicity assays can be used to indirectly assess the 

viability of cells via measurement of markers relevant to cell apoptosis (Riss et al., 2016). 
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So far, deleterious effects of high glucose levels, elevated fatty acid concentrations, and pro-

inflammatory cytokines have been shown to reduce the number of viable cells and induce 

cell apoptosis in a range of beta cell-based studies (e.g. Chan et al., 2012; Shi et al., 2011; 

Elsner, Gehrmann and Lenzen, 2011; Thörn & Bergsten, 2010), and this was also confirmed 

in the current study. However, some of the findings were not consistent with the existing 

research as described below.  

3.5.1 Effect of elevated glucose levels, high saturated fatty acid concentrations and 

cytokines, alone or combined on beta cell viability and apoptosis 

3.5.1.1 Cell toxicity induced by elevated glucose levels (glucotoxicity) 

Our findings showed that exposure to elevated glucose levels for 20-96 hr negatively affected 

INS-1 cell viability but not to cell apoptosis at 20 hr. However, this detrimental effect on cell 

apoptosis or cell viability was not observed in MIN6 beta cells, suggesting that high glucose 

levels may not be capable of impairing beta cell survival in MIN6 cells in our models. 

There is much evidence suggesting that high glucose levels may differently impact the 

regulation of beta cell mass. This might depend on the genetic background of the pancreatic 

beta cells, duration of exposure, and passaging of the cells (Kim et al., 2005; Faradji et al., 

2001; Maedler et al., 2002; Maedler et al., 2006) and needs further investigation. Currently, 

the effects of high glucose on beta cell replication/proliferation and death are still debatable, 

but many studies have suggested that prolonged exposure of beta cells to high glucose causes 

beta cell dysfunction and eventually apoptosis during the development of T2D, which might 

be described as glucotoxicity (Kim et al., 2005; Kaiser et al., 2003). However, although there 

have been several proposed biological mechanisms explaining how glucotoxicity leads to 

abnormal beta cell regulation and function, it is still unclear. 
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According to our findings, exposure of INS-1 beta cells to elevated glucose levels caused 

decreased beta cell viability consistent with published studies. For example, the cell viability 

of INS-1 cells was decreased by 72 hr exposure to 33.3 mM glucose (Shi et al., 2011) 

compared to a control (5.5 mM glucose). Similarly, several in-and ex-vivo studies have 

reported that prolonged hyperglycaemia appears to have a pro-apoptotic effect that causes 

cell toxicity. This toxicity is a slow and irreversible negative impact on the regulation of beta 

cell mass, function, and gene expression through several mechanisms (Kim et al., 2005). 

Many proposed mechanisms relevant to stress activation have been investigated to explain 

how chronic exposure to elevated glucose levels impair beta cell function and viability. 

Prolonged hyperglycaemia is, for example, suggested to trigger beta cell death via 

transcription factors of pro-apoptotic mediators by glucose-responding pathways of the cells 

(Donath et al., 2004; Bernardo et al., 2007). The mediators are mostly relevant to ER stress, 

oxidative stress, and mitochondrial dysfunction. Protein expression, synthesis, transcription, 

and transportation to their targets are decreased during the progression of cellular stress 

(Eizirik et al., 2008; Lei et al., 2018; Huang et al., 2019), which induces the unfolded protein 

response (UPR) to restore ER homeostasis (Shimizu & Hendershot, 2009; Eletto et al., 

2014). Prolonged ER stress, intense UPR involve stress kinases, and transcription factors 

(e.g. CHOP, c-Jun N-terminal kinase (JNK), and Caspase-3) are induced, leading to beta cell 

apoptosis (Jiang et al., 2015; Chan et al., 2015; Lei et al., 2018; Huang et al., 2019). 

In addition, prolonged exposure of beta cells to high glucose levels have been reported to 

induce cell apoptosis through pathways linked to increased formation and accumulation of 

free radicals such as ROS. Once beta cells are chronically exposed to high glucose, the cells 

are vulnerable to oxidative stress because levels and activity of cellular antioxidants in beta 

cells are very low compared to other organs (Lenzen, Drinkgern and Tiedge, 1996; Li, 
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Frigerio & Maechler, 2008; Elsner, Gehrmann and Lenzen, 2011). This leads to over 

formations of free radicals and eventually cause beta cell apoptosis (Elsner, Gehrmann and 

Lenzen, 2011). 

Another possible pathway of persistent high glucose-induced cell apoptosis may be 

associated with inhibiting pancreas duodenum homeobox-1 (PDX-1) mRNA and activation 

of nuclear factor-kB (NF-κB ) and JNK. Under normal conditions, PDX-1 is an essential 

transcription factor for the expression of the insulin gene and glucose-stimulated insulin 

secretion (GSIS) as well as a critical modulator of beta cell survival (Fornoni et al., 2008; 

Hagman et al., 2008). However, oxidative stress triggered by chronic exposure of beta cells 

to high glucose can cause decreased PDX-1 gene expression in clonal beta cell lines and 

diabetic rodent models (Tanaka et al., 2002; Robertson, 2004). This is linked to the lower 

expression of antioxidant activities in beta cells. 

Besides, stimulation of the transcription factor; nuclear factor-κB (NF-κB) has been reported 

to affect cell apoptosis in pancreatic islets in T2D (QiNan et al., 2016). NF-κB  is stimulated 

by oxidative stress that can be induced by elevated glucose (Nishikawa et al., 2000), among 

other triggers. This activation of NF-κB  in response to high glucose is a significant pro-

apoptotic pathway that leads to beta cell impairment and death (Romeo et al., 2002; QiNan et 

al., 2016). 

From the above, it might be concluded that chronic exposure of beta cells to high glucose 

levels causes decreased beta cell viability and eventually leads to apoptosis through several 

pathways and cellular stresses such as ER stress, oxidative stress, and mitochondrial 

dysfunction. However, our findings showed that elevated glucose levels reduced cell viability 
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of INS-1 beta cells but did not affect cell apoptosis nor both apoptosis and viability of MIN6 

cells. 

There is little evidence from ex-vivo studies explaining how elevated glucose does not 

significantly affect beta cell viability or apoptosis. Some evidence reported that duration of 

exposure might be a factor (Donath et al., 2005; Nichols & Remedi, 2012). Insulin secretory 

function of beta cells is impaired after exposure to elevated glucose levels; however, 

persistent exposure of beta cells to high glucose eventually causes beta cell apoptosis as a 

result of glucotoxicity (Nichols & Remedi, 2012). This suggests that elevated glucose 

induces beta cell dysfunction, but it does not cause beta cell apoptosis in an early stage of 

T2D. Thus, exposure of the cells to high glucose for 20 hr in our chosen research models was 

probably not long enough to detect the detrimental effects of high glucose in case of induction 

of cell apoptosis in both INS-1 and MIN6 cells (Donath et al., 2005). In addition to the 

duration of exposure, it may be due to the fact that MIN6 cells typically are cultured in 

complete medium containing high glucose levels at 25 mM. Therefore, high glucose levels 

at 30 mM may not alter MIN6 cell survival (Damsteegt et al., 2019). This result suggests that 

elevated glucose at 30 mM alone should not be used for further experiments to explore the 

effect of the coffee compounds on beta cell apoptosis in response to cellular stressors 

associated with T2D. 

3.5.1.2 Cell toxicity induced by elevated fatty acid levels (lipotoxicity) 

In addition to high glucose levels, elevated free fatty acid (FFA) concentrations are one of 

the major causes of T2D with abnormal lipid profiles. As mentioned, chronic exposure of 

beta cells to saturated fats, for example, palmitate, negatively affect insulin secretory function 

in beta cells, diminishes insulin gene expression and induces beta cell dysfunction and 
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apoptosis (Hagman et al., 2005). In our experimental study, high levels of palmitate were 

found to decrease beta cell survival by reducing beta cell viability as well as inducing beta 

cell apoptosis which was consistent with results from several existing in vitro studies (e.g. 

Chu et al., 2010; Watson et al., 2011; Ly et al., 2017; Velasquez, Vasquez and Balcazar, 

2017), including animal and human models (e.g. Briaud et al., 2002; Carpentier et al., 2010). 

Our study also found that this detrimental effect of high free fatty acids on beta cell survival 

was significantly more potent than high glucose in clonal beta cells. This finding is consistent 

with the reported adverse effect of high oleate on the liver cell function compared to 30 mM 

glucose (Pang et al., 2013). In addition, Chu and co-authors found that elevated levels of 

apoptotic cells were observed in MIN6 cells after exposure to 0.5 mM palmitate for 24 hr 

(Chu et al., 2010). This deleterious impact was reported to be linked to a reduction of ATP-

citrate lyase (ACL) activity, a major enzyme in cellular lipid synthesis (Chu et al., 2010). 

Moreover, the authors reported that high palmitate significantly decreased the ACL protein 

expression and ACL activity and also induced expression of CHOP-dependent ER and 

Caspase-3 dependent apoptosis in MIN6 cells (Chu et al., 2010). This suggests that high FFA 

concentrations induce beta cell apoptosis, possibly via the alteration of expression of the key 

enzyme of lipid production in beta cells such as ACL. However, this effect was more 

detrimental when 0.5 mM palmitate was combined with high glucose levels at 25 mM (Chu et 

al., 2010). 

In addition, chronic exposure of pancreatic beta cells to high fatty acid concentrations is 

linked to beta cell dysfunction and apoptosis through other pathways, for example, induction 

of ceramide formation, mitochondrial reactive oxygen species (ROS) and ER stress 

(Maedler et al., 2001; Carpentier et al., 2010; Elsner et al., 2011). The exposure of pancreatic 

islets to high FFA concentrations promotes the expression and activation of ER stress 



Chapter 3 

   122 

indicators in clonal beta cells and T2D animal models (Faleck et al., 2010; Laybutt et al., 

2007; Biden et al., 2014; Marchetti et al., 2007). For example, prolonged exposure to high 

palmitate has been reported to induce ER stress, leading to beta cell apoptosis (Perry et al., 

2018; Chen et al., 2013; Thörn & Bergsten, 2010). Thörn and Bergsten (2010) investigated 

ER stress-responsive markers such as levels of phosphorylated proteins, whether eukaryotic 

Initiation Factor 2 (eIF2), an essential transcription factor of stress-responsive protein 

production, or CHOP, pro-apoptotic protein induced by ER stress. Both eIF2 and CHOP 

levels were significantly increased after 48 hr exposure to 0.5 mM palmitate in MIN6 cells 

(Thörn & Bergsten, 2010), suggesting that lipotoxicity may cause beta cell apoptosis via 

alteration of eIF2 and CHOP expression levels associated with ER stress. In addition, Chen 

and co-authors found that after MIN6 were exposed to 0.5 mM palmitate for 36 hr, the 

expression levels of CHOP were significantly increased (Chen et al., 2013). 

Besides that, high levels of FFAs have been shown to induce pro-inflammatory repones in 

human pancreatic islets through activation of NF-κB and ER-stress. Igoillo-Esteve et al. 

(2010) reported that after the islets were exposed to 0.5mM of palmitate at the presence of 6 

or 28 mM glucose for 24 hr, levels of chemokine, cytokine expression (e.g. IL-1β, TNF-α, 

IL-6, IL-8), and IκBα mRNA expression were significantly increased compared to normal 

controls. These inductions complied with an increase in the apoptosis of the islets as well 

(Igoillo-Esteve et al., 2010). Therefore, the researchers, the alteration of the NF-κB 

activation and pro-inflammatory cytokine expression related to ER stress may be one of the 

significant pathways of high levels of FFAs-induced cell apoptosis in the islets. 

High FFA concentrations have also been reported to negatively affect FFA oxidation and 

activate ROS production and mitochondrial stress (Tumova et al., 2016). Palmitate is well 

known as a cellular inducer of ROS, inhibiting mitochondrial activation and altering the 
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stimulus-response signalling leading to insulin secretion (Maechler et al., 1999). Lin and co-

authors (2012) studied the effect of elevated FFA on mitochondrial ROS generation in INS-

1 beta cells using a MitoSOX Red probe to detect ROS from mitochondria; moreover, levels 

of NADPH oxidase activity in INS-1 cells were evaluated as well. They found that in 

response to exposure of INS-1 cells to 0.25 mM palmitate for 2 and 12 hr, ROS from 

mitochondria was raised by 42% and 52%, respectively. Additionally, NADPH oxidase 

activity was increased by 47% after exposure to 0.25 mM palmitate for 24 hr (Lin et al., 

2012). In addition, the activities of antioxidant enzymes and non-enzymes are less potent in 

pancreatic beta cells than other tissues; therefore, the cells are not adequately capable of 

preventing ROS damage leading to beta cell death (Stancill et al., 2019; Gray & Heart, 2010). 

Besides that, high FFA concentrations induce superoxide and peroxynitrite synthesis in 

mitochondria of beta cell, which ultimately results in nitric oxide (NO) formation and ER 

stress (Brunham et al., 2007). Additionally, exposure of non-diabetic islets to palmitate 

triggers secretion and expression of pro-inflammatory markers such as cytokines (i.e. IL6 

and IL8), chemokines, including IL1-β and TNF-α (Ehses et al., 2007; Böni-Schnetzler, 

Boller and Debray, 2009; Igoillo-Esteve et al., 2010). 

In addition to the possible mechanisms above, it has been reported that exposure of human 

islets to excess palmitate and other long-chain saturated FFAs (e.g. stearate, arachidate and 

linocerate) stimulates ceramide accumulation by actions of the enzymes serine palmitoyl 

transferase and ceramide synthase (CerS, Chavez et al., 2003; Summers et al., 2006). High 

expression of CerS combines palmitate-induced ceramide formation and increased apoptosis 

culture human islets via the synthesis of toxic ceramide species (e.g. C2-ceramide) after the 

islets were exposed to 0.5 mM palmitate for 96 hr (Maedler et al., 2003). The C2-ceramide 
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potentiates proapoptotic-mediators and inhibitory effects of palmitate on beta cell 

proliferation (Maedler et al., 2003). 

Ceremide accumulation additionally induces other abnormalities such as ER stress and 

diminished mitochondrial membrane integrity. Accumulation of ceramide occurs in the 

endoplasmic reticulum of beta cells and decreases the production of sphingomyelin (SM) and 

cholesterol in the endoplasmic reticulum, which leads to an alteration of the lipid profile 

(Boslem et al., 2013). Suppression of enzymes hydrolysing SM might therefore protect beta 

cell survival against ER stress (Lei et al., 2010). Furthermore, ceremide augments the 

permeability of the mitochondrial membrane and leads to the stimulation of intrinsic 

mechanisms through reduced expression of anti-apoptotic genes Bcl-2 in addition to 

enhanced activities of caspases-3 and-7 (Veret et al., 2011). Ceramide has been shown to 

cause increased ROS generation leading to cytochrome C secretion and caspase activation 

(Garcia-Ruiz et al., 2002). In the human pancreas, inhibition of Protein kinase B (Akt) is also 

reported to induce beta cell apoptosis; thus, suppression of ceramide formation may prevent 

beta cell death by restoring Akt activation (Chavez et al., 2003; Bachmann et al., 2001). Akt 

is a serine/threonine-protein kinase that serves a central role in the signalling network of 

phosphoinositide 3-kinase (PI3K) and the mammalian target of rapamycin (mTOR). 

Accumulating evidence indicates that this pathway controls key cellular processes, including 

glucose metabolism, apoptosis, survival, cell proliferation, cell migration, transcription and 

angiogenesis (Engelman et al., 2009; Bhaskar and Hay, 2011). However, further studies are 

needed to clearly understand the roles of ceramide in the regulation and underlying 

mechanisms of beta cell survival. 

In summary, it is clear that exposure to high levels of FFAs of pancreatic beta cells adversely 

affects beta cell viability and apoptosis which was also observed in both INS-1 and MIN6 
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beta cell lines in this current study. As suggested by the existing research above, this 

detrimental effect might be linked to several plausible pathways such as the alteration of 

ceramide accumulation and formation, mitochondrial ROS formation, cellular antioxidant 

activities, the activation of NF-κB and the expression of protein-dependent ER stress (e.g. 

CHOP, Caspase-3 and eIF2). Additionally, the activity of the enzyme of cellular lipid 

production such as ACL has been associated with high levels of FFAs-induced beta cell 

apoptosis.  

3.5.1.3 Cell toxicity induced by cytokines 

Since cytokines were discovered 30 years ago, it has become clear that they play an important 

role in the inflammatory regulation of beta cells, depending on their concentration, type and 

the duration of exposure (Böni-Schnetzler, Boller and Debray, 2009). Ever since, underlying 

mechanisms of cytokines for the impairment of beta cell mass and function have been 

clarified through several pathways, for example, induction of ER stress via activation of 

NFκB-regulated gene expression and alteration of expression of genes involved in the 

adaptive UPR. Chan and colleagues (2012) investigated the effects of cytokines on MIN6 

beta cell apoptosis via ER stress induction by measuring levels of ER stress-responsive gene 

expression (i.e. Activating Transcription Factor 4 (Atf-4) and DNA Damage Inducible 

Transcript 3 (Ddit3)) and levels of a pro-apoptotic protein associated with ER stress (i.e. 

CHOP). The researchers found that after exposing MIN6 cells to a combination of IL-1β (100 

U/ml), IFN-γ (250 U/ml) and TNF-α (100 U/ml) for 24 hr, mRNA levels of Atf-4, associated 

with the UPR activation, and Ddit3, as well as CHOP protein, were upregulated. They also 

found the treatment of MIN6 cells with the cytokines also increased phosphorylation of 

PERK and JNK1/2, which were one of the markers of the activation of ER stress. Another 

possible mechanism of cytokine-induced cell apoptosis is activation of NF-κB (Cardozo et 



Chapter 3 

   126 

al., 2001). In the same study, Chan et al. (2012) additionally reported that NF- κB activation 

was detected by downregulation of Serca2b after MIN6 cells were incubated with a cocktail 

of the cytokines (Chan et al., 2012).  

Based on the above, it is, therefore, suggested that beta cell apoptosis induced by cytokines 

may be linked to the alteration of ER stress-responsive gene expression, phosphorylation of 

pro-apoptotic gene and the activation of NF-κB in beta cells.  

In our present study, a cocktail of TNF-α and IL-1β was used. Exposure of MIN6 beta cells 

to this cocktail was detrimental to cell survival. However, only prolonged exposure to the 

cytokines reduced the cell viability of INS-1 beta cells. This suggests that those mechanisms 

appear to be differentially regulated in the two cell lines (Miyazaki et al., 2021; Groot 

Nibbelink et al., 2016), possibly due to different genetic backgrounds between MIN6 and 

INS-1 beta cell lines (Kim et al., 2005; Faradji et al., 2001; Maedler et al., 2002; Maedler et 

al., 2006) which, thus, emphasises the importance of selecting the correct research model.  

3.5.1.4 Cell toxicity induced by elevated glucose and fatty acid levels (glucolipotoxicity) 

So far, a detrimental effect of high glucose levels combined with high fatty acid 

concentrations on beta cell viability and apoptosis have been reported in many  in 

vitro studies. For example, Tan et al. (2013) reported that after treatment of MIN6c4 cells 

and mouse islets with 16.7 mM glucose combined with 0.1 mM palmitate for 72 hr, Caspase-

3 activation was significantly increased and indicated a state of beta cell apoptosis compared 

to normal controls. This finding support results of an earlier in vitro study by El-Assaad and 

team (2003), who found that after both INS 832/13 and human islet beta-cells were exposed 

to 20 mM glucose combined with 0.4 mM palmitate or 0.25 mM stearate for 24 hr, the 

percentage of either apoptotic cell or necrotic cells were significantly increased.  
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In the context of glucolipotoxicity, lipotoxicity and glucotoxicity might separately evoke 

their own detrimental impact on beta cells/islets, including ER and oxidative stress with 

inflammatory activation. However, they are eventually integrated or combined as 

glucolipotoxicity and are likely to be important in individuals with T2D and obesity, 

presenting with hyperglycaemia and hyperlipidaemia, which in turn induces beta cell failure 

in the form of cell apoptosis and dysfunction (El-Assaad et al., 2003; Buteau et al., 2004; 

Tan et al., 2013). 

Data from published in vitro studies reported that the detrimental effects of high glucose and 

high FFA combined are mainly attributed to FFA-induced cell apoptosis in beta cells and 

ceramide formation (Lupi et al., 2002), as well as alteration of lipid oxidation and oxidative 

stress generation (Wang et al., 2004; Morgan et al., 2007) including the UPR stimulation 

pathways (Kharroubi et al., 2004). Besides, lipotoxicity contributes to the induction of 

inflammation in murine and human beta cells/islets (Ishikawa et al., 2008; Mitro et al., 2007; 

Briscoe et al., 2003). 

Our beta cell viability data suggests that the combination of glucose and palmitate is more 

detrimental for MIN6 cells at 20 and 48 hr, but not at longer incubation times, and this effect 

is also observed in INS-1 cell viability at all time points which is more pronounced compared 

to high levels of glucose or palmitate alone. Additionally, our study also suggests that the 

adverse effect of this combination has more degree in beta cell apoptosis at 20 hr in INS-1 

beta cells compared to high levels of palmitate alone since high glucose did not affect INS-1 

cell apoptosis in our chosen research model. However, no effect was observed in MIN6 cell 

lines when considering apoptosis, suggesting that high levels of glucose and palmitate may 

not be capable of impairing beta cell apoptosis in MIN6 cells in our models. This might 

depend on the different genetic backgrounds of the pancreatic beta cells that may lead these 
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two cells to respond to elevated glucose and palmitate levels differently (e.g. Maedler et al., 

2006; Damsteegt et al., 2019). A previous in vitro study by Ernest Sargsyan and Peter 

Bergsten (2011) found that elevated apoptosis was detected in INS-1E cells after exposure to 

the combination of 25 mM glucose and 0.5 mM palmitate for 48 hr. On the other hand, no 

deleterious effect was observed in MIN6 cells and human islets (Sargsyan & Bergsten, 2011). 

The increased palmitate-induced apoptosis at elevated glucose found in INS-1E cells but not 

in MIN6 cells and the human islets may be explained by a limitation of inhibition of fatty 

acid oxidation by malonyl-CoA, which may support the notion that high glucose and 

palmitate-induced beta cell toxicity becomes manifest provided the genetic background 

causing beta cell apoptosis. The detrimental impact on the beta cell of high concentrations of 

fatty acids and glucose have been projected to rely on a reduction in fatty acid oxidation 

resulting from suppression of mitochondrial fatty acid transporter carnitine 

palmitoyltransferase-1 (CPT-1) by high glucose-induced malonyl-CoA (m-CoA) formation 

(Prentki et al., 2002; Sargsyan & Bergsten, 2011). So far, the adverse effects of high 

palmitate on beta cell apoptosis have been shown to be reduced when the fatty acid is not 

directly resulted from oxidative pathways by suppression of CPT1 which was found in some 

cell culture studies (El-Assaad et al., 2003; Sol et al., 2008). However, results from a study 

by Cnop et al. (2001) did not support this notion. Sargsyan & Bergsten (2011) investigated 

this rationale associated with m-CoA in either INS-1E or MIN6 cells and human islets. A 

decrease in fatty acid oxidation was investigated along with an increase in apoptosis in both 

INS-1E or MIN6 beta cell lines, and human islets. The notion of fatty acid oxidation was 

previously observed by Lupi et al. (2002) who reported that reduction of the oxidation 

paralleled by increased apoptosis in both beta cell lines and islets, as well as an increase in 

ceramide formation and other pro-apoptotic lipid species that has been reported as a possible 

mechanism for the increase in beta cell apoptosis due to a decrease in palmitate oxidation 
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induced by fatty acid synthase (FAS) (Lupi et al., 2002). However, triacylglycerol (TAG) 

formation might be a less toxic pathway for the cell (Lupi et al., 2002). Sargsyan & Bergsten 

(2011) found that FAS was not changed during the observational period of the study, 

implying that lipogenesis and TAG formation are not activated in beta cells after exposure to 

palmitate alone. Meanwhile, the accumulation of radioactivity inside the cell or islets refers 

to the formation of other species of fatty acid other than TAG. However, in the presence of 

high levels of glucose and palmitate combined, elevated glucose levels decreased palmitate 

oxidation to a minor extent in human islets or MIN6 cells, while this reduction was 

paramount in INS-1E cells (Sargsyan & Bergsten, 2011). Therefore, the researcher 

summarised that either the islets or MIN6 beta cells are capable of oxidising FAs at high 

glucose levels, which is not directed to high glucose and palmitate-induced cell toxicity. A 

significant glucose-induced reduction in oxidising palmitate in INS-1E cells was also found 

in Roduit et al. (2004). Furthermore, the observed difference in this oxidation might be linked 

to a higher phosphorylated acetyl-CoA carboxylase (p-ACC) activity in INS-1E cells 

compared to MIN6 beta cells or the islets. The decrease in p-ACC induced by high glucose 

found in this study (Sargsyan & Bergsten, 2011) is more likely associated with a decline in 

palmitate oxidation that an increase in malonyl-CoA may explain, but not completely with 

the alteration of cell apoptosis showed the complexity by which high palmitate-induced the 

cell. Moreover, the researcher also found that beta cell mitochondrial function was not 

affected by to 48 hr exposure to high palmitate under the presence of high glucose levels 

since the mitochondrial activity was not significantly altered with regard to apoptosis of 

MIN6 cells and islets. However, in our chosen research models were not capable of 

measuring these changes; therefore, further studies investigating the impact of high levels of 

glucose and palmitate on cell survival of both beta cell lines: MIN6 and INS-1 associated 
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with the fatty acid oxidation via the alteration of m-CoA formation and/or mitochondrial 

dysfunction are needed. 

Altogether, our findings confirm, as expected, that high levels of glucose and palmitate 

negatively affects beta cell viability and apoptosis in INS-1 cells. In cell viability, this effect 

appears to be more potent than high glucose or high palmitate alone. Therefore, to further 

investigate the possible role of coffee compounds in regulating beta cell survival and function 

in T2D, glucolipotoxicity was selected to mimic hyperglycaemia and hyperlipidaemia in 

patients with T2D and/or obesity. Besides, INS-1 cells were chosen since the cells responded 

to this cellular stressor about cell viability at all time points, including INS-1 cell apoptosis, 

but this was not the case for MIN6. 

 

3.6 Summary 

These results suggest that glucolipotoxicity or lipotoxicity alone and in combination with 

cytokines significantly reduced the cell viability of INS-1 beta cells in a time-dependent 

manner. This detrimental effect was also observed in MIN6 beta cells but not at 20 hr, and 

these cells were less responsive to high glucose levels. Therefore, a combination of high 

glucose and palmitate concentrations was selected to represent stress conditions typical of 

T2D in our research system. To investigate the short-term effect of selected coffee 

compounds on beta cell viability, the time point of 20 hr was specifically chosen for the 

investigations. In addition, the INS-1 beta cell line was used for further experiments as the 

data showed an alteration of cell apoptosis in response to high levels of glucose and palmitate 

in this cell line but not in MIN6 at 20 hr as well as increased sensitivity to detrimental effects 

of glucose. As our results showed no different effects of glucolipotoxicity on INS-1 cell 
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viability at 48, 72 and 96 hr,  only the time point of 48 hr was selected to measure any longer-

term effect of CGA derivatives on beta cell survival as required. 

In conclusion, in order to carry out further pancreatic beta cell survival experiments, cell 

viability or apoptosis need to be assessed under glucolipotoxic conditions typical of T2D 

with exposure times of 20 and 48 hr, respectively. Thus, the INS-1 beta cell line was selected 

to use for all further experiments.  
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4.1 Introduction 

Chlorogenic acids (CGAs) are esters of caffeic acid (CA) or ferulic acid (FA) and quinic acid 

(QA), and several forms of isomers exist in the CGA family, of which 5-caffeoyl-quinic acid 

(5-CQA) and feruloylquinic acids (FQAs) are the most abundant in coffee (Stalmach et al., 

2014; Clifford et al, 2000). In the human body, some parts of 5-CQA are hydrolysed to CA 

and then FA by enzymatic activities. As described, the acids are absorbed and metabolised 

to other derivatives in the intestines and the liver, such as dihydrocaffeic acid-3-O-sulphate 

(diCA-3OS), dihydroferulic acid (diFA) and ferulic acid-4-O-sulphate (FA-4OS) 

(Stalmach et al., 2014). According to bioavailability data of coffee CGA derivatives from a 

study by Stalmach et al. (2014), maximum concentration values of diCa-3OS, diFA and FA-

4OS were mainly detected by HPLC-MS 4-6 hr after coffee ingestion. Furthermore, these 

metabolites were present in the plasma circulation for longer compared to other conjugated 

CGA metabolites following coffee intake (Stalmach et al., 2014). Besides that, these three 

metabolites are mainly found in urine relative to other CGA metabolites. We hypothesised 

that these three metabolites would be more physiologically relevant to study than the parent 

compounds (e.g. CA and FA) and might have beneficial effects on beta cell survival and 

function in T2D.  

So far, only a limited number of studies have investigated the impact of CGAs on the 

regulation of beta cell mass and survival under stress conditions such as glucolipotoxicity or 

an inflammatory environment characteristic of the development of T2D. However, 

detrimental effects of these and other conditions, such as amyloid polypeptide formation 

cause beta cell impairment, which were reportedly reversed by CA and to a much lesser 

extent by CGAs and caffeine (Cheng et al., 2011). Bhattacharya and co-authors (2014) also 

found that under elevated glucose levels, an increase in cytoprotective gene expression of 



Chapter 4 

   134 

beta cell lymphoma-2 protein (Bcl2) and heat shock protein 70 (Hsp70), and downregulation 

of both apoptotic effector proteins Caspase 3 (Casp 3) and Bcl-2 associated X protein (Bax), 

were detected in INS-1E cells after treatment with 1μM CA for 72 hr. These results were 

consistent with an in vitro study by Sompong and colleagues (2017). They found that alloxan 

(AX)- induced INS-1E beta cell death was partly alleviated by chronic treatment with FA. 

However, the concentration of FA (100 μM) used was disproportionally higher than 

physiologically relevant concentrations (nM to low μM levels, Stalmach et al., 2009; 

Stalmach et al., 2014).  

In addition to the potential effects of coffee-derived CGAs on beta cell survival, CGAs have 

been shown to have a beneficial impact on glucose metabolism via several proposed 

mechanisms in different tissues e.g. gastrointestinal or peripheral tissues. However, little is 

known about the direct effects of CGA derivatives on the regulation of glucose metabolism 

by insulin secretion from pancreatic beta cells. Jung et al. (2007) found that FA significantly 

increased insulin secretion and decreased plasma glucose in db/db mice (a rodent model of 

T2D, Jung et al., 2007). Similarly, Mellbye et al. (2015) assessed both acute (1 hr) and 

chronic (72 hr) effects of a range of individual bioactive compounds from coffee on insulin 

secretion in INS-1E beta cells. Both acute and chronic treatment with CA at 1 nM-1 μM led 

to significantly enhanced glucose-induced insulin secretion. The results of the chronic effect 

study were consistent with the in vitro study conducted by Bhattachaya and colleagues 

(2014). On the other hand, there is controversial evidence for the effects of CA on insulin 

secretion. Azay-Milhau and colleagues did not find any stimulatory effect of CA on insulin 

secretion (Azay-Milhau et al., 2013). Besides the effects of CA, Nomura and co-authors 

found that 10-100 μM FA showed stimulatory effects on insulin release from pancreatic beta 

cells (RIN-5F). Note, the utilisation of the concentrations in these latter studies (Azay-
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Milhau et al., 2013; Nomura et al., 2003) is questionable as they were mostly more than 100-

fold higher than physiologically relevant levels reported in the circulation and urine 

(Stalmach et al., 2009; Stalmach et al., 2014; Nomura et al., 2003).  

In summary, the relationship of the possible effects of CGAs, specifically, on beta cell 

survival and insulin secretory function remains unclear. Furthermore, the published in vitro, 

animal and human clinical studies of the direct effects of CGAs and their metabolites on the 

regulation of beta cell survival and function under conditions of T2D are insufficient. This 

may, however, be due to the fact that the impact on beta cell function is challenging to 

measure directly in human studies. Additionally, most in vivo and in vitro studies have 

focused on antidiabetic effects on glucose metabolism of CGAs on other tissue such as 

peripheral tissue rather than their roles in the regulation of beta cell survival. Besides these, 

published studies of the role of CGA compounds in T2D have mostly investigated the 

protective effects of individual parent compounds of the CGA family rather than their 

bioactive metabolites, which are predominantly released into the blood circulation and also 

act on cellular targets (e.g. Renouf et al., 2010; Stalmach et al., 2014). In addition, the 

concentration used was high when compared to physiologically relevant concentrations. 

Therefore, further research is warranted in particular regarding the use of physiologically 

relevant concentrations and the conjugated metabolites of CGAs. 

Based on data outlined above,  this study were, therefore, aimed to  investigate the direct 

effects of CA, FA, diCA-3OS, diFA, and FA-4OS on beta cell survival, both under normal 

conditions and following exposure to different cellular stressors characteristic of the 

development of T2D, alone and in combination. In addition, it was aimed to explore how 

these compounds impact  insulin secretion induced by glucose/stimuli from both a clonal 

beta cell line and primary mouse islets. 
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4.2 Aims of the study 

4.2.1 To investigate the effect of the specific coffee derived CGAs: (caffeic (CA) and ferulic 

acid (FA), and selected metabolites (dihydroferulic acid (diFA), ferulic acid-4-O-sulphate 

(FA-4-OS) and dihydrocaffeic acid-3-O-sulphate (diCA-3OS)) , alone and combined on 

pancreatic beta cell viability under normal, non-stressed conditions. 

4.2.2 To investigate whether these selected CGA compounds have a pro-survival effect on 

beta cell apoptosis induced by physiologically high concentrations of glucose and palmitate 

in INS-1 beta cells. 

4.2.3 To assess the potential effects of the specific CGA compounds highlighted above, alone 

and combined, on pancreatic beta cell and islet function with particular focus on insulin 

secretion.  
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4.3 Methods  

4.3.1 Treatment preparation 

Whether in the cell viability or cell apoptosis assays or insulin secretion experiments, the 

following substances were tested; CA (Sigma-Aldrich, UK), FA (Sigma-Aldrich, UK), diFA 

(Carbosynth, UK), FA-4OS (Carbosynth, UK), and diCA-3OS (2BScientific Ltd., UK). All 

substances were dissolved in absolute ethanol at stock concentrations of 100 μM. The stocks 

were diluted (1 in 1,000) in supplemented RPMI-1640 medium (2% or 10% FBS) or 

physiological buffer solution to reach a final concentration of 100 nM. The supplemented 

RPMI-1640 medium was used to represent basal, non-stressed conditions for assessing cell 

viability/apoptosis. Additionally, 20 or 30 mM glucose with 0.25 or 0.5 mM sodium 

palmitate was applied to represent glucolipotoxic conditions associated with the development 

of T2D, as described in the results section.  

0.25 and 0.5mM Sodium palmitate 

A solution of 50 mM sodium palmitate (50% EtOH/50% diH2O) was solubilised at 70 °C 

for 10 minutes. Meanwhile, to prepare 0.25 and 0.5 mM palmitate, BSA (fatty acid-free, 5% 

(w/v)) was dissolved in pre-heated RPMI-1640 supplemented with 2% FBS, filter sterilised 

and subsequently used to dilute 50 mM palmitate 1:20 and 1:10, respectively. In parallel, 

50% ethanol was also diluted 1:20 and 1:10 in 5% w/v BSA solution as a control. Next, both  

the palmitate and the control solution were incubated in a water bath at 37 °C for one hour to 

allow the conjugation of palmitate and BSA. Lastly, the solutions were further diluted 1:10 

in 2% FBS RPMI-1640 to reach the concentration of 0.25 mM (0.25% ethanol, 0.95% BSA) 

or 0.5 mM palmitate (0.5% ethanol, 0.95% BSA). 



Chapter 4 

   138 

20 or 30 mM glucose and 0.25 or 0.5 mM sodium palmitate  

 Nine or 19 mM glucose (45 % w/v stock solution) was added to 0.25 or 0.5 mM palmitate, 

separately, to prepare a combination of 20 or 30 mM glucose and 0.25 or 0.5mM sodium 

palmitate. 

4.3.2 Measurement of cell viability in INS-1 beta cells 

To explore whether treatment with selected coffee CGAs could beneficially play a role in the 

alternative management or prevention of the development of T2D, experimental studies of 

the effect of short-and prolonged treatment with the acids on beta cell viability were 

conducted by measuring ATP contents of viable cells as described in section 2.4. Initially, 

INS-1 cells were seeded at a density of 5,000 cells/well in white 96-well plates and pre-

incubated with 200 μl supplemented RPMI-1640 medium for 24 hr at 37 °C 95% O2 and 

5%CO2. The media was then replaced with 200 μl RPMI containing 100 nM of CA, FA, 

diCA-3OS, diFA and FA-4OS, alone or in combination as indicated, under basal conditions 

(11mM glucose) or in the presence of high levels of glucose and sodium palmitate, as 

indicated, for 20 and 48 hr, respectively. In some experiments, the medium was replaced with 

200 μl supplemented RPMI-1640 containing CA or FA at a concentration of 1 nM, 10 nM, 

100 nM, 1 μM and 10 μM, respectively. 

To examine the pre-treatment effects of CGAs on beta cell viability, in some experiments, 

INS-1 cells were pre-incubated for 48 hr in supplemented RPMI (10%FBS) with or without 

the selected CGA compounds followed by 20 hr exposure to high levels of glucose and 

sodium palmitate with or without the CGA derivatives. The plate was subsequently processed 

and read on the GloMax Navigator luminometer as indicated in 2.4 to measure ATP contents.  
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4.3.3 Measurement of cell apoptosis in INS-1 beta cells 

To examine whether co-or pre-treatment with selected CGAs and the metabolites could 

potentially affect beta cell apoptosis, caspase-3 and-7 activities were assessed following 

exposure to a combination of 0.5 or 0.25 mM sodium palmitate and 20 or 30 mM glucose, 

mimicking glucolipotoxicity linked to the development of T2D. INS-1 beta cells (5,000 

cells/well) were co-treated with or without selective CGA compounds under glucolipotoxic 

conditions for 20 hr. In a separate set of experiments, cells were pre-treated with CGAs under 

basal conditions for 48 hr following exposure to glucolipotoxicity with or without CGAs for 

20 hr. Caspase activity was determined as described in section 2.5. 

4.3.4 Static insulin secretion in INS-1 beta cells 

To measure whether the CGA compounds potentially affect the secretory function of beta 

cells, studies of static insulin secretion with INS-1 cells were carried out as indicated in 2.6.1, 

and the secretion was measured in response to 20 mM glucose, 10 μM forskolin (FSK) and 

100 μM 3-isobutyl-1-methylxanthine (IBMX) with or without the CGA compounds. FSK 

and IBMX were used to stimulate glucose-induced insulin release from INS-1 cells as 

described in Chapter 2. Subsequently, radioimmunoassay (RIA) was conducted to assess 

insulin content in samples as stated in 2.6.4 

4.3.5 Static insulin secretion in mouse islets 

To confirm the results of secretion experiments in INS-1 cells, isolated mouse islets were 

required. The islets were isolated as described and cultured in supplemented RPMI-1640 

medium (10% FBS) for 1-2 days at 37 °C, 95% O2 and 5%CO2. After that, the islets were 

washed twice with a Gey & Gey salt solution (pH 7.4) containing 2 mM glucose and 
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incubated for 1 hr as described in 2.6.2. Then, 5-7 islets were added into 1.5 ml 

microcentrifuge tubes on ice with a 400 μl salt solution containing 2 mM glucose or 20 mM 

glucose with or without 100 nM of the CGA compounds. The tubes were then incubated for 

one hour at 37 °C in a hot water bath and then centrifuged at 2,000 rpm, 4 °C for one minute. 

Lastly, 350 µl buffer was transferred from each tube into a new tube and stored at -20° C for 

later analysis of insulin content by radioimmunoassay (RIA) as stated in 2.6.4.1. 

 

4.4 Results 

4.4.1 Effect of increasing CA and FA concentrations on cell viability under normal 

tissue culture conditions 

In order to assess the potential impact of the selected CGAs and their metabolites on the 

regulation of beta cell survival, measurement of beta cell viability and apoptosis were 

assessed. Initially, INS-1 beta cells were treated with increasing concentrations (1 nM-10 

μM) of the CGA parent compounds, CA and FA, under normal tissue culture conditions. This 

was done to explore the optimal concentrations of the selected derivatives to be used for 

further studies and to assess any possible toxic effects on cell viability. Results showed 

incubation for 20 hr with increasing concentrations of CA and FA had no significant adverse 

effect on basal, non-stressed cell viability (Fig. 4.1 A-B). However, only FA caused a 

significant increase in cell viability at all given concentrations (at 1 nM; p<0.05, 10 nM; 

p<0.001, 100 nM; p<0.001, 1 μM; p<0.001, and 10 μM; p<0.01 versus 11 mM glucose, n=5, 

Fig. 4.1B).    
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Figure 4.1 The effect of increasing CA and FA concentrations on cell viability under 

normal tissue culture conditions. INS-1 cells were  co-incubated in supplemented RPMI-

1640 with or without CA (panel A) and FA (panel B) at given concentrations for 20 hr. Cell 

viability was assessed by measuring ATP content. Results are shown as Mean ± SEM, one 

experiment representative of two separate experiments (n=5). One-Way ANOVA with 

Bonferroni’s post hoc test, *p<0.05, **p<0.01, ***p<0.001 versus 11mM glucose (Control).  

 

Based on the results, a concentration of 100 nM of each compound was selected to be used 

in further studies as there was a trend toward higher levels of ATP content in cells treated 

with CA (100 nM), although it was not statistically significant changes, no toxic effects were 

observed. Additionally, a 100 nM FA significantly improved the viability of INS-1 cells.  
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Importantly, this specific concentration of each compound is within the physiological range 

of plasma CGAs and their metabolites as reported in the literature (Stalmach et al., 2009; 

Stalmach et al., 2014; Renouf et al., 2014).  

4.4.2 Effect of CA, FA and selected metabolites on beta cell viability under normal tissue 

culture conditions 

CA and FA are further modified following uptake in the small intestine to form conjugated 

forms, and CGA metabolites are also produced by metabolic activities of the gut microbiota 

in the large intestine. To investigate whether CA and FA, and their metabolites; diCA-3-OS, 

diFA and FA-4OS, alone and combined impact INS-1 cell viability, we, therefore, carried 

out 20 or 48 hr incubations with or without the compounds of interest. The results of this 

study presented that treatment for 20hr (Fig. 4.2A) with 100 nM CA (p<0.001), FA (p<0.01), 

diFA (p<0.0001), FA-4OS (p<0.001) and diCA-3OS (p<0.0001) significantly increased cell 

viability compared to control (n=5, versus 11 mM glucose). In addition to treatments with 

individual derivatives, the viability of INS-1 beta cells was significantly improved relative to 

controls following treatment with either the specific combinations of CA and FA at 100nM, 

the three metabolites combined (p<0.001) with or without the presence of 100 nM CA and 

100 nM FA (p<0.01). However, there was no significant differences in cell viability between 

cells treated with 100 nM (CA+FA), 100 nM (diFA+FA-4OS+diCA-3OS), or indeed the 

individual CGA compounds and the combinations of all derivatives (p>0.05, n=5, Fig. 

4.2A).  

Potential effects of prolonged treatment (48 hr) with the selected CGAs on INS-1  beta cell 

viability was subsequently assessed and showed that cell viability of INS-1 cells was 

enhanced by 5% (p<0.01), 8% (p<0.0001), 11% (p<0.0001), 12% (p<0.0001),   and 16% 
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(p<0.0001) after co-treatment with 100 nM CA, FA, diFA, FA-4OS and diCA-3OS, 

respectively (Fig. 4.2B). Moreover, the selected combinations; 100nM of the mixture of the 

three metabolites (p<0.0001), 100nM of CA+FA (p<0.0001), and the combination of all 

CGA derivatives (p<0.0001) also enhanced the viability of INS-1 cells by 9%, 15% and 23%, 

respectively (Fig. 4.2B). In addition, the effect of each treatment on INS-1 cell viability was 

less potent compared to the cocktail of all the five CGA derivatives (Fig. 4.2B). 
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Figure 4.2 The effect of CA, FA and selected metabolites on beta cell viability under 

normal tissue culture conditions. INS-1 cells were co-incubated in supplemented RPMI 

with or without CA, FA, diFA, FA-4OS and diCA-3OS at given concentrations, alone and 

combined for 20 (panel A) and 48 hr (panel B). Cell viability was assessed by measuring 

ATP content. Results are shown as Mean ± SEM, one experiment representative of three 

separate experiments (n=5). One-Way ANOVA with Bonferroni’s post hoc test, **p<0.01, 

***p<0.001 and ****p<0.0001 versus 11 mM GLU, and ####p<0.0001 versus 11 mM 

GLU+100 nM (CA+FA+diFA+FA-4OS+diCA-3OS). 

11

0

0

0

0

0

11

100

0

0

0

0

11

0

100

0

0

0

11

0

0

100

0

0

11

0

0

0

100

0

11

0

0

0

0

100

11

0

0

100

100

100

11

100

100

0

0

0

11

100

100

100

100

100

0.0

5.0×105

1.0×106

1.5×106

2.0×106

A
T

P
 c

o
n

te
n

t 
(L

u
m

in
e
s
c
e
n

c
e
 u

n
it

s
)

mM GLU

nM CA

nM FA

nM diFA

nM FA-4OS

nM diCA-3OS

*** ** **** *** **** *** **** ****

A

11

0

0

0

0

0

11

100

0

0

0

0

11

0

100

0

0

0

11

0

0

100

0

0

11

0

0

0

100

0

11

0

0

0

0

100

11

0

0

100

100

100

11

100

100

0

0

0

11

100

100

100

100

100

0.0

5.0×106

1.0×107

1.5×107

A
T

P
 c

o
n

te
n

t 
(L

u
m

in
e
s
ce

n
ce

 u
n

it
s
)

B

mM GLU

nM CA

nM FA

nM diFA

nM FA-4OS

nM diCA-3OS

** **** **** **** ****
****

****

****

****

####

####

####

####

####

####

####



Chapter 4 

   145 

4.4.3 Effect of chlorogenic acid derivatives and selective metabolites on beta cell 

survival in response to glucolipotoxicity 

It has been acknowledged that glucolipotoxicity is a major risk factor causing beta cell death 

and impaired beta cell viability in T2D, as confirmed by our findings from chapter 3. 

Therefore, in the light of the findings under normal, non-stressed conditions, this 

investigation aimed to test whether the selected CGA coffee compounds could protect the 

beta cells against the detrimental effect of high levels of glucose and palmitate. 

4.4.3.1 Acute effect of CA, FA and selected metabolites on cell viability in response to high 

levels of glucose and palmitate 

The previous results showed that CGA derivatives, alone and combined, increased INS-1 cell 

viability under normal culture conditions when measured by ATP assay. In this experimental 

study, INS-1 cells were co-incubated in the presence of high levels of glucose and palmitate 

with or without the selected compounds, except for diCA-3OS as it was unavailable on the 

market when we carried out these experiments (2017-18). 

Results showed that exposure of INS-1 cells to 30 mM glucose and 0.5 mM palmitate for 20 

hr significantly impaired cell viability (n=5, p<0.0001 versus 11mM glucose). However, this 

impairment was not reversed by co-treatment with 100 nM CA, FA, diFA or FA-4OS, or a 

combination of CA and FA (Fig. 4.3).  
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Figure 4.3 The effect of 20 hr co-treatment with CA, FA and their selected metabolites 

on INS-1 beta cell viability after 20 hr exposure to 30 mM glucose (GLU) and 0.5 mM 

palmitate (PAL). INS-1 cells were co-incubated in the presence of 30mM GLU and 0.5mM 

PAL with or without the CGA compounds of interest for 20 hr. Cell viability was detected 

by measuring ATP content of viable cells. Results are shown as Mean ± SEM, one 

experiment representative of three separate experiments (n=5). One-Way ANOVA with 

Bonferroni’s post hoc test, ***p<0.001 versus 30 mM GLU + 0.5 mM PAL.  

 

4.4.3.2 Effect of pre-treatment with selective CGA compounds and FA metabolites on cell 

viability 

As the effects of the co-treatment (20 hr) with the CGAs compounds did not show a protective 

effect on beta cell viability under glucolipotoxic conditions, this study subsequently aimed 

to explore whether the decrease in viability of beta cells may be at least partly prevented by 

pre-treatment with the selected CGA compounds prior to exposure to glucolipotoxicity.   
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The detrimental effects of very pronounced glucolipotoxicity on INS-1 beta cell viability was 

not alleviated by pre-treatment for 48 hr with the observed CGA compounds alone and 

combined (n=5, p>0.05 versus 30 mM glucose+0.5mM palmitate) (Fig. 4.4). 

 

 

Figure 4.4 The effect of 48 hr pre-treatment with CA, FA and FA metabolites on INS-1 

beta cell viability after 20hr exposure to 30mM glucose (GLU) and 0.5mM palmitate 

(PAL). INS-1 beta cells were pre-treated for 48 hr with 100 nM of the observed CGA 

compounds alone and combined under normal cell culture conditions following by 20 hr 

exposure to 30 mM GLU and 0.5 mM PAL with or without the compounds of interest. Cell 

viability was detected by measuring ATP content of viable cells. Results are shown as Mean 

± SEM, one experiment representative of three separate experiments (n=5). One-Way 

ANOVA with Bonferroni’s post hoc test, ***p<0.001 versus 30 mM GLU + 0.5 mM PAL.  

 

 



Chapter 4 

   148 

4.4.4 Effect of CA, FA and FA metabolites on beta cell apoptosis  

4.4.4.1 Impact on cell apoptosis in response to acute exposure 

In parallel with the viability assessment described above, beta cell apoptosis was assessed by 

measuring caspase-3 and -7 activity to test whether the observed CGA compounds and the 

metabolites could protect viable beta cells against the deleterious effects of elevated levels 

of glucose (30 mM) and palmitate (0.5 mM).  

Results showed that very high levels of glucose and palmitate significantly increased cell 

apoptosis compared to control (p<0.0001 versus 11mM glucose, Fig. 4.5). Cell apoptosis was 

not modulated by 20 hr co-treatment with 100 nM of CA, FA, diFA, FA-OS, alone or CA 

and FA combined (n=4-5, p>0.05 versus 30mM glucose + 0.5mM palmitate, Fig. 4.5). 
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Figure 4.5 The effect of co-treatment with CA, FA and FA metabolites on INS-1 beta 

cell apoptosis in response to very high levels of glucose (GLU) and palmitate (PAL). 

INS-1 beta cells were co-treated for 20 hr with or without 100 nM of the observed CGA 

compounds, individually and combined under 30mM GLU + 0.5mM PAL. Cell apoptosis 

was detected by measuring caspase-3 and-7 activity. Results are expressed as Means + SEM, 

one experiment representative of three separate experiments (n=4-5). One-Way ANOVA 

with Bonferroni’s post hoc test, ****p<0.0001 30mM GLU + 0.5mM PAL. 

 

4.4.4.2 Impact on cell apoptosis following pre-treatment  

To explore the potential effect of pre-treatment with specific CGA compounds on cell 

apoptosis, INS-1 cells were pre-incubated in normal tissue culture media with or without the 

presence of 100 nM CA, FA, diFA, FA-4OS or a combination of CA and FA for 48 hr, 

respectively. Cells were subsequently exposed to 30 mM glucose and 0.5 mM palmitate with 

or without the compounds for 20 hr. 
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Results showed that no significant differences in caspase 3-and-7 activities were observed 

between cells exposed to high glucose and palmitate concentrations with or without selective 

CGA substances alone and combined (Fig. 4.6). 

 

Figure 4.6 Cell apoptosis of INS-1 beta cells in response to high glucose (GLU) and high 

palmitate (PAL) following pre-treatment with CA, FA and their selected metabolites. 

INS-1 beta cells were pre-treated for 48 hr with 100 nM of the observed CGA compounds 

alone and combined under normal cell culture conditions following by 20 hr exposure to 

30mM GLU and 0.5mM PAL with or without the CGA compounds. Cell apoptosis was 

detected by measurement of caspase-3 and-7 activity. Results are shown as Mean ± SEM, 

one experiment representative of two separate experiments (n=4-5). One - Way ANOVA 

with Bonferroni’s post hoc test, ****p<0.0001 versus 30mM GLU + 0.5mM PAL. 

 

4.4.4.3 Effect of lower levels of glucolipotoxicity on beta cell viability 

The outcomes above indicated that the CGA substances, alone and combined, could not 

protect INS-1 cells against the detrimental impact of severe glucolipotoxicity. We 

hypothesised that the observed lack of effect could be due to the very high concentrations of 
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glucose and palmitate used in the experimental setting with excessive and irreversible 

damage of the beta cells. To test whether treatment with the CGA compounds may perform 

their protective effects on cell apoptosis following exposure to lower concentrations of 

stressors, 20 mM glucose and 0.25 mM palmitate were used in a subsequent set of 

experiments.  

Initially, INS-1 cell viability in response to lower levels of glucose and palmitate alone and 

combined including cytokines were assessed for 20 and 48hr, respectively. Results showed 

that incubation with either 0.25 mM palmitate or cytokines (25 U/ml IL1-β + 500 U/ml 

TNFα) for 20 hr significantly decreased cell viability (Fig. 4.7A). Additionally, exposure of 

INS-1 cells to the combination of 0.25 mM palmitate and 20 mM glucose or cytokines, and 

the cocktail of the three stressors significantly declined the viability of INS-1 cells compared 

to a control (n=6, p<0.001 versus 11mM glucose; Fig. 4.7A). Similar, but more pronounced 

effects were seen following 48 hr exposure to all three stressors, alone or in combination 

(n=6, all four;  p<0.001 versus 11 mM glucose; Fig. 4.7B). In contrast, incubation of INS-1 

cells for 20 or 48 hr with 20 mM glucose alone did not alter cell viability compared to normal 

conditions (n=6, p>0.05 versus 11mM glucose). 

This study focused on the impact of high levels of glucose and palmitate on beta cell survival, 

and the above findings showed that the combination of glucose at the lower concentration of 

20 mM and palmitate at 0.25 mM led to a 48% and 69% reduction in cell viability at 20 and 

48 hr, respectively, compared to controls. As this was less harmful than the adverse effect of 

30 mM glucose and 0.5 mM palmitate previously observed (Chapter 3, Fig. 3.4; 59% (at 20 

hr) and 86% (at 48 hr)), 20 mM glucose and 0.25 mM palmitate were, thus, used for further 

studies. 
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Figure 4.7 The effect of lower levels of glucose (GLU) and palmitate (PAL), and 

cytokines on INS-1 beta cell viability. INS-1 beta cells were incubated with 20 mM GLU, 

0.25mM PAL or cytokines (25 U/ml IL1β + 500 U/ml TNFα) alone and combined for 20 

(panel A) and 48hr (panel B), respectively. Cell viability was detected by measuring ATP 

content of viable cells.  Results are expressed as Means + SEM of one independent 

experiment, n=6, One-Way ANOVA with Bonferroni’s post hoc test, ***p<0.001 versus 

11mM GLU. 
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4.4.4.4 Co-treatment (20 hr) effect of CA, FA and their selected metabolites on beta cell 

apoptosis following exposure to lower levels of glucose and palmitate  

Consistent with the viability data, exposure to 20 mM glucose+0.25 mM palmitate 

significantly induced cell apoptosis compared to non-stressed controls (n=6, p<0.0001 versus 

11mM glucose; Fig 4.8). This detrimental phenomenon was significantly modulated by 

treatment with selected CGA compounds alone and combined (n=6, p<0.0001 versus 20mM 

glucose +0.25mM palmitate; Fig. 4.8). Note that the protective effect on beta cell apoptosis 

of all CGA compounds combined (100 nM CA, FA and selected metabolites) was 

significantly more potent than 100 nM of diFA and FA-4OS, respectively (both diFA and 

FA-4OS, p=0.0404 versus 20 mM glucose + 0.25 mM palmitate + 100 nM of all CGA 

derivatives combined; Fig. 4.8). 
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Figure 4.8 The co-treatment (20 hr) effect of CA, FA and their selected metabolites on 

beta cell apoptosis. INS-1  beta cells were exposed to 20 mM GLU and 0.25mM PAL with 

and without 100 nM CA, FA, diFA, FA-4OS and diCA-3OS, alone and combined for 20 hr, 

and the activation of caspase-3/7 was assessed. Data are presented as Mean + SEM, one 

experiment out of three independent experiments, n=5. One-Way ANOVA with Bonferroni’s 

post hoc test. ****p<0.001 versus 20mM GLU + 0.25mM PAL, #p<0.05 versus 20 mM 

GLU+0.25 mM PAL + 100nM of all selected CGAs combined. 

 

4.4.4.5 Effect of pre-treatment with CA, FA and their selected metabolites on beta cell 

apoptosis following exposure to lower levels of glucose and palmitate 

Results showed that 48 hr pre-treatment with CA, FA, diFA, FA-4OS and diCA-3OS 

significantly reduced glucose and palmitate-induced apoptosis (all five, n=6, p<0.0001 

versus 20 mM GLU +0.25 mM PAL; Fig. 4.9) and treatment with the combination of CA 

and FA also led to a significant reduction of beta cell apoptosis as did diFA, FA-4OS and 

diCA-3OS combined (all two combinations, p<0.0001 versus 20mM glucose +0.25mM 

11
0
0
0
0
0
0

20
0.25

0
0
0
0
0

20
0.25
100
0
0
0
0

20
0.25

0
100
0
0
0

20
0.25

0
0

100
0
0

20
0.25

0
0
0

100
0

20
0.25

0
0
0
0

100

20
0.25

0
0

100
100
100

20
0.25
100
100
0
0
0

20
0.25
100
100
100
100
100

0.0

5.0×106

1.0×107

1.5×107

2.0×107

2.5×107

C
a
s
p

a
s
e
 3

/7
 a

c
ti

v
it

y
 (

L
u

m
in

e
s
c
e
n

c
e
 u

n
it

s
)

mM GLU
mM PAL
nM CA
nM FA
nM diFA
nM FA-4OS
nM diCA-3OS

****

**** ****

3rd_INS1 cell apoptosis after co-treatment with CGA compounds for 20hr 

under 20mM GLU+0.25mM PAL. (17.03.20)

******************** ****

#

#



Chapter 4 

   155 

palmitate). Similarly, the combination of all CA, FA and selective metabolites significantly 

reduced Caspase 3/7 activation (p<0.001, Fig. 4.9). However, there was not statistically 

significant differences in cell apoptosis between each treatment.  

 

                                                    

Figure 4.9 The effect of 48 hr pre-treatment with CA, FA and their selected metabolites 

on beta cell apoptosis following exposure to high glucose (GLU) and high palmitate 

(PAL). INS-1  beta cells were pre-cultured in 11mM GLU for 48hr with or without the 

presence of CGA compounds, alone and combined. The cells were subsequently exposed to 

20mM GLU + 0.25mM PAL with or without the compounds followed by measurement of 

Caspase 3/7 activity. Data are presented as mean + SEM, of one experiment out of three 

independent experiments, n=5. One-Way ANOVA with Bonferroni’s post hoc test. 

****p<0.0001 versus 20mM GLU + 0.25mM PAL. 
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4.4.5 The effect of CA, FA and their selected metabolites on glucose-stimulated insulin 

secretion from INS-1 beta cells and pancreatic mouse islets 

4.4.5.1 Acute effect on insulin secretion from INS-1 beta cells 

Exposure of INS-1 cells to 20 mM glucose, 10 µM FSK and 100 µM IBMX combined for 1 

hr stimulated insulin secretion, although this increase was not statistically significant when 

tested by One Way ANOVA.  

In addition, incubation with 100 nM CA, FA, diFA and FA-4OS did not significantly modify 

the secretion compared to controls (One-Way ANOVA, n=5, p>0.05 versus 20mM 

glucose+10µM FSK+100µM IBMX only; Fig. 4.10). However, there was a trend towards an 

increase in secretion compared to controls in response to the combinations of CA and FA as 

well as all combinations of the three metabolites with or without CA and FA (Fig. 4.10). 

Only diCA-3OS significantly increased glucose (+FSK+IBMX)-induced insulin release 

compared to 20 mM glucose +10 µM + 100 µM IBMX only, when tested by One -Way 

ANOVA.  
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Figure 4.10 Insulin release from INS-1 beta cells in response to glucose (GLU), FSK and 

IBMX with or without CA, FA and selected metabolites. INS1 cells were pre-treated with 

2mM GLU for 1 hr followed by 1 hr incubation with 20mM GLU+10µM FSK+100µM 

IBMX with or without the compounds. Results are shown as Mean+SEM, graph represents 

results of one experiment out of three separate experiments, n=5. One-Way ANOVA with 

Bonferroni’s post hoc test,  ***p<0.001 vs 20mM GLU + 10μM FSK + 100μM IBMX.  

 

 

4.4.5.2 Insulin secretion from INS-1  beta cells following pre-treatment with CA, FA and 

their selected metabolites 

The above findings indicated that the CGA compounds did not acutely modify insulin 

secretory function from the INS-1 beta cells except for diCA-3OS. As an alternative, it was 

therefore investigated whether pre-treatment (48 hr) with the CGA compounds in 

supplemented RPMI-1640 would positively affect the secretory capacity of the cells in 
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response to the secretory stimuli.  In these experiments, the insulin release from INS-1 cells 

was increased in response to 20mM glucose + 10µM FSK + 100 μM IBMX (Fig. 4.10). Pre-

treatment with 100 nM of CA, FA, diFA  and FA-4OS increased stimulus-induced insulin 

secretion from INS-1 beta cells by 42%, 44%, 23% and 43% compared to 20mM glucose + 

10 μM FSK + 100 μM IBMX, however, these changes were not statistically significant (n=5, 

CA; p=0.323, FA; p=0.261, diFA; p>0.999 and FA-4OS; p=0.297 versus 20mM glucose + 

10 μM FSK + 100 μM IBMX; Fig. 4.11). 

Results also showed that, relative to 20 mM glucose + 10 µM FSK + 100 µM IBMX, pre-

incubation with diCA-3OS (p<0.0001), a combination of CA and FA (p<0.01), and all three 

metabolites combined with (p<0.0001) or without CA and FA (p<0.0001) at concentrations 

of 100 nM resulted in a prominent increase in insulin release by  99.8%, 72.3%, 125.5% and 

151%, respectively. The cocktail of all selected CGA derivatives had a more potent 

stimulatory impact on insulin release than diFA, FA-4OS and diCA-OS combined (p<0.05). 
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Figure 4.11 The effect of pre-treatment (48 hr) with CA, FA and selected metabolites 

on insulin release from INS-1 beta cells. INS-1 cells were pre-incubated in normal culture 

medium in the presence of CGAs as indicated for 48 hr followed by a 2-hr incubation with 2 

mM GLU and then 1 hr with 20 mM GLU+10 µM FSK+100µM IBMX without the 

compounds. Results are shown as Mean+SEM, graph represents results of one experiment 

out of three separate experiments, n=5. One-Way ANOVA with Bonferroni’s post hoc test, 

*p<0.05, **p<0.01, ****p<0.0001 vs 20mM GLU + 10 μM FSK + 100 μM IBMX, and 
#p<0.05 versus 20mM GLU + 10 μM FSK + 100 μM IBMX +100 nM of all selected CGAs 

combined. 

 

4.4.5.3 Acute effect of CA, FA and FA metabolites on insulin secretion from mouse islets 

To confirm the effect of CGA compounds on glucose-stimulated insulin release (GSIS) from 

pancreatic beta cells, insulin secretion from mouse islets in response to 100 nM CA or FA in 

20 mM glucose was assessed (Fig.4.12A), as was the secretory response to FA and its 

metabolites (Fig.4.12B). Secretion of insulin from islets was not significantly stimulated by 

20mM glucose when statistically analysed by One-Way ANOVA (Fig. 4.12A-B). 



Chapter 4 

   160 

Besides, 100 nM of CA, FA or a combination of CA and FA did not affect GSIS from mouse 

islets (n=6, p>0.05 versus 20 mM glucose only, Fig. 4.12A) nor did treatment with FA, diFA 

or FA-4OS alone, respectively (Fig. 4.12B). Note that diCA-3OS was not tested as it was 

unavailable on the market when we carried out these experiments (2017-18). 
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Figure 4.12 The acute effect of CA, FA (panel A) and FA and metabolites (panel B) on 

glucose-induced insulin secretion from mouse islets. Islets were pre-treated with 2mM 

glucose (GLU) for 1 hr followed by 1 hr incubation with 100nM of the selected CGA 

derivatives with 20 mM GLU as indicated.  Insulin content of samples was determined by 

radioimmunoassay. Results are shown as Mean+SEM, n=5-6, and graph represents data of 

one experiment out of three independent experiments for both panels. One-Way ANOVA 

with Bonferroni’s post hoc test, p>0.05 all comparisons. Note: Five islets were used per 

replicate in each treatment group. 
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4.4.5.4 Pre-treatment effect of CA, FA and selected metabolites on insulin secretion from 

mouse islets 

In the present study, we later assessed whether 48 hr pre-treatment with 100 nM CGA 

derivatives and selected metabolites could enhance GSIS in the primary mouse islets in our 

experimental systems in line with the findings from INS-1 beta cells. In these experiments, 

the insulin secretion was significantly stimulated when glucose was elevated from 2 to 20 

mM (p<0.05, Fig.4.13A). Pre-treatment with diFA, FA-4OS or diCA-3OS alone further 

increased GSIS from the islets in response to 20 mM glucose (n=6-7, diFA; p<0.001, FA-

4OS; p<0.001 and diCA-3OS; p<0.01 versus 20 mM glucose, respectively; Fig. 4.13A), 

meanwhile, 100 nM of CA or FA had no effect (p>0.05). Pre-treatment with combinations 

of CA and FA, and all chosen CGA substances combined were tested and found to 

significantly enhance insulin secretion induced by high glucose from isolated mouse islets as 

well (n=7, p<0.05 versus 20 mM glucose only; Fig.4.13B). 
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Figure 4.13 The effect of pre-treatment with CA, FA and selected metabolites, (panel 

A) and in combination (panel B), on glucose-stimulated insulin secretion from mouse 

islets. The islets were pre-treated with the CGA compounds as indicated for 48 hr, prior to 

incubation with 2 mM glucose for 1 hr. The isolated islets were subsequently incubated in 

20 mM glucose without the compounds for 1 hr.  The insulin content of supernatants was 

measured by radioimmunoassay. Results are shown as Mean+SEM, n=6-7 (panel A), n=7 

(panel B), and graph represents data of one experiment out of three independent experiments. 

One-Way ANOVA with Bonferroni’s post hoc test, *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001 versus 20 mM GLU. Note: Seven islets were used per replicate in each 

treatment group. 
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4.5 Discussion  

4.5.1 Effect of CA, FA and selected metabolites on high levels of glucose and palmitate-

induced reduction in cell viability and survival of INS-1 beta cells 

As mentioned in Chapter 3, the deleterious effects of high levels of glucose and palmitate 

play a significant role in the impairment of pancreatic beta cell function and survival in T2D 

through many proposed mechanisms inducing endoplasmic reticulum (ER) stress and 

oxidative stress, mitochondrial dysfunction and islet inflammation (e.g. Eizirik et al., 2008; 

Lei et al., 2018; Huang et al., 2019). Therefore, a potential management/prevention approach 

for T2D would be to protect beta cell survival and function from these cellular stressors 

typical of T2D. Over the years, various polyphenolic compounds extracted from plants, 

including coffee, have been reported to be effective against stress-induced cell death (e.g. Shi 

et al., 2018; Roy et al., 2013; Sorrenti et al., 2019; Zhang & Liu, 2011).  

Our compounds of interest, CGAs derived from the brewed coffee, also belongs to the family 

of polyphenolic acids and accumulating evidence has reported that CGAs exhibit anti-

diabetic properties, including stimulatory and enhancing effects on antioxidant activities in 

diabetic rats (Ramar et al., 2012; Svilaas et al., 2004; Pulido et al., 2003).  

Findings of our study showed that CA, FA, diFA, FA-4OS and diCA-3OS not only had no 

toxic effects on beta cell viability but they also significantly enhanced cell viability under 

normal tissue conditions. This beneficial effect may involve regulation of beta cell mass via 

proliferation of pre-existing beta cells under physiological conditions (Yan et al., 2020). 

Therefore, further additional studies exploring the roles of the CGA derivatives in regulating 

cell viability through molecular pathways involved in cell proliferation might be required to 

fully understand the role of the compounds on beta cell viability. 
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However, either 20-or 48hr exposure of INS-1 beta cells to high levels  of glucolipotoxicity 

significantly reduced cell viability and increased apoptosis. However, this adverse effect was 

not alleviated by treatment with CGA derivatives of interest. This might be due to the use of 

very high levels of glucose at 30 mM combined with palmitate at 0.5 mM in either cell 

viability or apoptosis experiments leading to impaired beta cell viability and survival beyond 

repair (Kaneto et al., 2005; Cnop et al., 2001; Cnop et al., 2002a; EI-Assaad et al. 2003). 

This would be consistent with an early study by EI-Assaad et al. (2003), who found that the 

activation of caspase-3 (a hallmark of apoptosis) was significantly increased after co-

treatment of INS832/13 cells with palmitate (0.4 mM) and high levels of glucose (20 mM or 

25 mM glucose). Co-treatment with z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-[O-

methyl]- fluoromethylketone); a caspase inhibitor, reduced cell apoptosis induced by 

elevated glucose together with palmitate. However, it did not reverse cell death because of a 

dramatic shift from apoptosis to necrosis (EI-Assaad et al., 2003; Buteau et al., 2004). This 

event might be due to very high levels of glucose and palmitate and/or a prolonged period of 

exposure, which could adversely alter beta cells from a relatively normal structure and 

function to a stage of beta cell injury with imitated potential for neogenesis and replication 

of beta cells, eventually causes beta cell death (Stage 3: decompensation with structural 

damage and death of beta cells) (Hansen et al., 2018; Gjoni  et al., 2014; Kaneto  et al., 

2005).  

Increased amyloid and lipid droplet formations, severe beta cell ER and oxidative stress and 

stimulation of the unfolded protein response (UPR) are all characteristics of stage 3 and 

induced by several pathways, including c-Jun N-terminal kinase (JNK) activation and 

upregulation of CCAAT-enhancer-binding protein homologous protein (CHOP) mRNA 

levels (Kaneto  et al., 2005; Piro et al., 2002). In contrast, lower levels of glucose and fatty 
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acids with or without the prolonged period of exposure is found to affect the regulation of 

beta cell mass and function as described as a ranging between mild (stage 1) and severe stage 

(stage 2) of beta cell mass and function decompensation (Flamez et al., 2002; Khaldi  et al., 

2004). During stage 1, a particular glucose-stimulated insulin secretion impairment occurs 

due to lower glucose levels, and fatty acids reduce insulin release from the beta cell. Still, 

this level does not impact insulin production (Grill et al., 2000). Moreover, decreased beta 

cell differentiation leading to beta cell deficiency is also found in stage 1 (Flamez et al., 

2002). Degranulation of beta cells with a reduction in insulin gene transcription, leading to 

impaired insulin secretion and production as well as increased expression of various cell 

stress-responsive gene  occur in stage 2 (Kaneto  et al., 2005). 

In agreement with this data, therefore, the CGAs compounds at relevant physiological levels 

(100 nM) may not be capable of protecting against beta cell death induced by very high levels 

of glucose and fatty acids. This could be therefore suggested that lower experimental levels 

either of glucose or fatty acids are required to explore the effects of the coffee CGA 

compounds on glucolipotoxicity-induced beta cell apoptosis.  

Based on our initial suggestion above, we then tested the effect of CA, FA and their selective 

metabolites, alone and in combinations using the lower concentrations of 20 mM glucose and 

0.25 mM palmitate . As expected, our finding presents that either co (20 hr)- or pre-treatment 

(48 hr) with CA, FA, diFA, FA-4OS and diCA-3OS, both alone an in combination  at a 

concentration of 100 nM were capable of modulating the detrimental effects of a lower level 

of glucolipotoxicity on apoptosis of INS-1 beta cells. Our results support the hypothesis that 

CA, FA, and their selected metabolites exhibit beneficial impact on beta cell survival by 

attenuating cell apoptosis.  Our results also support previous findings of some in vitro studies 

by Bhattacharya et al. (2014) and Sompong et al. (2017). Although, for example, 
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Bhattacharya et al. found the improvement of INS-1E cell survival after 72 hr treatment with 

a higher concentration of CA at 1 μM in response to high glucose, the lower concentration 

of CA used in our study similarly exerted beta cell survival under a condition of 

glucolipotoxicity.   

However, Marrano et al. (2021) recently found that 24 hr pre-treatment with polyphenolic 

compounds derived from extra virgin olive oil e.g., hydroxytyrosol and tyrosol at 10 μM 

significantly improved INS-1E cell proliferation, but they did not alter cell apoptosis induced 

by DMSO. Among the olive oil-derived phenolic compounds, FA did not even affect either 

cell proliferation or apoptosis, while 10 μM of CA, vanillic acid, and vanillin significantly 

induced beta cell apoptosis (Marrano et al., 2021). This contrasting finding may be due to 

differences in the concentration used. While the level used in our study was at 100 nM, 

Marrano et al. used a higher concentration of 10 μM, which is unlike to appear in the blood 

circulation after coffee consumption.   

Altogether, the selected CGA compounds from coffee at this relevant physiological level 

might be a pro-survival mediator for beta cells, giving a significant anti-apoptotic condition 

to defend beta cells against apoptosis induced by elevated levels of glucose and palmitate. 

Therefore, in this context, it is suggested that CA, FA, diFA, FA-4OS and diCA-3OS might 

be an anti-diabetic compounds by protecting beta cell apoptosis from the condition of 

glucolipotoxicity typical of the development of T2D. 

CGA compounds have been reported to reduce pancreatic beta cell apoptosis and damaged 

islets through increased antioxidant activities and levels in pancreatic beta cells. However, 

studies of the effect of the CGA derivative on antioxidant activities and levels in clonal beta 

cell lines are insufficient compared to non-beta cell lines as well as in vivo studies. An 
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in vitro study, Nam et al. (2015) investigated potential effects of CGA, TRG and coffee 

extract, alone and combined on pancreatic islet mass and survival. They found that pancreatic 

islet (PI) size and the survival rate of pancreatic islets of zebrafish were decreased after the 

islets were exposed to AX. However, after treatment with 10 μM CGA for 48 hr, PI size and 

the survival rate of the AX-induced injured islets were enhanced significantly. The researcher 

suggested that this beneficial outcome resulted from a regenerative effect of the compound. 

Moreover, this effect was more potent when combined with TRG (10 μM, Nam et al., 2015). 

In addition, Fernandez-Gomez et al. (2016) found that 5 μM and 10 μM of CGA and coffee 

silverskin extract individually significantly decreased oxidative stress in INS-1E beta cells 

induced by STZ. The researchers reported that this reduction resulted from an anti-apoptotic 

effect of the compound through an increase in the activity of the enzymatic antioxidant 

glutathione peroxidase (GPx), that led to a decrease in reactive oxygen species (ROS) 

generation in the cells (Fernandez-Gomez et al. (2016). Zhang et al. (2021), a very recent 

year,  also studied the in vitro effect of CGA (50-200 μM) on survival of porcine sertoli cells 

(PSCs) through alteration of enzymatic antioxidant, superoxide dismutase (SOD) levels, 

ROS concentrations, cell proliferation and cell apoptosis. The PSCs are sustentacular cells in 

the mammalian testicular seminiferous tubule, which are important for endocrine and 

paracrine control of spermatogenesis (Zhang et al., 2021). After cell exposure to 4,4′-(9-

Fluorenylidene) diphenol (BPFL), decreased SOD levels and increased ROS were detected 

in the cells. The levels of SOD were significantly enhanced after treatment with CGA. 

Moreover, ROS levels were reduced by free radical scavenging activity of CGA. These were 

confirmed by an increase in cell proliferation and a decrease in cell apoptosis significantly 

(Zhang et al., 2021). This suggests that CGA could play a role in cell survival improvement 

by increasing enzymatic antioxidants such as SOD and acting as free radical scavenger in a 
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cellular antioxidant system, that prevents oxidative damage and apoptosis. However, the 

concentrations used in this in vitro study were very high compared to the concentrations used 

in our study (100 nM) as well as physiologically relevant concentrations.  

However, there are insufficient in vitro studies directly investigating the role of CGA 

compounds with regard to increased cellular antioxidant and reduced ROS levels. Therefore, 

findings from some in vivo studies may be used to support a possible mechanism of the CGA 

compound related to cellular antioxidant activity and levels. A diabetic animal model by 

Roy et al. (2012) using streptozotocin (STZ)-induced diabetic mice showed that the levels of 

SOD, catalase (CAT) and glutathione (GSH) were significantly decreased in the pancreas 

due to overloaded ROS and free radical generation induced by STZ-stimulated oxidative 

stress. These enzymes play an essential role in a defensive mechanism against oxidative 

stress by converting the radicals or ROS to non-radicals. After daily or alternative day 

treatment with FA (50 mg/kg), these enzymes were significantly restored in the pancreas of 

STZ-induced diabetic rats. 

Another possible mechanism also reported in this in vivo study (Roy et al., 2013) is that FA 

could reduce lipid peroxidation, which attenuates pancreatic beta cell apoptosis. In diabetes, 

persistent hyperglycaemia causes oxidative stress that could contribute to increased lipid 

peroxides (Shewade & Bhonde, 2001). The peroxides might promote oxidative injury by 

raising peroxyl and hydroxyl radicals. Treatment with FA (50mg/kg/day) for 56 days was 

shown to decrease lipid peroxidation in the pancreas of STZ-induced diabetic mice (Roy et 

al., 2013) which was consistent with findings of animal studies by Balasubashini et al., 

(2004) in STZ-induced diabetic mice, and Ramar et al., (2012) in AX-induced diabetic mice. 

Additionally, in a very recent study, Oršolic ́ et al., (2021) also found that oral administration 

of CA (50 mg/kg) for 7 days in AX-diabetic mice could reduce lipid peroxidation by 
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attenuating increased malondialdehyde (MDA) and thiobarbituric acid (TBA) levels 

generated by AX in the liver, brain and kidney in mice. 

This beneficial effect of CGA derivatives on the antioxidant activity may be linked to the 

activation of nuclear factor erythroid-2-related factor 2 (Nrf2, Shi et al., 2018). Shi and team 

(2018) reported that enhanced oxidative stress is consistently reported in carbon tetrachloride 

(CCl4)-induced acute hepatocellular injury in rats as well as reduced antioxidant levels and 

increased lipid peroxidation in the liver (Shi et al., 2018). Pre-treatment (24 hr) with CGAs 

(15-60 mg/kg) remarkably prevented the cells against these deleterious effects of CCl4 by 

inducing Nrf2 activation and expression of Nrf2 responsive antioxidant genes such as heme 

oxygenase-1 (Hmox-1), NAD(P)H: quinone oxidoreductase-1 (NQO1) and glutamate-

cysteine ligase (GCLC, Shi et al., 2018). The Nrf2 is an activator of the transcription of phase 

II detoxifying antioxidant enzymes, i.e. Hmox-1, GCL and NQO1, via binding to the 

antioxidant response elements (AREs) (Baird and Dinkova-Kostova, 2011, Kaspar et al., 

2009). Generally, the Nrf2 is very low in animals, which leads to decreased antioxidant 

capacities occurring in several cell/tissue damage induced by oxidative stress (Zhang et al., 

2010). Therefore, increasing Nrf2 activation by pre-treatment (24 hr) with CGAs 

significantly exert antioxidant activities and protect hepatic cells against CCl4-induced cell 

toxicity in rats (Shi et al., 2018). This finding was also consistent with reports from animal 

models (Sorrenti et al., 2019; Rejitha et al., 2015; Reisman et al., 2009; Farombi et al., 

2008). Shi and team also reported that CGA suppressed nucleotide-binding domain- (NOD-

) like receptor protein 3 (NLRP3) inflammasome stimulation by inhibiting the expression of 

pro-apoptotic proteins, e.g. NLRP3 and Caspase-1 (Shi et al., 2018). Moreover, pre-

treatment with CGA downregulated mRNA levels of TNF-α, IL-6 and IL-1β in the liver as 

well as their concentrations in plasma (Shi et al., 2018). The inflammasome could activate 
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cellular inflammatory responses to several stressors. The NLRP3 inflammasome is an 

activator of pro-apoptotic protein associated speck-like protein (ASC) and the pro-

inflammatory Caspase-1, which induce pro-inflammatory cytokine release (i.e. TNF-α, IL-6 

and IL-1β) from inflammatory hepatic cells, eventually causing liver damage (Strowig et al., 

2012; Szabo et al., 2015). Therefore, inhibition of this pathway by pre-treatment with CGAs 

would restore liver cells from the toxicity of CCl4. 

In addition, CGAs also reduced cell beta cell apoptosis induced by detrimental effects of 

methylglyoxal (MG) in INS-1E beta cells (Sompong et al., 2017). MG is induced by several 

pathways, including persistent hyperglycaemia, gluconeogenesis and glucose oxidation 

(Singh et al., 2014) and is a major precursor for advanced glycation end-products (Lapolla et 

al., 2003). Elevated plasma MG glycation is linked to oxidative stress causing beta cell 

dysfunction, 100 μM of FA could protect beta cell survival against 100 μM MG-induced cell 

toxicity in the beta cells, which did correspond to a modulatory effect of FA (12.5-200 μM) 

on the generation of superoxide anions and hydroxyl radicals during the progression of MG 

glycation in the cells.  Note, however, that Sompong et al. (2017) used a very low 

concentration of MG at 100 μM, which was not relevant to physiological concentrations 

measured from type 2 diabetic patients, which is approximately 0.4 mM (Lapolla et al., 

2003). Moreover, the concentration of FA used in this study on the INS-1E beta cells was 

relevant to pharmacological (100 μM,), rather than physiological concentrations of FA 

(Farah et al., 2008; Renouf et al., 2010), suggesting that FA can potentially protect against 

MA-induced beta cell death in this in vitro system at these concentrations.  

In our study, a physiologically relevant concentration of 100 nM FA was applied. This was 

lower than the FA concentration used in the study of Sompong et al. (2017), but it led to a 

significant increase in survival of INS-1 beta cells in response to glucolipotoxicity following 
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pre-treatment (48 hr) with FA alone, including co-treatment for 20 hr. In addition, our results 

showed significantly improved survival of cells treated with FA combined with CA or all the 

selected metabolites (diFA, FA-4OS and diCA-3OS).  

Additionally, the protective effect of CGA may also be associated with a reduction in the 

polymerization of human islet amyloid polypeptide (hIAPP), as shown in the study of Cheng 

et al. (2011). They investigated the effects of caffeine, CA, and CGA on the cytotoxicity of 

hIAPP in pancreatic INS-1 cells. It has been reported that overexpression and increased 

release of IAPP in pancreatic beta cells lead to beta cell dysfunction and death (Krizhanovskii 

et al., 2017). In an in vitro study, high levels of palmitate or oleate at concentrations ranging 

from 0.2 to 20 mM for 6-24 hr were also found to induce IAPP expression and secretion from 

MIN6 cells and isolated mouse islets (Qi et al., 2010). Additionally, exposure to high levels 

of glucose at 28 mM together with palmitate at 1.5mM for 72 hr have been shown to induce 

IAPP expression and secretion from Endo C-bH1 cells (a human cell lines, Krizhanovskii et 

al., 2017), suggesting that overexpression and secretion of IAPP from beta cells could be one 

of the possible pathways of high glucose and fatty acids-induced beta cell death 

(Krizhanovskii et al., 2017). However, Cheng et al. (2011) induced beta cell toxicity by direct 

exposure to hIAPP and found that CA significantly reduced the cytotoxicity of hIAPP by 

slowing molecular transformation of the hIAPP molecule, which corresponded to an increase 

in cell viability of INS-1 cells from 36 to 71%. 

Additionally, caffeine and CGA similarly provide some protection, although less so than CA 

(Cheng et al., 2011). This suggests that the CGA derivatives may diminish cell apoptosis by 

involving a reduction of IAPP expression/secretion from beta cells. Additionally, Chaari et 

al. (2020) investigated the effect of polyphenolic compounds from date palm (containing 

among other cinnamic acid, CA and FA) on amylin-induced INS-1E beta cell death. This in 
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vitro study showed that treatment with 10 and 50 μM of polyphenols derived from dates 

provided an inhibitory impact on the production of hIAPP amyloid toxicity in INS-1E cells 

(Chaari et al., 2020). 

Based on the data above, the selected coffee-derived CGAs, both alone and in combination 

might exhibit an anti-apoptotic effect on beta-cells, thus defending against glucolipotoxicity 

that could  contribute to a reduction in the risks of the progression of T2D. More specifically, 

CA, FA, diFA, FA-4OS and diCA-3OS when used at physiological levels. Additionally, this 

effect may be associated with several plausible mechanisms reported in the existing research 

highlighted above. 

This study provides important data on the direct effect of the CGA derivative and some of 

their metabolites on beta cell viability and apoptosis to further in vivo studies, although, to 

deeper understand how this impact pancreatic beta cell survival, further in vitro studies 

investigating the role of the CGA derivatives in the regulation of beta cell survival with a 

measurement of whether the alteration of antioxidant activity, levels of free radicals 

associated with MG or the hIAAP expression and concentrations in either clonal beta cells 

or primary islets are required prior to designing in vivo studies in animals and human 

participants. 

4.5.2 Effect of CA, FA, and selected metabolites on insulin secretion from INS-1 beta 

cell and islets 

Since the characteristic of the development of T2D results from abnormalities of insulin 

secretion and production in pancreatic beta cells, substances that could ameliorate beta cell 

function are considered as a key in preventing or managing T2D (Robertson, 2010). This 

current experimental study therefore next investigated whether the CGA derivatives of 
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interest could affect glucose-stimulated insulin secretion (GSIS) from INS-1 cells and mouse 

islets. 

Mellbye et al. (2015) studied insulin release in response to selected compounds 

representative of the main components in coffee (e.g. trigonelline (TRG), cafestol (CFT), 

CGA and CA) in INS-1E beta cells. They found that only CA (0.1 nM-1 μM) and CFT 

acutely enhanced GSIS, including enhanced release following prolonged (72 hr) treatment 

with CA (10 nM) or CFT at metabolically relevant levels (0.1-10 nM). However, this effect 

was not found in the cells treated with CGA and TRG at 0.1 nM -1 μM. This report was 

consistent with the conclusion of Bhattacharya and co-authors (2014), which showed that 

acute exposure (1 hr) to CA (1 μM) or quercetin, another natural phenolic compound, 

significantly enhanced insulin secretion from INS-1E beta cells in response to high glucose 

(16.7 mM glucose, Bhattacharya et al., 2014).  Bhattacharya et al. also reported that 72 hr 

pre-treatment with 0.1nM, 10nM and 1µM CA followed by 1 hr incubation with high glucose 

significantly increased GSIS by 40.5%, 49.5% and 50.5%, respectively compared to control 

and remained following 72 hr exposure to glucotoxicity (25 mM glucose). This suggests that 

CA might promote beta cell survival in response to high glucose in addition to direct or 

indirect effects on beta cell secretory function in the context of diabetes (Bhattacharya et al., 

2014). However, these findings were not confirmed in islets from either humans or animals 

(Bhattacharya et al., 2014).    

Apart from the above-mentioned studies of CA and other decaffeinated compounds, research 

exploring the potential impact of FA and/or its metabolites from coffee on insulin secretion 

from beta cells is limited. One in vitro study by Nomura and colleagues (2003) showed that 

FA and its amide derivatives at 10 and 100 μM concentrations had a stimulatory effect on 
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insulin secretion from pancreatic RIN-5F cells (Nomura et al., 2003), thus not employing 

physiologically relevant concentrations.  

In contrast to some studies, our findings indicated that acute-and pre (48hr)- treatment with 

CA, FA, and selected FA metabolites alone did not modify insulin secretion from INS-1 beta 

cells in response to high glucose with FSK and IBMX, except for the CA metabolite, diCA-

3OS. However, our data from islet studies showed that pre-treatment with diFA, FA-4OS 

and diCA-3OS alone significantly increased GSIS from islets, but not when co-treatment 

with the compounds were tested. In the previous reports above (Mellbye et al., 2015; 

Bhattacharya et al., 2014; Nomura et al., 2003), either CA or FA has been shown to enhance 

insulin secretory function in clonal beta cells; however, underlying physiological actions of 

the compounds were not clarified. Therefore, possible explanations of the different results of 

the CGA compounds might be ascribed to differences in concentrations observed.  

In the acute insulin secretion experiments we used a concentration of 100nM, while 

Mellbye et al. (2015) and Bhattacharya et al. (2014) used a maximum concentration of 1 μM 

CA , and Nomura et al. (2003) used FA and its amide derivatives at the very high levels of 

10 and 100 μM. Controversially, this is not the case in the lower concentrations used in the 

study by Mellbye et al. (2015) at 0.1 and 10nM. However, in this study (Mellbye et al., 

2015), CGA at the same concentrations did not alter GSIS from INS-1E cells, similar to our 

findings.  

In comparison with our insulin secretion data following pre-treatment, Marrano et al. (2021) 

very recently also investigated the effect of polyphenolic compounds derived from virgin 

olive oil on insulin-biosynthesis and GSIS in INS-1E cells in addition to beta cell survival as 

previously described in 4.5.1. In a part of insulin secretion studies, their results showed that 
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pre-treatment with CA and FA did not affect GSIS from INS-1E cells (Marrano et al., 2021), 

which was similar to our findings although the concentration used in this study was higher 

than in our study. More specifically, FA at 10 μM in fact affected beta cell function negatively 

by reducing GSIS (Marrano et al., 2021), whereas the concentration used in our study did 

not provide any adverse effects on GSIS in both INS-1 and islets. However, the findings of 

our study and Marrano et al. 2021 differ from the results of the previous studies above 

(Mellby et al. 2015; Bhattacharya et al., 2014); a possible explanation of the different results 

might be associated with differences in incubation time. The pre-treatment period of INS-1 

cells with the compounds was a 48 hr in our study and a 24 hr in the study by Marrano et al. 

(2021), while the cells were pre-treated with the observed CGA compounds for 72 hr in the 

studies by Mellbye et al. (2015) and Bhattacharya et al. (2014).  

Among the contrasting findings above, our results showed that co -and pre-treatment with 

diCA-3OS significantly enhanced insulin secretion in response to stimuli from INS-1 cells 

and GSIS from islets was increased after pre-treatment with diFA, FA-4OS and diCA-3OS 

as mentioned. Thus, this data supports our hypothesis that the metabolites of CGAs might 

provide a beneficial impact on pancreatic beta cell function by increasing stimulus-induced 

insulin secretion from both islets and clonal beta cells compared to the parent compounds 

(CA, FA). In addition to treatment with the CGA compounds alone, our study also 

investigated the effect of the specific combinations of CA, FA and the metabolites on 

stimulus-induced insulin secretion from the cells and the islets. We found that, pre-treatment 

with diCA-3OS, CA and FA combined, or all selected CGA compounds further enhanced 

glucose and/or FSK+IBMX-induced insulin secretion in both INS-1 cells and islets. These 

results suggest that CA or FA and metabolites might have more impact on insulin release 



Chapter 4 

   177 

when combined. In addition, pre-treatment with diFA or FA-4OS increased glucose-induced 

insulin secretion from islets, but not INS-1 beta cells.  

To our knowledge,  this current study might be claimed to be the first beta cell  in vitro model 

reporting the significant finding of the direct effect of the FA metabolites, diFA, FA-4OS, 

and the CA metabolite, diCA-3OS, at physiological concentrations on beta cell function, 

highlighting the importance of metabolic conversion to metabolites, either pre- or post-

absorption. Besides the effect on GSIS of the metabolites, this study is also the first in vitro 

model to report a beneficial effect of the combination of CA, FA, diFA, FA-4OS and diCA-

3OS on stimulus-induced insulin secretion following pre-treatment, which supports the 

notion that regular coffee consumption can delay the onset and/or reduce the risk of the 

development of T2D, that might partly result from the beneficial effect of CGA derivatives. 

Possible pathways of how the specific CGA compounds acutely increase GSIS from beta 

cells/islets may include an inhibition of the glucose-6-phosphatase (G6P) step in the 

glycolytic pathway, which links G6P in beta cells to the regulation of insulin release (Huang 

et al., (2015). This inhibition could enhance glucose transportation and utilization into the 

beta cells, including the induction of insulin release via elevated ATP synthesis in 

mitochondria of pancreatic beta cells and subsequent closure of K+
ATP channels (Tousch et 

al., 2008). Nevertheless, Tousch et al. (2008) indicated that treatment with 50μM CGA did 

not result in closure of K+
ATP channels, suggesting that the action of the compounds may be 

linked to other mechanisms independent of K+
ATP channels (Tousch et al., 2008). This notion 

is also supported by findings of an in vitro study by Adisakwattana and co-authors (2008). 

In general, the closure of K+
ATP channels in the beta cells elicits membrane depolarisation 

and then stimulates and opens the voltage-dependent Ca2+ channels that enhance [Ca2+]i, 

resulting in insulin secretion from the cells. Adisakwattana and co-authors reported that 10 
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μM p-methoxycinnamic acid (p -MCA), phenolic compound significantly enhanced GSIS 

from INS-1 beta cells, which was associated with an increase in influx of extracellular Ca2+ 

to the beta cells leading to increased levels of intracellular Ca2+ ([Ca2+]i) (Adisakwattana, 

Moonsan and Yibchok-Anun, 2008). Adisakwattana et al. later found that at a higher levels 

of p -MCA (100 μM) increased GSIS from INS-1 cells by enhancing Ca2+ influx through the 

L-type Ca2+ channels, not via the closure of K+
ATP channels (Adisakwattana, Hsu and 

Yibchok, 2011).  Adisakwattana et al. (2011) also reported that the acid increased GSIS by 

stimulating membrane depolarization through K+
ATP channel-independent pathways 

(Chloride (Cl-)-and sodium (Na) permeable cation channels). Moreover, the acid may 

enhance GSIS by activating cAMP-dependent mechanisms that lead to the modulation of Cl- 

channel and Na-permeable cation channel resulting in increased Ca2+ influx and elevated 

[Ca2+]i levels in INS-1 beta cells (Adisakwattana, Hsu and Yibchok-anun, 2011). Another 

possible mechanism may be associated with the stimulation of AMP-activated protein kinase 

(AMPK), as Lee et al. (2015) found that caffeic acid phenethyl ester (CAPE) stimulated 

AMPK in muscle cells. However, this mechanism may be more likely to improve insulin 

sensitivity than insulin secretion (Musi et al., 2002).  

Another possible explanation may be related to activation of extracellular signal-regulated 

protein kinases 1 and 2 (ERK1/2, Youl et al., 2010). Youl et al. reported that the ERK1/2 

signalling pathway may play a significant role in the potentiation of GSIS by a polyphenolic 

compound, quercetin as both GSIS and ERK1/2 phosphorylation were enhanced in INS-1 

beta cells after acute treatment with 20 μM quercetin (Youl et al., 2010). This pathway has 

also been linked to the effect of other polyphenolic compounds on GSIS, not only acute 

treatment but also pre-treatment effect as reported in a diabetic rat study by Shah et 

al. (2021). They investigated the effects on beta cell survival and insulin secretion via 
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ERK1/2 signalling pathways of cinnamic acid (CNA, a polyphenolic compound that is also 

found in coffee brew and beans) and nicotinamide (NM, a natural compound which is 

modified to trigonelline by methylation) in STZ-induced diabetic rats. The rats were fed with 

CNA (150mg/kg/day) and NM (300mg/kg/day) for 3 days prior to STZ-induced diabetes 

(Shah et al., 2021). In terms of insulin secretion, the researchers found that pre-treatment 

with CNA alone or in combination with NM significantly improved plasma insulin thereby 

decreasing plasma glucose concentrations in STZ-induced diabetic rats. Additionally, 

immunostaining of ins-ERK1⁄2 and expression of p-ERK1⁄2 in rat pancreatic sections 

showed that solid ERK1⁄2-insulin staining and p-ERK1⁄2 expression were detected after 

treatment with CNA/NM combined. Taken together, Shah et al.( 2021) concluded that the 

combination of CNA and NM might promote insulin secretion through an increase in the 

activation of the ERK1⁄2 signalling pathway. The positive effect on insulin secretion was 

also observed in response to CNA alone but was less effective than CNA and NM combined. 

In contrast, this effect was not observed in rats pretreated with NM alone (Shah et al., 2021).  

Based on the existing studies outlined above, our findings could be further investigated in in 

vitro, research models with a set of a measurement roles of the CGA metabolites in the 

regulation of insulin secretion through possible mechanisms such as the inhibition of G6P, 

the activation of cAMP-dependent mechanisms or other mechanisms independent of K+
ATP 

channels. In addition, investigations of either direct or indirect relevant insulin secretion 

pathways via the activation of ERK1⁄2 signalling pathways in in vivo studies may be required.  

Nevertheless, our results showed some differences in GSIS outcomes between INS-1 beta 

cells and the islets. This is possibly associated with the difference in insulin secretory 

capacity of INS-1 beta cells and isolated mouse islets. The INS-1 beta cell line is generated 

from a rat insulinoma induced by X-ray radiation (Asfari et al., 1992). The cells exhibit many 
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crucial properties of the pancreatic beta-cell, including a high insulin content (Merglen et al., 

2004). However, isolated mouse islets are much more consistently responsive to glucose than 

INS-1 cells with regards to insulin release and the latter differ from primary islet beta cells 

in terms of GSIS, including insulin content, glucose transport and phosphorylation, 

(Persaud et al., 2014; Merglen et al., 2004). 

Taken all the data above together, it can therefore be concluded that the metabolites of CGA 

derivatives may play a role in pancreatic beta cell function by increasing glucose/stimulus-

induced insulin secretion from clonal beta cells and mouse islets. This beneficial impact is 

more pronounced once the metabolites are combined with their parent compounds (CA and 

FA). Additionally, this stimulatory effect of the compounds on GSIS from pancreatic beta 

cells is well effective once the pancreatic beta cells have been pre-treated with the CGA 

derivatives from coffee.  

 

4.6 Summary 

In summary, this study provides key evidence for the first time that CGA compounds (CA 

and FA) and their metabolites, both alone and in combination exert a protective effect leading 

to improved beta cell survival in response to glucolipotoxicity. This protection was not 

evident under excessively glucolipotoxic conditions. Additionally, the CGA compounds and 

their metabolites increased beta cell viability under normal tissue culture conditions rather 

than causing cell toxicity. Our results also show that a metabolite of CA, diCA-3OS might 

play a significant role in an increase in secretion of insulin induced by glucose and stimuli 

from both a clonal beta cell line and mouse islets either acutely or following pre-treatment. 

In addition, pre-treatment with CGA metabolites alone or combined with CA and FA 
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positively modulate the insulin secretory capacity of the pancreatic beta. These results 

suggest that the chlorogenic acids derived from coffee may have antidiabetic capacity 

potentially by directly improving survival and insulin secretory function of beta cells. 
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5.1 Introduction 

Cafestol (CFT) and Trigonelline (TRG) are bioactive substances found in coffee beans and 

brews. As described in Chapter 1, non-caffeinated coffee consumption has been shown to 

reduce the risks of the development of type 2 diabetes (T2D). This effect might associate 

with CFT and/or TRG activities besides chlorogenic acid (CGA) derivatives, as shown in 

animal and in vitro studies (e.g. Yoshinari et al., 2013; Mellbye et al., 2015; Mellbye et al., 

2017; Afifi et al., 2017). 

Cafestol and beta cell function and survival 

Cafestol belongs to a group of bioactive diterpenes found in coffee beans as fatty acyl esters. 

They are abundant in boiled and unfiltered coffee; a cup of coffee (100 ml) may contain 3.5 

mg of CFT on average (De Roos et al., 1998; Ranheim & Halvorsen, 2005). After ingestion, 

approximately 70% of CFT from French-press coffee is absorbed from the gut and 

accumulated in the liver and the gastrointestinal tract lining (de Roo et al., 2004; van 

Cruchten et al., 2010). However, the physiological concentration of CFT remains unclear. 

So far, the concentration of the compound used in existing studies with various cell models 

are mostly on average 1-10 μM (e.g., Wang et al., 2012; Mellbye et al., 2015; Tsai et al., 

2018). CFT has been shown to exhibit different beneficial effects on a variety of cells/tissues 

in animal studies, for example, anti-inflammatory and anti-angiogenic properties (Ren et al., 

2019). Potential anti-diabetic properties such as increased glucose uptake in muscle cells 

(Mellbye et al., 2015), decreased fasting plasma glucose and glucagon, improved insulin 

secretion and insulin sensitivity in KK-Ay mice (Mellbye et al., 2015; Mellbye et al., 2017) 

are included. However, these anti-diabetic properties are reported from limited evidence, and 
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the underlying mechanisms for the potentiating effect of CFT on insulin secretion remains 

unknown. 

Another main point of interest is the development of T2D associated with the detrimental 

impact of glucolipotoxicity on beta cell function and mass (Stoffers, 2004). Therefore, 

investigations into any direct protective effects of CFT on pancreatic beta cells exposed to 

glucolipotoxicity are crucial; however, such studies are scarce. Some in vivo studies have 

provided significant evidence of increased antioxidants and anti-inflammatory activities in 

non-pancreatic tissues/cells following administration of the compound (500mg/kg/day in 

humans, van Dijk et al., 2009; Olthof et al., 2011; Al-Habori et al., 2001; 50mg/kg/day in 

animals, Zhou, Zhou and Zeng, 2013). Thus, serum aminotransferase activity and hepatic 

lipid peroxidation were reduced (Kim et al., 2004), as well as cycloxygenase-2 (COX-2) and 

inducible nitric oxides synthase (iNOS) expression levels (Shen et al., 2015; Kim et al., 

2006; Chen et al., 2002). Activation of these pathways may suggest a pro-survival role of the 

compound in pancreatic beta cells as well as protecting cells against glucolipotoxicity-

induced cell apoptosis. Thus, investigating the direct effects on beta cell survival of CFT in 

the presence of high levels of glucose and free fatty acids (FFAs) is further required. 

Therefore, the present study was carried out to understand the direct effects of CFT on beta 

cell function and survival. 

Trigonelline and beta cell function and survival 

Trigonelline is a pyridine derivative present in coffee. A cup of espresso contains 

approximately 540 µmol of TRG. After coffee intake, low levels (Cmin = 0.29, Cmax = 2.33 

μmol/l) of TRG were detected in human plasma (Bresciani, et al., 2020). Additionally, as it 

has been reported that regular coffee intake, at least three cups a day, could significantly 
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reduce the risks of the development of T2D (Ding et al., 2014; Huxley et al., 2009), the levels 

of TRG in plasma after drinking 3 cups of coffee were also detected in a range 0.89-6.13 

μmol/l (Brescianie et al., 2020). Therefore, the concentrations of TRG used in our current 

study (1, 3 and 5 μM) are compatible with physiological concentrations.  

As described in Chapter 1, both in vivo and in vitro studies provide evidence of the potential 

abilities of TRG to reduce the risks of the development of T2D, in particular in the context 

of blood glucose homeostasis. Yoshinari and Igarashi (2010) stated that after administration 

of TRG 0.406 mmole mixed with diets for 28 days in KK-Ay mice, lowered fasting plasma 

glucose concentrations and decreased fasting plasma insulin levels in the mice compared to 

a control group were detected. Moreover, insulin resistance markers such as Homeostatic 

Model Assessment for Insulin Resistance (HOMA-IR) levels were significantly lower in the 

TRG and niacin groups (Yoshinari and Igarashi, 2010). Similarly, HOMA-IR in high-fat 

high-fructose-induced type 2 diabetic rats (Axelsen et al., 2010) was decreased after feeding 

with TRG (50 and 100 mg/kg) for 14 days (Afifi et al., 2017), consistent with results in other 

animal studies (Zhou, Zhou and Zeng, 2013; Zhou et al., 2017). 

In addition, one human study by van Dijk et al. (2009) showed that administration of a cup 

of 270 ml water containing 500 mg TRG for seven days before starting the trial and 30 

minutes before oral glucose tolerance tests (OGTT) at every visit had a lowering impact on 

fasting blood glucose concentrations and fasting plasma insulin levels in overweight men. 

These results were seemingly consistent with animal models but only at 15 minutes after 2 

hr OGTT (van Dijk et al., 2009). However, studies of the potential impact of TRG 

specifically on insulin secretory function in pancreatic beta cells have been limited. Hence, 

reports so far only suggest that treatment with TRG (50 and 70 mg/kg/day) for four weeks 

might increase pancreatic insulin levels in type 2 diabetic Wistar rats (male) and diabetic 
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pregnant mice (Zhou, Zhou and Zeng, 2013; Zhou et al., 2017). In contrast, an in vitro study 

by Mellbye et al. did not show a stimulatory effect of TRG on glucose-induced insulin release 

(GSIS) from clonal insulinoma beta cells (INS-1E, Mellbye et al., 2015). 

Among the studies of the effect of TRG on blood glucose and insulin regulation, TRG has 

only been investigated and shown to have either direct or indirect protective effects on 

pancreatic beta cell mass and survival in a few studies. As described, one suggested way of 

improving beta cell mass is through increased cell replication and mass whilst reducing 

programmed cell death (Bonner-Weir et al., 2010; Zhou et al., 2017). A study by Zhou et 

al. (2017) reported that TRG enhanced cell replication and mass, and reduced pancreatic beta 

cell apoptosis in diabetic pregnant mice (Zhou et al., 2017). TRG has also been reported to 

specifically diminish cellular reactive oxygen species (ROS) by several mechanisms such as 

lowering lipid peroxidation (van Dijk et al., 2009; Olthof et al., 2011) and promoting 

antioxidant enzyme activities in the pancreas (e.g. dismutase (SOD), catalase 

(CAT), glutathione peroxidase (Gpx) and inducible nitric oxide synthase (iNOS) (van Dijk et 

al., 2009; Bakuradze et al., 2010; Satheeshkumar et al., 2010). Furthermore, TRG 

downregulated gene expression of target genes involved nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase and the mitochondrial electron transfer system (Olthof et al., 

2011) and increased peroxisome proliferator-activated receptor gamma (PPARγ) activation 

in adipose tissue (Satheeshkumar et al., 2010).  

Taken together, most studies so far have investigated the impact of TRG on blood glucose 

levels, insulin resistance, and their antioxidant and anti-inflammatory effects. However, few 

studies have directly assessed whether TRG affects the survival and insulin secretory 

capacity of pancreatic beta cells, and their findings are inconclusive. The effects of TRG and 
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CFT alone and combined on beta cell survival and insulin secretory function were therefore 

investigated here. 

 

5.2 Aims and objectives 

5.2.1 To assess whether CFT and TRG potentially enhance beta cell viability under normal, 

non-stressed conditions. 

5.2.2 To assess whether these two compounds have a pro-survival effect on beta cell 

apoptosis induced by physiologically high concentrations of glucose and palmitate in INS-1 

beta cells. 

5.2.3 To investigate potential effects of the compounds on stimulus-induced insulin secretion 

in either INS-1 beta cells or mouse islets. 
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5.3 Methods 

5.3.1 Preparation of reagents 

The following substances were tested in the cell viability or cell apoptosis assays or insulin 

secretion experiments: CFT (Sigma-Aldrich, UK) and TRG (Sigma-Aldrich, UK). A stock 

solution at 10, 30, 50 mM of each substance was prepared by dissolving in dimethyl sulfoxide 

(DMSO) and diH2O, respectively. The stocks were diluted (1 in 10,000) in supplemented 

RPMI-1640 medium (2% or 10% FBS) or physiological salt solution to reach a final 

concentration at 1, 3, and 5 μM, respectively.  

The supplemented RPMI-1640 medium (2% or 10% FBS containing 11 mM glucose) was 

used to represent basal, non-stressed conditions for the assessment of cell viability or 

apoptosis. Additionally, 20 mM glucose with 0.25 mM sodium palmitate was applied to 

represent glucolipotoxic conditions associated with the development of T2D and was 

prepared as described in 4.3.1. 

5.3.2 Assessment of cell survival in INS-1 beta cells. 

Cell viability 

INS-1 cell viability was measured as mentioned in section 2.4. Briefly, INS-1 cells were 

seeded at 5,000 cells/well and pre-incubated for 24 hr in supplemented 10% FBS RPMI-1640 

medium followed by exposure to medium with or without CFT and TRG at 1, 3 and 5 µM, 

alone or in combination for 20 and 48 hr, respectively. After which, a Cell-Titre Glo assay 

was performed to measure ATP content as described in section 2.4. 
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Cell apoptosis 

To examine whether co-or pre-treatment with CFT and TRG could potentially alleviate beta 

cell apoptosis, caspase-3 and-7 activities of the cells were assessed, following exposure to a 

combination of 20 mM glucose and 0.25 mM sodium palmitate as described. INS-1 beta cells 

(5,000 cells/well) were co-treated with or without CFT and TRG in the presence of high 

levels of glucose and palmitate for 20 hr. In a separate set of experiments, cells were pre-

treated with the compounds under basal, non-stressed conditions for 48 hr following by 

exposure to the condition of glucolipotoxicity with or without the observed compounds for 

20 hr. Caspase activity was measured by Caspase-Glo assay as described in 2.5. 

5.3.3 Assessment of stimulus-induced insulin secretion from pancreatic beta cells 

5.3.3.1 Insulin secretion from INS-1 cells  

Insulin release from INS-1 cells in response to 20 mM glucose alone or combined with 10 

μM forskolin (FSK) and 100 μM 3-isobutyl-1-methylxanthine (IBMX) with or without the 

presence of the compounds, respectively, was assessed in static incubation experiments as 

described in section 2.6.1. 

5.3.3.2 Insulin release from mouse islets 

Prior to conducting insulin release assessments with pancreatic mouse islets, islets were 

isolated at King’s College London and transferred to the University of Roehampton. Islet 

insulin secretion was measured in response to 2 mM glucose and 20 mM glucose alone or 

combined with or without the compounds for 1 hr as described in 2.6.2. To measure insulin 

quantity by radioimmunoassay (RIA), all test samples were diluted to concentrations within 

the range of the standard curve as described in 2.6.4. 
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5.4 Results 

5.4.1 Effect of CFT and TRG on cell viability under non-stressed tissue culture 

conditions 

Consistent results from three separate data sets of this study showed that treatment with CFT 

at 1, 3 and 5 M for 20 hr significantly increased cell viability by 20%, 20% and 15, 

respectively (p<0.001 versus 11mM glucose; Fig. 5.1A). Similarly, TRG at the same 

concentrations also enhanced cell viability by 14%, 17% and 20%, respectively (p<0.001 

versus 11mM glucose; Fig. 5.1A), Consistently, the combinations of CFT (1, 3 and 5 M) 

and TRG (1, 3 and 5 M) also promoted an increase in intracellular ATP content in INS-1 

cells (Fig. 5.1A). However, these changes were not significantly different from cells treated 

with CFT or TRG alone (Fig. 5.1A). 

Similarly, after INS-1 cells were treated for a longer period of 48 hr with CFT and TRG, cell 

viability was significantly increased compared to a control ( CFT at 1 and 3 M ; p<0.01 and 

5M ; p<0.05; TRG at 1M ; p<0.05, 3M ; p<0.001 and 5M ; p<0.01 versus 11mM 

glucose; Fig. 5.1B). The combinations of CFT and TRG at given concentrations also 

increased ATP content by 13%, 14% and 17% in INS-1 cells, respectively (Fig. 5.1B). 

However, these alterations were not significantly different from cells treated with CFT or 

TRG alone (Fig. 5.1B). 
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Figure 5.1 The effect of CFT and TRG on INS-1 cell viability under normal tissue 

culture conditions for 20 (panel A) and 48 hours (panel B). INS-1 beta cells were 

incubated in basal, non-stressed conditions with or without CFT and TRG at 1, 3 and 5 M, 

alone and combined for 20 and 48 hr, respectively. Cell viability was detected by measuring 

ATP content of viable cells. Results are shown as Mean ±SEM, one experiment 

representative of three separate experiments (n=3-5). One-Way ANOVA with Bonferroni’s 

post hoc test, **p<0.01, ***p<0.001 versus 11 mM glucose (GLU).  
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5.4.2 Effect of of CFT and TRG on beta cell apoptosis  

5.4.2.1 Impact on cell apoptosis in response to acute exposure 

Results showed that 20 hr incubation with 20 mM glucose and 0.25 mM palmitate 

significantly induced cell apoptosis in INS-1 cells (p<0.0001 versus 11mM glucose; Fig. 5.2). 

Co-treatment with CFT at 1, 3 and 5 M  significantly decreased INS-1 cell apoptosis relative 

to cells exposed to 20 mM glucose and 0.25 mM palmitate only (p<0.0001 versus 20 mM 

glucose+0.25 mM palmitate; Fig. 5.2). 

Similarly, a decrease in caspase 3/7 activity  was found in cells treated with TRG (1, 3 and 5 

M) (p<0.0001, n=5, versus 20mM glucose+0.25 mM palmitate) and when combined with 

CFT as indicated in figure 5.2.   

Results also showed that levels of cell apoptosis in cells treated with a combination of 5 M 

CFT+TRG were significantly higher than at 1 M or 3 M CFT+TRG (1 M CFT+TRG; 

p<0.01 and 3 M CFT+TRG; p<0.05 versus 5 M of CFT+TRG), respectively. However, 

there was not a statistically significant change in cell apoptosis between cells treated with 1 

M CFT+TRG and 3 M CFT+TRG (p>0.05, Fig. 5.2).  
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Figure 5.2 The effect of co-treatment with CFT and TRG on INS-1 beta cell apoptosis 

induced by glucolipotoxicity. INS-1 cells were co-incubated in 20 mM glucose (GLU) + 

0.25 mM palmitate (PAL) with or without CFT and TRG. Cell apoptosis was detected by 

measuring the activity of caspase 3/7. Results are shown as mean ± SEM, one experiment 

representative of three separate experiments (n=5). One-Way ANOVA with Bonferroni’s 

post hoc test,  **p<0.01 and ****p<0.0001 compared to 20 mM GLU + 0.25 mM PAL and 
#p<0.05 and ##p<0.01 compared to 20 mM GLU + 0.25 mM PAL + 5 M CFT+5M TRG. 

 

5.4.2.2 Impact on cell apoptosis following pre-treatment 

Subsequently, the impact of 48 hr pre-treatment with CFT and TRG on cell apoptosis was 

tested. Apoptosis of INS-1 cells was significantly increased in cells exposed to 20 mM 

glucose and 0.25 mM palmitate compared to normal control (p<0.001 versus 11 mM glucose; 

Fig. 5.3). The degree of beta cell apoptosis was significantly attenuated by pre-treatment (48 

hr) with CFT at 1 M (p<0.001), 3 M (p<0.01) and 5 M (p<0.001) compared to 20 mM 

glucose +0.25mM palmitate (Fig. 5.3). Similarly, this phenomenon was also found in cells 
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treated with TRG alone; 1 M (p<0.01), 3 M (p<0.001) and 5 M (p<0.01) as indicated in 

figure 5.3. 

Results also showed that pre-treatment with the combinations of the two substances as 

indicated also showed a pro-survival effect on cell apoptosis by lowering the level of caspase 

3/7 activities in INS-1 cells (Fig 5.3). However, there was no statistically significant changes 

in cell apoptosis between cells treated with 1, 3 and 5M of CFT+TRG (p>0.05, Fig. 5.3). 

Additionally, these changes were not significantly different from cells treated with CFT or 

TRG alone (Fig. 5.3). 

 

 

Figure 5.3 The effect of 48 hr pre-treatment with CFT and TRG on INS-1 beta cell 

apoptosis induced by glucolipotoxicity. INS-1 beta cells were pre-incubated for 48hr in 

11mM glucose (GLU) RPMI medium with or without CFT and TRG as indicated, followed 

by exposure to 20mM GLU + 0.25mM palmitate (PAL) with or without CFT and TRG for 

20 hr. Cell apoptosis was detected by measuring caspase 3/7 activity. Results are presented 

as Mean ± SEM, one experiment representative of three separate experiments (n=5). One-

Way ANOVA with Bonferroni’s post hoc test, **p<0.01, ***p<0.001 and ****p<0.0001 

versus 20 mM GLU+0.25 mM PAL only. 
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5.4.3 Effect of CFT and TRG on stimulus-induced insulin secretion from INS-1 beta 

cells and pancreatic mouse islets 

5.4.3.1 Acute effect on insulin secretion from INS-1 beta cells 

Results showed that the exposure of INS-1 beta cells to 20 mM glucose supplemented with 

10 μM FSK and 100 μM IBMX for 1 hr significantly stimulated insulin secretion compared 

to 2 mM glucose only (n=3-5, p<0.01, Fig 5.4). However, treatment with CFT and TRG at 

1, 3 and 5 M alone or combined did not significantly alter stimulated insulin secretion 

compared to control (n=3-5, p>0.05 versus 20 mM glucose+ 10 μM FSK + 100 μM IBMX 

only; Fig. 5.4).  

 

Figure 5.4 The acute effect of CFT and TRG on stimulus-induced insulin secretion from 

INS-1 beta cells. Cells were pre-incubated with 2mM glucose (GLU) for 2 hr followed by 

20mM GLU+10 μM FSK+100 μM IBMX with or without CFT and TRG at the given 

concentrations for 1h. Insulin content of the supernantants was measured by an in-house 

radioimmunoassay. Results are presented as Mean ±SEM, one experiment representative of 

three independent experiments (n=3-5). One-Way ANOVA with Bonferroni’s post hoc test, 

**p<0.01 versus 20 mM GLU + 10 μM FSK + 100 μM IBMX. 
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5.4.3.2 Insulin secretion from INS-1 beta cells following pre-treatment with CFT and TRG  

INS-1 cells were pre-treated with or without CFT and TRG alone and combined for 48 hr 

under normal culture conditions followed by 1 hr incubation with 2 mM glucose or 20 mM 

glucose + 10 μM FSK+100 μM IBMX without coffee compounds present. Results showed 

that insulin release was significantly increased from cells exposed to 20mM glucose+10 μM 

FSK+100 μM IBMX compared to 2mM glucose only (p < 0.05, Fig. 5.5). However, 

stimulated insulin secretion did not differ significantly from pretreated cells with CFT and 

TRG compared to control (p>0.05 versus 20mM glucose+10 μM FSK+100 μM IBMX; Fig. 

5.5).   

 

Figure 5.5 Insulin secretion from INS-1 beta cells following pre-treatment with CFT 

and TRG. INS-1 beta cells were pre-treated with or without CFT and TRG at given 

concentrations for 48 hr. Subsequently, the cells were pre-incubated with 2 mM glucose 

(GLU) for 2 hr following by 20 mM GLU+10 μM FSK+100 μM IBMX without the 

compounds as indicated for 1hr. Insulin contents were measured by an in-house 

radioimmunoassay. Results are presented as Mean±SEM, one experiment representative of 

three separate experiments (n=5). One-Way ANOVA with Bonferroni’s post hoc test, 

*p<0.05 versus 20 mM GLU + 10 μM FSK + 100 μM IBMX. 
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5.4.3.3 Acute effect of CFT and TRG on glucose-induced insulin secretion from mouse islets  

To confirm the results of insulin secretion studies in INS-1 beta cells above, insulin release 

from mouse islets was also tested. Results consistently showed that insulin release from islets 

was significantly increased when glucose was elevated from 2 to 20 mM (p<0.01, Fig. 5.6). 

There were no significant changes in insulin secretion in response to treatment with CFT or 

TRG (alone or in the combination) compared to 20 mM glucose only (n=5, p>0.05, Fig. 5.6). 

 

 

Figure 5.6 The acute effect of CFT and TRG on glucose-induced insulin secretion from 

mouse islets. The islets were pre-incubated with 2 mM glucose (GLU) for 1 hr followed by 

1 hr treatment with CFT and TRG as indicated. Insulin content of the supernatant was 

quantified by radioimmunoassay. Results are presented as Mean ±SEM, one experiment 

representative of three separate experiments (n=4-6). One-Way ANOVA with Bonferroni’s 

post hoc test,**p<0.01 20 mM GLU. Note: Five islets were used per replicate in each 

treatment group. 

 

 

 



Chapter 5 

   198 

5.5 Discussion 

5.5.1 Effect of CFT and TRG on beta cell survival in INS-1 cells 

5.5.1.1 CFT and beta cell survival 

Our findings showed that CFT enhanced the viability of INS-1 beta cells under non-stressed 

conditions and partially restored cell survival rates in response to high levels of glucose and 

palmitate. Possible underlying mechanisms may be linked to anti-inflammatory action and 

stimulatory effects on antioxidant activities of the compound, leading to a decrease in cellular 

stress and lipid peroxidation.  

Lee et al. (2007) studied whether diterpene in coffee, CFT or kahweol protects hepatic cells 

against the adverse effects of carbon tetrachloride (CCl4) in mice. The CCl4 is a 

hepatotoxicant that induces liver injury by depleting GSH and stimulating lipid peroxidation, 

which subsequently leads to increasing concentrations of malondialdehyde (MDA), a marker 

of oxidative stress in in vitro and in vivo studies (Shi et al., 2010; Boll et al., 2001). Pre-

treatment (3 days) with CFT (100mg/kg/day) was shown to significantly reduce MDA, 

hepatic lipid peroxidation and protect against GSH depletion caused by the detrimental effect 

of CCl4. CFT also showed beneficial effects on free radical scavenging and suppressed CCl4-

induced hepatotoxicity by blocking the Cytochrome P450 2E1 (CYP2E1) enzyme activities 

that mediate the bioactivation of CCl4 (e.g. Lee et al., 2007; Hao et al., 2018).  

Another example of CFT efficacy was reported in a study by Kim et al. (2004), showing that 

the substance had anti-inflammatory effects on lipopolysaccharide (LPS)-induced 

macrophages producing inflammatory modulators. Levels of prostaglandin- 2 (PGE-2) and 

the expression of cyclooxygenase-2 enzymes (COX-2) were assessed as inflammatory 
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markers. The COX-2 is found in damaged cells and plays a role in inflammatory processes 

and carcinogenesis. The expression of COX-2 is quickly induced in many cell types by, for 

example, cytokines, mitogens (inducers of cell mitosis), including extrinsic antigens (e.g. 

LPS). High levels of PGE-2 synthesis by COX-2 in inflammatory cells is consistently 

reported to be a causative determinant linked to inflammation. Thus, suppression of COX-2 

activity and/or expression could inhibit the inflammatory processes in cells.  

Cafestol (2-20 M) significantly attenuated LPS-induced PGE-2 synthesis in macrophages. 

Correspondingly, the compound (2-10 M) also decreased LPS-induced COX-2 expression 

in macrophages, and at these concentrations, the compound did not induce cell toxicity. 

Additionally, CFT (2-20 M) had no toxic effects on cell viability. Similarly, the 

concentration of CFT used in our assay system also had no adverse effects on INS-1 cell 

viability. 

In human umbilical vein endothelial cells (HUVECs), another example of non-pancreatic 

cells, CFT was reported to inhibit cytokine-induced inflammatory mediator secretion via the 

inhibition of ROS production. This was associated with a reduction of mitogen-activated 

protein kinase (MAPK) phosphorylation, a known target in the inflammatory response and 

programmed cell death pathways (Hao et al., 2018).  

Based on the results in non-pancreatic tissues highlighted above, it is possible that CFT 

protects against pancreatic beta cell apoptosis in response to glucolipotoxicity through 

similar mechanisms, such as the reduction in oxidative stress and free radicals, the decrease 

in lipid peroxidation and MDA concentration, and the inhibition of inflammatory mediators. 

Besides these, the compound may stimulate antioxidant enzyme activities and provide anti-

inflammatory mediators. However, to confirm the effect of CFT on beta cell survival, 
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further in vitro studies using primary islets are required to investigate the underlying 

mechanisms of how CFT is involved in inhibiting beta cell apoptosis.  

5.5.1.2 Trigonelline and beta cell survival  

As described, the concentrations of TRG used in our present study were comparable to 

physiological levels (Bresciani et al., 2020), and at these concentrations, the compound did 

not exhibit any adverse effect on beta cell viability, similar to the findings of Arlt et 

al., (2012) using 0.01-10 M concentrations in pancreatic cancer cells. Additionally, TRG, a 

plant alkaloid, has been reported to have no toxic effects on both humans and animals 

compared to other medical substances (Qin et al., 2017; Nugrahini et al., 2020). TRG 

beneficially enhanced the number of viable beta cells in culture, as shown in our data and 

significantly attenuated elevated levels of apoptotic beta cells induced by high glucose and 

high palmitate. These positive effects may be related to the regulation of beta cell 

proliferation by, for instance, affecting activity or levels of three specific groups of cell cycle 

proteins, that is, cyclins, cyclin-dependent kinases and cyclin-dependent kinase inhibitors, 

that play an essential role in the maintenance of beta-cell proliferation under normal 

physiological conditions (Fatrai et al., 2006), or apoptosis in response to glucolipotoxicity.  

So far, there are a limited number of studies investigating the direct effects of TRG on 

pancreatic beta cell survival in response to glucolipotoxicity. Nam et al. (2015) studied the 

potential impact of TRG (10 M) alone and combined with CGA (10 M) on injured 

pancreatic islets of zebrafish. Alloxan (AX) was used to induce pancreatic islet injury and 

led to decreased pancreatic islet size as well as survival rate. However, the size and the 

survival rate of injured pancreatic islets were significantly enhanced after treatment with 

TRG. The researchers concluded that TRG had a regenerative effect on damaged pancreatic 
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islets in diabetes, and this effect was more effective when TRG was combined with CGA 

(Nam et al., 2015). Thus, reducing beta cell apoptosis by the compound in our study may be 

linked to a similar regenerative action. However, underlying mechanisms of this effect need 

to be investigated. As mentioned, in vitro models studying the role of TRG with regard to 

beta cell survival in response to cellular stress associated with T2D are sparse. Thus, the 

plausible mechanisms by which TRG decrease cell apoptosis may be suggested by published 

animal studies. 

As described in Chapter 1, the detrimental effect of cellular stressors such as high glucose 

and fatty acids levels is one of the main factors leading to beta cell apoptosis. It involves 

several mechanisms such as oxidative stress and ROS production, thus promoting activation 

of caspase-3 activity. Apoptosis is the final event of beta cell failure linked to diabetes and 

the associated mechanisms, such as apoptotic receptor signals, mitochondrial dysfunction 

and ER stress, eventually results in increased caspase-3 activity (Hui et al., 2004; Ghavami et 

al., 2009). Liu et al. (2018) found that islets isolated from STZ-induced diabetic mice 

exhibited augmented mitochondrial apoptotic signalling pathways with increased levels of 

effector caspase-3, indicating mitochondrial impairment. However, the isolated islets derived 

from STZ-induced diabetic mice treated with TRG (70mg/kg) for four weeks had 

significantly decreased quantities of cleaved caspase-3 positive beta cells in the diabetic islets 

(Liu et al., 2018), which was consistent with findings of another study in type 2 diabetic rats 

by Tharaheswari et al. (2014). 

Another possible mechanism is linked to lipid peroxidation. As described in Chapter 3, 

various mechanisms are involved in the impairment of beta cell mass and function in 

diabetes, including an increase in oxidative stress triggered by glucolipotoxicity, along with 

low capacities and expression of antioxidants in beta cells (e.g. Tanaka et al., 2002; Ma et 
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al., 2012; Stancill et al., 2019). Thus, concentrations of free radicals, including ROS are 

extremely high, leading to beta cell dysfunction, oxidative injury to cell membranes and 

increased sensitivity to lipid peroxidation (Haidara et al., 2006). Consequently, the 

concentrations of MDA (one of the products generated by lipid peroxidation) are raised in 

response to the high levels of free radicals (Stadler et al., 2008). The augmentation of lipid 

peroxidation in the diabetic pancreas is significantly higher compared to healthy rats 

(Stadler et al., 2008). Afifi and co-authors also found this adverse event in STZ-induced 

diabetic rats. However, administration of TRG (50 or 100mg/kg/day) for 14 days was found 

to attenuate MDA levels in the pancreas of the rats (Afifi et al., 2017). 

Furthermore, the excessive synthesis of free radical nitric oxide (NO) induced by STZ could 

lead to beta cell injury during the progression of diabetes (González et al., 2000). 

Additionally, inducible nitric oxide synthase (iNOS) is also involved in lipid peroxidation by 

generating hydroxyl radicals, including NO. Besides that, iNOS expression is associated with 

elevated production of free radicals in the diabetic pancreas (González et al., 2000; Stadler et 

al., 2008). TRG has been shown to modulate NO levels in the circulation and significantly 

reduce iNOS activity (Afifi et al., 2017; Stadler et al., 2008). However, the findings of 

Ogata et al. (2002) did not support an association between TRG at 10 M and lipid 

peroxidation as the substance did not have scavenging effects on hydroxyl radical groups. 

These are derived from iNOS and are involved in the initiation of lipid peroxidation in 

inflammatory cells/tissues (Ogata et al., 2002; Stadler et al., 2008).  

In addition, TRG has been found to enhance cellular antioxidant concentrations. As 

mentioned, levels of antioxidants in beta cells are low. Stadler et al. (2008) found depletion 

of antioxidants, either enzymes (SOD and CAT) or non-enzymes (GSH), in the pancreas of 

STZ-induced diabetic rats. Consequently, this event led to excessive free radicals and ROS 



Chapter 5 

   203 

concentrations, which caused lipid peroxidation in the diabetic pancreas (Stadler et al., 

2008). Zhou and colleagues (2011) also reported an increase of the radicals in STZ-induced 

diabetic rats fed on a high carbohydrate and high-fat diet. Administration of TRG 

(50mg/kg/day) for four weeks was shown to increase enzymatic antioxidant activities and 

enhance GSH content in the pancreas of the diabetic rats (Zhou et al., 2011). These findings 

were also supported by animal studies in type 2 diabetic rats by Tharaheswari et al. (2014) 

and Afifi et al. (2017). 

As described in Chapters 1 and 3, ER stress is involved in the molecular mechanism of beta 

cell apoptosis (Eizirik et al., 2008). The activation of ER stress is presented in several ways 

at cellular levels, including augmented expression of DNA damage-inducible transcript 3 

(Ddit3) gene (Ohoka et al., 2005). The Ddit3 is associated with beta cell apoptosis by, for 

example, inducing dephosphorylation and stimulating Eukaryotic initiation factor 2a (eIF2a) 

through increased expression of Growth arrest and DNA damage-inducible protein 34 

(GADD34). Up-regulation of Ddit3 mRNA was also found in pancreatic beta cells of type 2 

diabetic rats (Tharaheswari et al., 2014), indicating the contribution of ER stress in the cells. 

In contrast, administration of TRG (40mg/kg) for four weeks significantly decreased the 

levels of  Ddit3 mRNA in diabetic rats induced by STZ and a high-fat diet (Tharaheswari et 

al., 2014). 

Based on the data above, it could be suggested that TRG has anti-apoptotic potential by 

various possible mechanisms such as reducing oxidative stress and free radicals, decreasing 

lipid peroxidation and MDA concentration, and attenuating NO levels and iNOS expression. 

Besides, it may stimulate both enzymatic and non-enzymatic antioxidant activity and levels. 
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Our results suggest that TRG may play a role in reducing the risks of the development of 

T2D by reducing pancreatic beta cell apoptosis in response to glucolipotoxicity, which is 

beneficial for the treatment and prevention of T2D. To confirm the effect of TRG on beta 

cell survival, further in vitro studies using clonal beta cell lines and islets are needed, with 

specific measurement of changes in oxidative stress, levels of free radicals, lipid 

peroxidation, iNOS expression and cellular antioxidant activity and levels.  

5.5.2 Effect of CFT and TRG on stimulus-induced insulin secretion from INS-1 beta 

cells or mouse islets 

5.5.2.1 CFT and stimulus-induced insulin secretion 

It was further explored whether the protective effect of CFT on beta cell survival may also 

beneficially affect pancreatic beta cell secretory function. However, in our experimental 

models, CFT at the observed concentrations alone did not alter stimulus-induced insulin 

secretion from either INS-1 beta cells or mouse islets. Thus, our finding does not conform to 

a stimulatory effect of CFT on glucose-induced insulin secretion found in previous studies 

(Mellby et al., 2015; Mellbye et al., 2017). As mentioned, there has been limited evidence 

exploring the potential effect of CFT on glucose-stimulated insulin secretion (GSIS) in 

pancreatic beta cell or islets. To our knowledge, a study conducted by Mellbye and colleagues 

(2015) was claimed as the first in vitro study investigating the effect of cafestol on GSIS in 

clonal beta cell lines (INS-1E cells). In this study, acute (1hr) - and chronic treatment (72hr) 

with CFT at concentrations ranging 10nM-1M and 0.1nM-10nM, respectively, significantly 

enhanced GSIS from the beta cells. However, they did not further investigate underlying 

biological mechanisms of how CFT improved insulin secretory function in response to 

glucose from the beta cells (Mellbye et al., 2015). The study also showed that CFT 
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significantly enhanced glucose uptake in skeletal muscle cells, similar to the effect of 

rosiglitazone, an antidiabetic drug. It is therefore likely that CFT plays a more important role 

in enhancing insulin sensitivity in insulin targeted cells/tissues rather than increasing insulin 

release from pancreatic beta cells. 

In contrast, our acute and pre-treatment insulin secretion results showed that CFT did not 

modify insulin secretion from both INS-1 cells and islets. Possible explanations of 

inconsistent outcomes of CFT might be described as a difference in the level of glucose used 

(16.7 mM versus 20 mM glucose). In the study by Mellbye et al. (2015), CFT increased GSIS 

from the beta cells in response to glucose at 16.7 mM, but the compound may not be capable 

of exerting GSIS from the cells in response to a higher level at 20mM found in our current 

study.  

In addition, in terms of pre-treatment effect of the compound, one possible explanation might 

be associated with differences in incubation time. We incubated the cells in the presence of 

the compound for 48 hr, while the cells were exposed to the compound for 72 hr in the study 

by Mellbye et al. (2015). This could be suggested that prolonged exposure of the cells to CFT 

may positively affect cell mass/viability during the incubation, and this may remain and 

exhibit direct or indirect effects on beta cell insulin secretory function (Mellbye et al. 2015). 

It is, therefore, possible that 48 hr incubation time used in our present study was not long 

enough to observe this positive effects of the compound on GSIS. Another explanation may 

be linked to differences in the concentrations of CFT used. Mellby et al. did not use CFT at 

1 M, but only 0.1 and 10 nM were used when they demonstrated pre-treatment insulin 

secretion studies, while we used a higher level of CFT at 1 M, which might affect the 

outcomes when combined with a more extended incubation time. To confirm this 

explanation, other further in vitro studies might be needed. 
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Taken all together, it may be concluded that our study findings do not support the hypothesis 

that CFT improve insulin secretion from pancreatic beta cells/islets. Additionally, this may 

be suggested that further islet/cell culture studies exploring the direct effect of CFT on GSIS 

may be needed to be investigated again by using a lower level of glucose and the compound 

prior to conducting further in vivo studies. Moreover, in the context of pre-treatment insulin 

studies, 72 hr incubation time may be used.  

5.5.2.2 TRG and stimulus-induced insulin secretion 

In addition to CFT, our study also found that TRG alone or combined with CFT did 

not enhance or inhibit stimulus-induced insulin secretion from both INS-1 cells and the islets 

at the observed concentrations.  

As previously mentioned, evidence of direct effects of TRG on GSIS in either clonal beta 

cells or islets is limited. So far, Mellbye and co-authors (2015) investigated whether acute or 

pre-treatment with TRG (0.1 nM-1 M) affected GSIS in INS-1E cells. Results from this 

study were similar to our findings with no observed effects on insulin release. A plausible 

explanation of this finding might be that TRG is involved in alternative pathways which 

indirectly affect GSIS, for example, via stimulation of Glucagon-like peptide-1 (GLP-1) 

expression in the gastrointestinal tract. This was suggested by Zhou and co-authors in a 

diabetic animal model (Zhou, Zhou and Zeng, 2013). 

Zhou et al. found that treatment with TRG (50mg/kg/day for four weeks) enhanced 

pancreatic insulin content in an animal model, where type 2 diabetes was induced by STZ-

injections combined with a high fat high carbohydrate diet in Wistar rats (Zhou, Zhou and 

Zeng, 2013), suggesting a role for TRG in the regulation of insulin biosynthesis rather than 

secretion. However, the researcher did not mainly focus on how TRG increased insulin 
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content in the pancreas but rather enhanced GLP-1 concentrations and improved insulin 

sensitivity (Mellbye et al., 2015, Zhou, Zhou and Zeng, 2013). However, the findings of our 

study could not be compared to this in vivo study as our study investigated the secretory 

capacity of beta cells and islets in vitro without possible interaction with incretin hormones 

such as GLP-1. Thus, indirect action would not be detected in our chosen experimental 

model, but further studies may be required. 

In a recent year, Shah et al. (2021), as previously described in Chapter 4 (4.5.2),  also 

investigated the effect on insulin secretion of pre-treatment with nicotinamide (NM), one of 

the key precursor compounds of TRG in STZ-induced diabetic rats. The researchers did not 

find NM-induced insulin secretion, which is believed that NM alone might not alter the 

ERK1⁄2 signalling pathway as reported in this research model (Shah et al., 2021). 

Therefore, our findings are supported by the results from the previous in vitro and in vivo 

studies outlined above (Mellbye et al., 2015; Shah et al., 2021). In contrast these findings do 

not support the hypothesis that TRG at observed concentrations, both alone and in 

combinations with CFT promote insulin secretion induced by stimulus from both pancreatic 

beta cells and mouse islets.  

Given the results from Chapter 4, where we found an increase in cell viability, we 

hypothesised that the presence of either more healthy cells or maybe a higher number of cells 

was translated into improved secretion when the cells had been pretreated with CGAs and 

metabolites. Therefore, we would expect the same outcome in Chapter 5 in response to CFT 

and TRG because these two compounds also improved ATP levels, however, that was not 

the case for both cell viability and insulin content. However, it could be noted that 

experimental parameters such as incubation times are different between ATP assays and 
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insulin secretion assays, particularly with regard to acute secretion. Thus, further 

investigation exploring the direct effect of the compounds on ATP levels associated with the 

insulin secretion may be required. 

 

5.6 Summary 

The findings of this present study provide evidence that treatment with bioactive compounds 

from coffee, CFT and TRG, both alone and in combination, directly improve viability of a 

clonal beta cell line under non-stressed conditions. Additionally, co-or pre-treatment with 

CFT and TRG significantly exhibited a pro-survival effect on cell apoptosis by lowering the 

levels of beta cell apoptosis in response to high levels of glucose and palmitate, a condition 

of glucolipotoxicity that would lead to the development of T2D. This suggests that the 

reduction in the risks of the development of T2D by decaffeinated coffee consumption may 

partly result from the pro-survival effect of CFT and TRG, alone and combined, on beta cell 

survival, which is beneficial for the management and prevention of the progression of T2D. 

However, the findings do not suggest that this beneficial impact of the compounds extends 

to the regulation of glucose/stimulus-stimulated insulin secretion from both a clonal beta cell 

line and primary mouse islets in our experimental models. 
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6.1 Introduction 

Thus far, caffeinated and decaffeinated coffee consumption is consistently shown to reduce 

the risks of type 2 diabetes (T2D), which is more effective in decaffeinated coffee than 

caffeinated. As previously described, non-caffeinated coffee components such as trigonelline 

(TRG), cafestol (CFT) and chlorogenic acids (CGAs) have been reported to provide 

antidiabetic effects related to glucose metabolism in in vivo and in vitro studies, while their 

roles in the direct regulation of pancreatic  beta cell mass and secretory function are less 

studied. In addition, any reported effects have mainly been attributed to individual bioactive 

coffee components in either in vitro or ex vivo models, although the compounds are found in 

coffee as a mix. Little is known about the potential impact of a mixture of each coffee 

derivative, e.g. CGAs and their metabolites, TRG and CFT, on the regulation of  beta cell 

mass and function 

In addition, our previous findings in Chapter 4 highlighted that specific combinations of CGA 

compounds provided beneficial effects on INS-1 beta cell survival and insulin secretory 

function. A combination of CFT and TRG enhanced  beta cell viability and protected  beta 

cell apoptosis against elevated glucose and high fatty acid levels in INS-1 beta cells, as 

described in Chapter 5. Therefore, this current study directly investigated the effects on the 

cell survival and function of combining the major non-caffeinated coffee compounds: CGAs 

(caffeic acid (CA), ferulic acid (FA) and some of their metabolites), CFT and TRG. 

In addition to the rationale above, detrimental effects of high glucose and free fatty acids 

have been reported to cause  beta cell apoptosis through several pathways such as activation 

of endoplasmic reticulum (ER) stress and oxidative stress that link to alteration of gene 

expression ER and oxidative stress contribute to  beta cell failure in T2D, and parts of the 
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stress signals are mediated via changes in gene expression in beta cells. Thus, several ER and 

oxidative stress-responsive genes are involved in the regulation of  beta cell death, including 

DNA-damage-inducible transcript 3 (Ddit3) (Marchetti et al., 2007; Laybutt et al., 2007), 

thioredoxin interacting protein (Txnip) (Oslowski et al., 2012) and heme oxygenase 1  

(Hmox-1) (Theys et al., 2009). 

Ddit3 gene is the encoding gene for CCAAT-enhancer-binding protein homologous protein 

(CHOP). This protein is a pro-apoptotic transcription factor, and it functions as a dominant-

negative inhibitor preventing DNA binding activity. The protein plays a role in cellular stress 

sensitivity, as indicated in Chapter 1 (Marchetti et al., 2007; Laybutt et al., 2007). 

Additionally, Txnip is a gene encoding the thioredoxin-binding protein. Thioredoxin is a 

thiol-oxidoreductase that is a major regulator of cellular redox signalling, which defends cells 

against oxidative stress. This thioredoxin-binding protein suppresses the antioxidant activity 

of thioredoxin, resulting in the accumulation of reactive oxygen species (ROS) and cellular 

stress. The protein also acts as a regulator of cellular metabolism and of endoplasmic 

reticulum (ER) stress (Chen et al., 2008). Another report shows that Txnip expression is 

increased by ER stress in human islets (Oslowski et al., 2012). Another gene, Hmox-1, is 

consistently reported to be involved in oxidative stress-induced  beta cell death, although its 

signal is relatively weak. The Hmox-1 gene is believed to be essential for defence against 

oxidative stress (Theys et al., 2009). To date, there is very limited data available on the direct 

impact of the selected coffee compounds alone and in combination on the beta cell expression 

of the stress-responsive genes highlighted above. 

In the reviewed literature, the effect of individual coffee compounds on stress-induced gene 

expression has been related indirectly to Hmox-1 and only in non-beta cells. Similarly, 

some in vitro studies suggested that FA (in lymphocyte cells, Ma et al., 2011) and CFT (in 
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endothelial cells, Hao et al., 2018) might induce Hmox-1 expression mainly through 

activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) pathways linked to 

resistance of oxidant stress (Balstad et al., 2011; Higgins et al., 2008; Ren et al., 2019). 

However, FA was found to have a dual impact on the stimulation of Nrf2 depending on the 

activation of extracellular regulated kinase (ERK). Thus, the effects of FA on Hmox-

1 expression remain unclear (Ma et al., 2011). Another interesting report suggested that 

caffeic acid phenethyl ester (CAPE) found in honey bee propolis, curcumin and also in coffee 

(Wang et al., 2020) significantly enhanced Hmox-1 gene expression in non-beta cells 

(porcine renal epithelial proximal tubule cells (LLC-PK1) and rat kidney epithelial cells 

(NRK-52E)) after the cells were exposed to a stressor such as hydrogen- peroxide (Balogun 

et al., 2003, Shi et al., 2018, Fratantonio et al. 2017).  

In light of these findings, the present study, thus, additionally aimed to investigate the 

potential effect of specific coffee compounds; in particular a combination of CA, FA and 

some of their metabolites, TRG and CFT, on the expression of cellular stress-responsive 

genes such as Hmox-1, Txnip and Ddit3 following exposure of clonal beta cells to 

glucolipotoxicity.  
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6.2 Aims of the study 

6.2.1 To investigate whether the combination of selected non-caffeinated coffee components; 

CGAs (caffeic (CA) and ferulic acids (FA)), selected CGA metabolites (dihydroferulic acid 

(diFA), ferulic acid-4-O-sulphate (FA-4-OS) and dihydrocaffeic acid-3-O-sulphate (diCA-

3OS)), cafestol (CFT) and trigonelline (TRG) directly modulate pancreatic beta cell viability 

under basal conditions in INS-1 beta cells. 

6.2.2 To assess whether these specific combinations have a pro-survival effect on beta cell 

apoptosis induced by physiologically high concentrations of glucose and palmitate in INS-1 

beta cells. 

6.2.3 To evaluate whether the specific combinations potentially modify clonal INS-1 beta 

cell function with particular focus on insulin secretion.  

6.2.4 To investigate whether the combinations highlighted above are implicated in alteration 

of specific mRNA expression of Hmox-1, Txnip and Ddit3 in clonal INS-1 beta cells. 
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6.3 Methods  

6.3.1 Reagent preparation 

Whether in studies of cell viability, apoptosis and insulin secretion or qPCR assessment in 

INS-1 beta cells, the following non-caffeinated coffee substances were used for the studies; 

CA (Sigma-Aldrich, UK), FA (Sigma-Aldrich, UK), diFA (Carbosynth, UK), FA-4OS 

(Carbosynth, UK) and diCA-3OS (2BScientific Ltd., UK). A stock solution at 10mM of each 

substance was prepared by dissolving in absolute ethanol (EtOH). A concentration of 100 

nM CA, FA or the three metabolites was used in this study. The CGA stocks were diluted (1 

in 100) in EtOH to prepare 100 M of each aliquot of the compounds. Consequently, the 

aliquot was used for each experiment by diluting (1 in 1,000) in supplemented RPMI-1640 

medium (2% or 10%FBS with 11mM glucose) or a physiological salt solution to reach a final 

concentration of 100 nM.  

In addition to the CGA derivatives, 1 M of CFT and TRG was selected for the following 

experiments as there were not any significant differences in cell viability between cells co-

treated with 1, 3 and 5 M CFT+TRG or in cell apoptosis between cells pre-treated with 

these specific combinations. Moreover, the protective effect of co-treatment with 1 M 

CFT+TRG or 3 M CFT+TRG on INS-1 cell apoptosis was more effective than 5 M 

CFT+TRG, while there was not a statistically significant change in cell apoptosis between 

cells co-treated with 1 and 3 M of CFT+TRG. 

To make up 10 mM of CFT (Sigma-Aldrich, UK) and TRG (Sigma-Aldrich, UK) stock 

solution, CFT and TRG were dissolved in dimethyl sulfoxide (DMSO) and diH2O, 
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respectively, and the stocks were diluted (1 in 10,000) in supplemented RPMI-1640 medium 

(2% or 10%FBS) or physiological salt solution to reach a final concentration at 1μM. 

The supplemented RPMI-1640 medium (2% FBS) was used to represent basal, non-stressed 

conditions for assessing cell apoptosis. Additionally, 20 mM glucose + 0.25 mM palmitate 

was applied to represent a condition of glucolipotoxicity associated with the development of 

T2D and was prepared as described in 4.3.1. 

 6.3.2 Measurement of cell viability in INS-1 beta cells 

As described, this study used ATP cell viability assays (CellTiter-Glo®, Promega, UK) to 

explore the effect of short-or prolonged-treatment with the observed combinations of selected 

CGA derivatives at 100 nM, 1 μM CFT and 1 μM TRG on  beta cell viability by measuring 

ATP contents of viable cells as indicated in 2.4. Initially, INS-1 cells were seeded at a density 

of 5,000 cells/well in white 96-well plates and pre-incubated with 200 μl supplemented 

RPMI-1640 medium (containing 10%FBS and 11 mM glucose) for 24 hr at 37 C, O2 95% 

and 5% CO2. The media was then replaced with 200 μl of the supplemented medium (10% 

FBS with 11 mM glucose) with or without each selected compound alone, and in specific 

combinations, as follow: 

1. A mixture of all of the selected CGA derivatives 

2. CFT and TRG combined 

3. A combination of all of the observed coffee compounds 
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The plates were then incubated at 37 C, O2 95% and 5% CO2 for 20 and 48 hr, respectively. 

Eventually, the plate was read on a luminometer (Promega GloMax®) as described in Chapter 

2 (2.4). 

6.3.3 Measurement of cell apoptosis in INS-1 beta cells 

To explore whether co-or pre-treatment with the specific combination of CA, FA and the 

selected metabolites, CFT and TRG, could beneficially affect  beta cell apoptosis in response 

to elevated levels of glucose and palmitate, caspase-3 and-7 activities were measured using 

Promega Caspase-Glo kits as described in 2.5. The assessment of  beta cell apoptosis was 

conducted following exposure to 20 mM glucose and 0.25 mM palmitate. The solution of 20 

mM glucose + 0.25 mM palmitate was freshly made, as indicated below. INS-1 beta cells 

(5,000 cells/well) were incubated in normal cell culture medium for 24 hr. To investigate the 

effects of co-treatment, the cells were subsequently co-incubated in 20 mM glucose and 0.25 

mM palmitate with or without 100 nM of selected CGA compounds, 1 μM CFT and 1 μM 

TRG, alone and combined for 20 hr. In order to measure pre-treatment effects of the 

compounds, INS-1 cells were later pre-treated with the selected coffee compounds alone or 

in the combinations under basal conditions for 48 hr followed by exposure to 20 mM glucose 

and 0.25 mM palmitate with or without the compounds for 20 hr. The plate was subsequently 

processed and read on the luminometer as indicated in 2.5. 

6.3.4 Static insulin secretion in INS-1 beta cells 

To measure whether the combination of CA, FA and the selected metabolites, CFT and TRG 

potentially affect the secretory function of clonal beta cells, studies of static insulin secretion 

with INS-1 cells were carried out as indicated in 2.6.1, and the secretion was measured in 

response to 20 mM glucose, forskolin (FSK, 10 μM) and 3-isobutyl-1-methylxanthine 
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(IBMX, 100 μM) combined, with or without the presence of chosen compounds. 

Radioimmunoassay was conducted to assess insulin content in each testing sample as 

indicated in 2.6.4. 

6.3.5 Gene expression assessment 

Possible effects of the specific combinations of each selected coffee derivative on mRNA 

expression of Hmox-1, Txnip and Ddit3 in clonal INS-1 beta cells were assessed using the 

quantitative real-time polymerase chain reaction (qRT-PCR) technique as indicated in 

section 2.7. 

As described in 2.7.1, in order to prepare RNA samples, INS-1 cells were cultured in 20 mM 

glucose and 0.25mM palmitate with or without the specific combinations of the selected 

coffee compounds for 20 hr. As a control, cells were also incubated in supplemented RPMI-

1640 medium (containing 2% FBS and 11mM glucose) only. The cells were subsequently 

harvested at 70-80% confluency following basal cell culture maintenance and then lysed for 

RNA extraction as described in 2.7.1. RNA extraction, quantification of RNA concentration 

and cDNA reverse transcription were carried out as indicated in 2.7.1- 2.7.3. Quantitative 

polymerase chain reaction (qPCR) analysis was then performed using the StepOnePlusTM 

Real-time PCR System (Applied BiosystemsTM, UK) and the QuantiFast SYBR Green PCR 

Kit with forward and reverse primers for Heme oxygenase 1 (Hmox-1, Sigma-Aldrich, gene 

ID: 24451), Thioredoxin-interacting protein (Txnip, Sigma-Aldrich, gene ID: 117514) and 

DNA-damage-inducible transcript 3 (Ddit3, Sigma-Aldrich, gene ID:29467) as indicated in 

table 6.1. Data were analysed using the ΔΔCT method where the observed gene was 

expressed relative to the house-keeping gene Peptidylprolyl Isomerase A (Ppia, Sigma-

Aldrich, gene ID: 25518, Table 6.2). 
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Gene Primer sequence T annealing 

(°C) 

Hmox1 FR1_CCTGGTTCAAGATACTACCTC 

RR1_ACATGAGACAGAGTTCACAG 

60 

 

Txnip FR1_CGTCAATACTCCTGACTTCCTG 

RR1_AAATGTCATCACCTTCACAG 

60 

 

Ddit3 FR1_GGAAACGAAGAGGAAGAATC 

RR1_ATAGAACTCTGACTGGAATCTG 

60 

Table 6.1 Primers (Sigma-Aldrich, UK). 

 

 

Gene Primer sequence PCR 

product 

(bp) 

T 

annealing 

(°C) 

Ppia FR1_GTGTTCTTCGACATCACG 

RR1_AAGTTTTCTGCTGTCTTTGG 

83.56 

 

60 

 

Table 6.2 Primers for house-keeping genes (designed in-house) (Sigma-Aldrich, UK). 
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6.4 Results 

6.4.1 Effect of combined coffee compounds on beta cell viability  

According to our previous results in experimental studies of the effects of selected CGAs and 

their metabolites on INS-1 beta cell viability under normal cell culture conditions (see 

Chapter 4), 100 nM CA, FA, diCA-3OS, diFA and FA-4OS, individually and in the 

combinations were found to increase beta cell viability. This effect was also observed in INS-

1 beta cells after treatment with 1 M of CFT and TRG alone and combined (Chapter 5). To 

test whether all these selected coffee components still improved beta cell viability once they 

were mixed, INS-1 beta cells were co-treated with each compound alone and in the specific 

combinations as indicated (Fig. 6.1 A-B) under normal cell culture conditions, for 20 and 48 

hr, respectively. After 20 hr co-treatment with 100 nM CA, FA, diFA, FA-4OS and diCA-

3OS, 1M CFT and 1M TRG significantly increased INS-1 cell viability by 6% (p<0.001), 

5% (p<0.01), 7% (p<0.0001), 9% (p<0.0001) and 11% (p<0.0001), 5% (p<0.01) and 6% 

(p<0.001), respectively compared to a control, untreated conditions (11 mM glucose, n=5, 

Fig. 6.1A). Additionally, the specific combinations; 1) 100 nM of the five CGA compounds, 

2) the mixture of 1M CFT and 1M TRG and 3) the cocktail of all selected coffee 

compounds also enhanced the viability by 7.5%, 8% and 13% significantly (at all three 

combinations; p<0.0001 versus 11 mM glucose). 

The cocktail of all the coffee components promoted INS-1 cell viability and was significantly 

more potent than each compound except for diCA-3OS (CA, FA, diFA; p<0.0001, FA-4OS; 

p<0.05, CFT and TRG; p<0.0001 versus 11 mM glucose + all compounds combined) or the 

specific mixtures; 1) 100 nM of all of the selected coffee CGA compounds and 2) 1 M CFT 
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and 1 M TRG combined (all CGAs; p<0.001, and CFT+TRG; p<0.01 versus 11 mM 

glucose + all compounds combined; Fig. 6.1A).  

Similarly, the viability of INS-1 beta cells was also increased by 9%, 12%, 14%, 16%, 15%, 

8% and 14% after prolonged treatment (48 hr) with CA, FA, diFA, FA-4OS, diCA-3OS, CFT 

and TRG alone, respectively (all treatments; p<0.001 versus 11 mM glucose). This change 

was also detected after INS-1 cells were treated with each specific combination. The mixture 

of all of the selected CGA derivatives, CFT+TRG, and all of the selected coffee compounds 

significantly increased INS-1 cell viability by 15%, 16% and 17%, respectively (all three 

combinations; p<0.001 versus 11 mM glucose). The cell viability enhanced by the cocktail 

of all compounds was significantly higher than CA, FA and CFT only (CA and CFT; 

p<0.0001, and FA; p<0.05 versus 11 mM glucose + all selected coffee compounds combined; 

Fig. 6.1B). However, there was no statistically significant difference in INS-1 cell viability 

between the three specific combinations (Fig. 6.1B). 
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Figure 6.1 INS-1 cell viability after treatment with combined coffee compounds under 

normal tissue culture conditions. INS-1 cells were co-incubated in supplemented RPMI-

1640 (10% FBS, 11 mM glucose (GLU)) with or without the observed compounds, alone 

and combined at given concentrations for 20 (panel A) and 48 hr (panel B). Cell viability 

was assessed by measuring ATP content. Results are shown as Mean ± SEM, one experiment 

representative of three separate experiments (n=5). One-Way ANOVA with Bonferroni’s 

post hoc test, **p<0.01, ***p<0.001 and ****p<0.0001 compared to a control (11mM GLU), 

and #p<0.05, ##p<0.01, ###p<0.001 and ####p<0.0001, ns = not significant p>0.05 compared to 

11mM GLU+ all selected coffee compounds combined. 
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6.4.2 Effect of combined coffee compounds on beta cell apoptosis in response to high 

glucose and palmitate 

In order to test whether co- or pre-treatment with the cocktail of the selected coffee 

compounds could protect INS-1 beta cells against high glucose and palmitate-induced cell 

apoptosis, a measurement of caspase-3 and-7 activity was performed. A supplemented RPMI 

medium containing 2% FBS and 11mM glucose was used as the basal condition for 

measuring the effects of 20 mM glucose and 0.25 mM palmitate combined with respect to 

induction of  beta cell apoptosis.  

6.4.2.1 Effect of co-treatment with combined coffee compounds on beta cell apoptosis in 

response to high glucose and palmitate 

After INS-1 beta cells were exposed to 20 mM glucose and 0.25 mM palmitate for 20 hr, 

levels of apoptotic beta cells were significantly increased compared to normal control 

(p<0.001 versus 11mM glucose). However, cell apoptosis induced by high glucose and 

palmitate was attenuated by individual co-treatment with 100 nM of CA, FA, diFA, FA-4OS 

and diCA-3OS, 1 M CFT, and 1 M TRG by 18%, 19%, 25%, 17%, 32%, 20% and 15%, 

respectively (all treatments, except for TRG; p<0.0001, and TRG; p<0.001 versus 20 mM 

glucose + 0.25 mM palmitate; Fig. 6.2), and was consistent with outcomes reported in 

Chapters 4  and 5 (Fig. 4.8 and 5.2). Furthermore, the decrease in INS-1 cell apoptosis in 

response to the mixture of CA, FA and their selected metabolites, and the combination of 

CFT and TRG found in Chapters 4  and 5 were also similarly observed here (Fig. 6.2). In 

addition to these effects, the cocktail of all selected components further reduced  beta cell 

apoptosis by 45% as well (Fig. 6.2). 
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Regarding our interest, a comparison of the effect on cell apoptosis of the cocktail of all 

components was measured. The attenuating effect of the cocktail was more potent than each 

selected coffee derivative significantly (100 nM CA, FA, diFA and FA-4OS; p<0.0001, 100 

nM diCA-3OS; p<0.01, 1M CFT and 1M TRG; p<0.0001, versus 20mM glucose + 

0.25mM palmitate + all compounds combined; Fig.6.2). In addition, the effect of the cocktail 

was significantly more effective than other specific combinations; 100nM of the selected 

CGA derivatives or 1M CFT + 1M TRG (both combinations; p<0.0001 versus 20mM 

glucose + 0.25mM palmitate + all compounds combined; Fig. 6.2). 

 

Figure 6.2 Co-treatment (20 hr) effect of combined coffee compounds on beta cell 

apoptosis. INS-1 beta cells were exposed to 20 mM glucose (GLU) and 0.25 mM palmitate 

(PAL) with and without the compounds of interest at given concentrations alone and 

combined for 20 hr. Cell apoptosis was detected by assessment of caspase-3 and-7 activity. 

Results are shown as Mean ± SEM, one experiment representative of three separate 

experiments (n=5). One-Way ANOVA with Bonferroni’s post hoc test, ***p<0.001 and 

****p<0.001 compared to 20mM GLU+0.25mM PAL, and ##p<0.01 and ####p<0.0001 

compared to 20 mM GLU+0.25 mM PAL+ all selected coffee compounds combined.  
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6.4.2.2 Effect of pre-treatment with combined coffee compounds on  beta cell apoptosis 

High levels of glucose and palmitate significantly increased cell apoptosis compared to the 

normal control (p<0.0001, versus 11 mM glucose only; Fig. 6.3). However, 48 hr pre-

treatment with the observed compounds alone led to a reduction in elevated levels of cell 

apoptosis induced by high glucose and palmitate levels (Fig. 6.3). Similarly, the attenuation 

of high glucose and palmitate-induced INS-1 cell apoptosis was also detected after prolonged 

treatment (48 hr) with the specific combinations of the observed compounds as indicated 

(Fig. 6.3). The cocktail of all compounds showed significantly more attenuating effect on 

cell apoptosis than each compound, except for 100 nM diCA-3OS and 1M CFT, (CA and 

FA; p<0.05, diFA and FA-4OS; p<0.001, 1M TRG; p<0.05 versus 20 mM glucose + 0.25 

mM palmitate + all compounds combined; Fig. 6.3). Additionally, the cocktail decreased cell 

apoptosis more effectively than other mixtures of the compounds; 100 nM of all selected 

CGA compounds or the combination of 1 M CFT and 1 M TRG (p<0.01 and p<0.05 versus 

20 mM glucose + 0.25 mM palmitate + all compounds combined, respectively; Fig. 6.3). 
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Figure 6.3 The pre-treatment (48 hr) effect of combined coffee compounds on beta cell 

apoptosis. INS-1  beta cells were pre-cultured in 11 mM glucose for 48 hr with or without 

the presence of the compounds, alone and combined. The cells were subsequently exposed 

to 20 mM glucose (GLU) + 0.25 mM palmitate (PAL) with or without the compounds 

followed by measurement of caspase 3/7 activity. Results are shown as Mean ± SEM, one 

experiment representative of three separate experiments (n=5). One-Way ANOVA with 

Bonferroni’s post hoc test, **p<0.01 and ****p<0.001 compared to 20 mM GLU+0.25 mM 

PAL, and #p<0.05, ##p<0.01, ###p<0.001 and ns = not significant p>0.05 compared to 20 mM 

GLU+0.25 mM PAL+ all selected coffee compounds combined. 

 

6.4.3 Effect of combined coffee compounds on insulin secretion from INS-1 beta cells  

6.4.3.1 Acute effect on insulin secretion from INS-1 beta cells 

In order to explore the effect of the cocktail of all selected coffee compounds on insulin 

secretion from INS-1 beta cells, a series of static insulin secretion experiments followed by 
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radioimmunoassays were carried out. Exposure to 20 mM glucose, 10 M FSK and 100 M 

IBMX combined significantly increased insulin secretion from INS-1 beta cells (n=5, p<0.05 

versus 2mM glucose; Fig. 6.4) and this group was used as a control in the measurement of 

stimulated insulin secretion in response to combinations of the coffee compounds. 

Results showed that 100 nM CA (p<0.001) and the cocktail of all selected coffee compounds 

(p<0.0001) significantly enhanced the secretion stimulated by glucose (+ FSK and IBMX) 

from INS-1 beta cells (p<0.001, p<0.0001 versus 20 mM glucose+10 M FSK+100 M 

IBMX,  respectively, n=5, Fig. 6.4). Results also showed that there was a trend towards 

higher insulin secretion induced by glucose (+FSK and IBMX) from INS-1 cells after acute 

treatment with the cocktail compared to CA, but this was no statistically significant 

differences (p>0.05, n=5, Fig. 6.4).  
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Figure 6.4 The acute effect of combined coffee compounds on insulin release from INS-

1 beta cells. Cells were incubated for 48 hr. After that, the cells were pre-incubated with 2 

mM glucose (GLU) for 2 hr followed by 20 mM GLU+10 μM FSK+100 μM IBMX with or 

without the compounds, alone and combined as indicated for 1 hr. Insulin content of the 

supernatants were measured by in-house radioimmunoassay. Results are shown as Mean 

± SEM, one experiment representative of three separate experiments (n=5). One-Way 

ANOVA with Bonferroni’s post hoc test, *p<0.05, ***p<0.001, ****p<0.0001 versus 20 

mM GLU+10M FSK+100M IBMX, ns = not significant, p>0.05 versus 20 mM GLU+10 

M FSK+100 M IBMX+ all selected coffee compounds combined. 

 

6.4.3.2 Insulin secretion from INS-1 beta cells following pre-treatment with combined coffee 

compounds  

To explore whether pre-treatment with a combination of the selected coffee compounds could 

have a beneficial effect on insulin secretion from INS-1 beta cells in addition to the effects 

observed previously, a series of static insulin secretion experiments followed by 
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radioimmunoassay was conducted. Results showed that insulin release from cells incubated 

in 20 mM glucose (with FSK+IBMX) was significantly increased (n=5, p<0.001 versus 2 

mM glucose; Fig 6.5).  

Results from all three independent experiments consistently showed that treatment either 

with the cocktail of all compounds or the mixture of the selected coffee CGA derivatives did 

significantly increase stimulus-induced insulin secretion from INS-1 beta cells (n=5, 

p<0.0001 and p<0.001 versus 20 mM glucose+10 M FSK+100 M IBMX, respectively; 

Fig. 6.5). However, no statistically significant difference was observed between the two 

treatment groups (n=5, p>0.05, Fig. 6.5).  
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Figure 6.5 Insulin secretion from INS-1 beta cells following pre-treatment with CA, FA, 

selected CGA metabolites, CFT and TRG. INS-1 beta cells were pretreated with or without 

the compounds, alone and combined as indicated for 48 hr. Subsequently, the cells were pre-

incubated with 2 mM glucose (GLU) for 2 hr followed by 20 mM GLU+10 μM FSK+100 

μM IBMX as indicated for 1 hr. Insulin contents were measured by in-house 

radioimmunoassay. Results are shown as Mean ± SEM, one experiment representative of 

three separate experiments (n=5). One-Way ANOVA with Bonferroni’s post hoc test, 

***p<0.001 and ****p<0.0001 versus 20 mM GLU+10 M FSK+100 M IBMX, ns = not 

significant p>0.05 versus 20 mM GLU+10 M FSK+100 M IBMX+ all selected coffee 

compounds combined. 

 

6.4.4 Combined coffee compounds and expression of Hmox-1, Txnip and Ddit3 genes in 

INS-1 cells 

To explore and understand possible mechanisms by which the cocktail of the selected coffee 

compounds protects against  beta cell apoptosis induced by elevated glucose and palmitate 

levels, measurement of stress-responsive gene expression was conducted by qPCR. In 
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particular, the mRNA expression levels of genes coding for specific proteins involved in beta 

cell apoptosis were explored: Hmox-1, Txnip and Ddit3 genes 

6.4.4.1 Hmox-1 mRNA expression   

As shown in figure 6.6 A-B, there was a trend towards higher levels of Hmox-1 mRNA after 

INS-1 beta cells were exposed to 20 mM glucose and 0.25 mM palmitate compared to normal 

control, although this was not a statistically significant change and this trend was not reversed 

by co-treatment with the observed compounds. 

6.4.4.2 Txnip mRNA expression   

Additionally, after the cells were exposed to 20 mM glucose+0.25 mM palmitate, there was 

a trend towards up-regulation of Txnip mRNA, but this was not statistically significant (n=4, 

p=0.3406 versus 11mM glucose; Fig. 6.7A). Results also showed that co-treatment with the 

indicated treatments did not alter Txnip gene expression in response to high levels of glucose 

and palmitate when expressed relative to the normal control (Fig. 6.7A). However, when 

comparisons between levels of Txnip mRNA in cells treated with each indicated treatment 

and the stressed control (20 mM glucose + 0.25 mM palmitate) were observed, a significant 

reduction of the mRNA levels in cells treated with the mixture of the selected CGAs or the 

cocktail of all chosen coffee compounds were detected (p<0.001 and p<0.01 versus 20 mM 

glucose + 0.25 mM palmitate, respectively; Fig 6.7B). 

6.4.4.3 Ddit3 gene expression 

Exposure of INS-1 beta cells to 20 mM glucose + 0.25 mM palmitate led to an up-regulation 

of Ddit3 (Fig. 6.8A). Results also showed that co-treatment with either of the indicated 

treatments did not alter the Ddit3 gene expression in response to high levels of glucose and 
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palmitate compared to the normal control (Fig. 6.8A). However, treatment with the mixture 

of 1 M CFT and 1 M TRG significantly decreased 20 mM glucose and 0.25 mM palmitate-

induced Ddit3 gene expression (n = 4, p<0.05, versus 20 mM glucose + 0.25 mM palmitate 

only; Fig. 6.8B). 
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Figure 6.6 mRNA expression of the Hmox-1 gene in INS-1 beta cells. INS-1 beta cells 

were exposed to 11 mM glucose (normal control), and 20 mM glucose (GLU)+ 0.25 mM 

palmitate (PAL) with and without the specific combinations of the compounds as indicated 

for 20hr.  The expression of the Hmox-1 gene was measured by qPCR. The data represents 

Mean mRNA expression ± SEM of Hmox-1 relative to the house-keeping gene Ppia and 

either normal control (11 mM glucose, panel A), or a condition of glucolipotoxicity (20mM 

GLU + 0.25mM PAL, panel B, n=4 separate biological samples). Repeated measure one way 

ANOVA, with the Geiser-Greenhouse correction and then Bonferroni’s post hoc test.  
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Figure 6.7 mRNA expression of the Txnip gene in INS-1 beta cells. INS-1 beta cells were 

exposed to 11mM glucose (normal control), and 20 mM glucose (GLU) + 0.25 mM palmitate 

(PAL) with and without the specific combinations of the compounds as indicated for 20 hr.  

The expression of Txnip gene was measured by qPCR. The data represents Mean mRNA 

expression ± SEM of Txnip relative to the  house-keeping gene Ppia and either a normal 

control (11 mM GLU, panel A), or a condition of glucolipotoxicity (20 mM GLU + 0.25 mM 

PAL, panel B, n=3, separate biological samples). Repeated measure one way ANOVA, with 

the Geiser-Greenhouse correction and then Bonferroni’s post hoc test, **p<0.01 and 

***p<0.001. 
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Figure 6.8 mRNA expression of the Ddit3 gene in INS-1 beta cells. INS-1 beta cells were 

exposed to 11mM glucose (normal control), and 20 mM glucose (GLU) + 0.25 mM palmitate 

(PAL) with and without the specific combinations of the compounds as indicated for 20 hr.  

The expression of Ddit3 gene was measured by qPCR. The data represents Mean mRNA 

expression ± SEM of Ddit3 relative to the  house-keeping gene Ppia and either normal control 

(11 mM glucose, panel A), or a condition of glucolipotoxicity (20 mM GLU + 0.25 mM 

PAL, panel B) is shown (n=4, separate biological samples). Repeated measure one way 

ANOVA, with the Geiser-Greenhouse correction and then Bonferroni’s post hoc test, 

*p<0.01. 
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6.5 Discussion 

As mentioned, there have been limited investigations exploring the effects of non-caffeinated 

coffee compounds on  beta cell survival and function. Moreover, most investigated effects 

have primarily been attributed to individual bioactive coffee components either in cell culture 

or ex vivo models despite the fact that the compounds are present in coffee as a mix. 

Therefore, this study was conducted to explore whether a mixture of selected coffee 

compounds and the metabolites investigated in Chapters 4 and 5 could consistently have 

beneficial effects on  beta cell survival and insulin secretory function when all combined. 

Besides  beta cell survival and function assays, the effects of the compounds on the mRNA 

expression of genes coding for specific proteins involved in glucolipotoxicity-induced  beta 

cell apoptosis were also explored once the compounds were mixed as a cocktail to closely 

mimic coffee consumption, although in the in vitro setting of cell-based assays. 

6.5.1  Combined coffee compounds and beta cell survival 

Our current findings indicate that co- and pre-treatment with the cocktail of all selected coffee 

compounds protected INS-1 beta-cells against the detrimental impact of elevated levels of 

glucose and palmitate. In addition to a protective effect, the cocktail enhanced cell viability 

under normal tissue culture conditions. These results suggest that the cocktail of 100 nM of 

CA, FA and their selected metabolites, 1 M CFT and 1 M TRG, could act as a pro-survival 

factor for pancreatic beta cells. As indicated, the beneficial impact on cell viability after 20 

hr co-treatment with the cocktail was more potent than other individual treatments except for 

diCA-3OS alone, suggesting that diCA-3OS may play a more influential role in this 

enhancing effect compared to the other compounds. However, further cell viability 

experiments using mouse islets are required to confirm the results. In addition, relative to the 
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individual components alone or separate combinations of selected CGA derivatives or CFT 

and TRG, the protective effect of co-treatment (20 hr) with the cocktail on cell apoptosis was 

more effective. Similarly, the attenuating impact on  beta cell apoptosis following pre-

treatment with each specific combination was also found in this study, but a full combination 

of all the different coffee compounds provided more potent protective effects on INS-1 beta 

cell apoptosis compared to the individual components alone.  

From the current literature, little is known about the ability of combined coffee compounds 

to prevent loss of  beta cell survival following exposure to toxic levels of glucose and fatty 

acid in cell culture models. Nam et al. (2015) conducted an in vitro study to investigate the 

potential effects of the coffee compounds on damaged pancreatic islets from zebrafish. Apart 

from individual treatments with CGA or TRG as partly described in sections 4.5.1 and 5.5.1, 

the authors consistently found that the reduction in alloxan (AX)-induced damaged 

pancreatic islet size was partly reversed by treatment with 100 μg/mL coffee extract 

containing TRG (1.2 μg/mL (8.8 M)) and CGA (3.4 μg/mL (9.6 M)), and this finding 

corresponded to results measured by survival rate assays (Nam et al., 2015). This reduction 

was similar to the effect of glimepiride (antidiabetic drug), which was used as a positive 

control. The researchers concluded that coffee might have a regenerative effect on damaged 

islets in T1D. Nam et al. additionally found a synergistic effect of TRG and CGA when tested 

together, and this was assessed by determination of the 50% effect concentration (EC50) of 

the compounds and confirmed by an isobologram (a specific method in drug interaction 

analysis (Huang et al., 2019; Nam et al., 2015). Outcomes of this study might be similar to 

our findings, particular with regards to the increased survival rate, which corresponded to 

amelioration of  beta cell survival in our study. Additionally, we found that a synergy of the 

compounds of our interest may provide a more potent protective effect on  beta cell survival 
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than when the compounds were tested alone. Nevertheless, additional experiments using 

specific measurements to test a synergistic effect are required to confirm this combined effect 

of the compounds. However, it should be noted that Nam et al. used higher concentrations 

of TRG and CGA (8.8 to ~10 μM) than the concentrations utilised in our study. Despite of 

this, their protective effects on  beta cell apoptosis were comparable to those in the study of 

Nam et al. (2015).  

A possible mechanism mediating the reduction in stress-induced cell apoptosis by the 

combination of coffee compounds may involve an inhibition of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) activation in pancreatic beta cells. NF-κB is a 

protein complex that controls transcription of DNA, cytokine production and cell survival. 

Increased metabolic stress results in the activation of the NF-κB of activated beta cells 

(Donath et al., 2009; Novotny et al., 2012) and signal transducer and activator of 

transcription (STAT-1, Moore et al., 2011). These then trigger the synthesis of a number of  

beta cell proteins, including the cytokine interleukin (IL-1β, Maedler et al., 2002). The NF-

κB stimulates the expression of inducible nitric oxide synthase (iNOS). The iNOS plays a 

role in nitric oxide (NO) generation that causes, for example, abnormalities of several protein 

transcription factors and DNA fragmentation (King et al., 2013). NO induces cytochrome-c 

(Cyp-c) secretion from the mitochondrial membrane via a complex of peroxynitrite and 

reactive oxygen species (ROS, Wang et al., 2010). The Cyp-c secretion regulates the signal 

of cell apoptosis through executioner caspase activation during the signalling mechanism. 

The NF-κB activation might result in downregulation of transcription factors related to 

differentiation and maintenance of pancreatic  beta cell function (King et al., 2013) besides 

iNOS expression. Moreover, it also increases the expression of endoplasmic reticulum (ER) 

responsive genes involved in cell apoptosis (e.g. Ddit3, Miani et al., 2010). It could therefore 
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be suggested that inhibition of the NF-κB activation could reduce apoptotic trends in diabetic 

pancreatic beta cells/islets. 

In clonal  beta cell lines, an increase in NF-κB activation was also found in INS-1 beta cells 

after exposure to 27 mM glucose and 0.2 mM palmitate (or oleate) for 72 hr (Bagnati et al., 

2016). However, the effect of the coffee compounds on the inhibition of NF-κB activation in 

beta cell lines under glucolipotoxic conditions has not been investigated in detail. To our 

knowledge, only an in vitro study by Cheng et al. (2011) investigated an inhibitory effect of 

decaffeinated coffee (CO2-decaffeination) on NF-κB activation in C2C12 cell lines (mouse 

myoblast cells) after exposure to TNF-α (0.25ng/ml) for six hours. In this study, 

decaffeinated coffee showed an inhibitory effect on TNF-α-induced NF-κB activation in the 

cell lines, which corresponded to an increase in cell viability measured by quantification of 

cellular adenosine 5 - triphosphate (ATP) levels using a luciferase/luciferin assay (Chen et 

al., 2011). However, it is unclear whether the activation of NF-κB by TNF-α contributes to 

molecular mechanisms (e.g. ER stress) involved cell apoptosis triggered by glucolipotoxicity 

in T2D (Bagnati et al., 2016). To understand the potential effects of coffee compounds on 

the NF-κB activation more fully, further studies are required in  beta cell lines and/or primary 

islets exposed to elevated glucose and fatty acids levels as models of cellular stress typical 

for the progression of T2D. However, according to the findings of the study above (Chen et 

al., 2011), it could be suggested that the inhibitory effect on the activation of NF-κB may 

result from several components in coffee, including CGAs, CFT and TRG, i.e., the 

compounds of our interest. 

Another possible mechanism for attenuating  beta cell apoptosis induced by high glucose and 

high palmitate may be linked to the antioxidant activity of coffee CGA derivatives by 

modulating ROS overproduction in mitochondrial beta cells. It is well understood that several 



Chapter 6 

   239 

mechanisms are involved in beta cell apoptosis triggered by high glucose and high free fatty 

acids. Among these pathways, imbalances between ROS production and cellular antioxidant 

activities could cause oxidative stress resulting in  beta cell apoptosis (Tanaka et al., 2002; 

Prentki and Nolan, 2006; Stancill et al., 2019). In an in vitro cell culture study, 

glucolipotoxicity-induced superoxide formation contributed to oxidative stress in rat islets 

and a clonal  beta cell line (Morgan et al., 2007). However, the antioxidative effects of the 

combinations of coffee compounds on  beta cell death through a reduction of ROS formation 

in response to glucolipotoxicity in clonal  beta cell lines need further investigation.  

In addition to the above, coffee compounds might induce and enhance enzymatic antioxidant 

activities by stimulating another pathway involving the protein nuclear factor-E2-related 

(Nrf2) factor through the complex of cytoplasmic inhibitor, Keap1 (Kelch-like ECH- 

associated protein-1)−Nrf2. Under oxidative stress, Nrf2 is released from this complex and 

binds to the antioxidant response element (ARE) or electrophile response element (EpRE) to 

eventually increase antioxidant activities (Boettler et al., 2011). Therefore, Nrf2 plays an 

essential role in the transcription of antioxidant enzymes. Its increased levels certainly lead 

to rises in the expression of sodium dismutase (SOD), catalase (CAT), and glutathione 

peroxidase (Gpx), resulting in higher activities for these enzymes in mouse pancreatic islets 

(Boettler et al., 2011). Furthermore, CGA has been found to positively affect endothelial 

cells, which are also adversely affected by chronic high glucose and free fatty acids in T2D. 

Kean et al. (2015) reported that persistent hyperglycaemia and hyperlipidaemia not only 

cause  beta cell dysfunction but also lead to secondary vascular abnormality related to T2D 

(Keane et al., 2015). The CGA and its degradation product, CA (10 nM), reduced high 

glucose-induced endothelial dysfunction in human umbilical vein endothelial cells (HUVEC) 

by stimulating Nrf2 activated pathways (Fratantonio et al., 2017; Shi et al., 2018), as also 
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reported for kahweol and CFT (Kim et al., 2004a; Shen et al., 2015). In contrast, TRG was 

reported to inhibit Nrf2 activation by interfering with the epidermal growth factor signalling 

pathway (Fouzder et al., 2021).  

There has been limited evidence from in vitro studies investigating antioxidant activities of 

the mixture of coffee compounds on  beta cell survival in response to glucolipotoxicity, as 

mentioned (Boettler et al., 2011; Fratantonio et al., 2017; Shi et al., 2018). However, 

findings from in vivo models may be used to support the notion of the antioxidant activity of 

the compounds. 

As described in Chapter 1, antioxidants play a crucial role in diminishing ROS formation in 

mitochondria and modulating the impact of oxidants. The expression of biological 

antioxidant enzymes such as CAT, superoxide SOD and Gpx (non-enzymatic antioxidant) is 

very low in beta cells compared to other organs, and they are therefore not capable of 

neutralising the radicals to the same degree. Thus, beta cells are vulnerable to oxidative stress, 

which is triggered by, for example, high glucose levels. This vulnerability leads to excessive 

synthesis and accumulation of reactive oxygen and nitrogen species (ROS and RNS), 

superoxides, peroxides and hydroxyl radicals through specific cellular metabolic pathways 

(e.g. Tanaka et al., 2002; Ma et al., 2012; Stancill et al., 2019). Therefore, enhancing cellular 

antioxidant activities and/or levels in beta cells may restore beta cells from cellular stress 

conditions. 

An animal study by Vellai et al., 2018 used streptozotocin (STZ) and then a high-fat diet to 

induce ER-stress in beta cells resulting in either reduced or damaged pancreatic  beta cell 

mass in rats (a T2D model). It was shown that the level or activity of a non-enzymatic 

antioxidant, GSH, in the pancreas and the activities of enzymatic antioxidants, e.g. SOD, 
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CAT and GPx in both plasma and the pancreas, were significantly decreased in STZ- and 

high fat diet-induced T2D rats. However, they were increased in pancreatic beta cells and in 

the circulation (GSH levels) after oral administration of a mixture of TRG, FA and other 

triterpenoid saponin derivatives (gymnemic acid, GA, from leaves of Gymnema Sylvestre) 

in the T2D rats (Vellai et al., 2018). Moreover, a histological observation in hematoxylin 

eosin-stained pancreatic tissue showed that the number and size of pancreatic beta cells were 

increased after the treatment (Vellai et al., 2018). However, it remains unclear whether this 

was a synergistic effect of the three compounds as the effects of each component on  beta 

cell mass and antioxidant activities were not tested alone before they were combined to 

establish the suggested synergistic effect. These findings were supported by another animal 

study (Alshammari et al., 2017) where hepatic SOD, CAT, and GPx were reported to be 

significantly increased in high-fat fed-mice relative to a control group after feeding with a 

coffee brew from Coffee Arabica (Alshammari et al., 2017). Therefore, treatment with 

antioxidants such as coffee compounds might also protect beta cells against oxidative stress 

triggered by elevated levels of glucose and/or fatty acids. 

Another possible notion may be related to extracellular signal-regulated protein kinases 1 

and 2 (ERK1/2) signalling pathway (Youl et al., 2010; Wijesekara et al., 2010). So far, many 

natural compounds (e.g. quercetin and adiponectin) have been reported to affect ERK1⁄2 

activation, anti-apoptosis and survival of pancreatic beta cells, including beta cell function in 

experimental studies, more specifically, beta cell proliferation and insulin secretion in clonal 

beta cell lines and islets (Costes et al., 2006; Youl et al., 2010; Wijesekara et al., 2010). 

Findings of these studies showed that the activation of ERK1⁄2 signalling is involved in anti-

apoptosis, suggesting that molecular mediators or pathways, whether oxidative stress or gene 

signalling transcription, including caspase, are also associated with cellular protection 
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(Costes et al., 2006). Thus, Shah et al. (2021), a very recent year, investigated the effects on 

beta cell survival and insulin secretion via ERK1/2 signalling pathways of a mixture of 

cinnamic acid (CNA; 150mg/kg/day), a polyphenolic compound, and nicotinamide (NM; 

300mg/kg/day), one of the key parent compounds of TRG, in STZ-induced diabetic rats, as 

also partly described in the Chapter 4 and 5. In parts of pancreatic islet survival, histological 

outcomes, Shah et al. found that pre-treatment (3 days) with CNA/NM combined 

significantly exhibited a protective effect on pancreatic islet survival in response to 

detrimental effects of STZ by moderating caspase-3 and-9 expressions. The mixture 

downregulated the upregulated expressions of the caspases induced by STZ injection 

(Shah et al., 2021). Additionally, data of ERK1⁄2 measurement observed by immunostaining 

of ins-ERK1⁄2 and expression of p-ERK1⁄2 in rat pancreatic sections showed that solid 

ERK1⁄2-insulin staining and p-ERK1⁄2 expression were detected. Taking the results of this 

study together, the researchers concluded that the combination of CNA and NM provides an 

anti-apoptotic effect through an increase in the activation of the ERK1⁄2 signalling pathway, 

which also positively affect insulin secretion (see below). This might be suggested that the 

findings of our study provide significant primary evidence to further investigations, 

particularly in vivo studies with regard to designing research models that would be able to 

explore and understand how the combination of coffee compounds mechanically act to beta 

cell survival, and either direct or indirect activation of ERK1/2 signalling pathways may be 

further required.  

Taken together, the findings from this current study clearly suggest that the combination of 

CGAs (CA and FA), their metabolites (diCA-3OS, diFA, and FA-4OS), CFT and TRG might 

play an essential role in the protection of beta cells from the deleterious effects of high levels 

of glucose and palmitate. This is consistent with the principle of antioxidant properties and 
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pro-apoptotic inhibitor effects of the compounds and may be linked to their impact on the 

expression of stress-related genes involved in  beta cell apoptosis (as indicated below in 

6.5.3) and/or the activation of ERK1/2 signalling pathways. 

6.5.2 Combined coffee compounds and beta cell secretory function 

We hypothesised that increased stimulus-induced insulin secretion from beta cells might not 

be attributed to a single component but rather to a mixture of the main compounds. To test 

this hypothesis, the selected major components from coffee were combined. The potential 

effects of this combination on insulin release were investigated in a clonal beta cell culture 

model where secretion was induced by high glucose combined with the intracellular cAMP 

level activators, FSK and IBMX. 

Our current findings indicate that acute and pre-treatment with individual coffee compounds 

did not increase insulin secretion induced by glucose (with stimuli) from INS-1 beta cells 

except in response to CA (100 nM). The acute effect of CA on insulin release here was in 

agreement with the positive effect of CA on glucose-stimulated insulin secretion (GSIS) in 

INS-1E found in an in vitro study (Mellbye et al., 2015). This could suggest that CA, a parent 

compound of diCA-3OS and FA, may play a more influential role  than other compounds in 

the potentiating effect of the cocktail. However, these results were not consistently observed 

across all separate experiments, only from two out of three independent experiments. Besides 

that, previous results, as indicated in Chapter 4, showed that acute treatment with 100 nM 

CA did not significantly alter the secretion stimulated by glucose (+FSK and IBMX) from 

INS-1 beta cells, unlike the current result. Therefore, further repeats if the insulin secretion 

experiments using clonal beta cells are needed, and the use of mouse islets are also required 

to confirm the results. 
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In addition, this present study also shows that an enhancing effect on insulin secretion 

induced by high glucose and stimuli was found in INS-1 beta cells after both acute and pre-

treatment with the cocktail of all selected coffee compounds. Additionally, 48 hr pre-

treatment with the combination of CA, FA and the selected CGA metabolites led to an 

increase in GSIS, which was similar to findings from a study by Bhattacharya et al. (2014). 

According to Bhattacharya and co-authors, polyphenolic compounds positively affected 

GSIS and glucose sensitivity in INS-1E cells. Among these compounds, 72 hr pre-treatment 

with CA (0.1 nM - 1  μM) led to a significant increase in GSIS. This effect remained 

following exposure to elevated glucose levels. Therefore, this potentiating effect of the coffee 

compounds mixture may partly result from CA, which might have a protective effect on  beta 

cell survival in response to stress conditions typical of T2D besides directly affecting  beta 

cell secretory function (Bhattachaya et al., 2014). However, these findings were not affirmed 

in either human or animal islets (Bhattachaya et al., 2014).  

Only a limited number of investigations directly explore the role of the cocktail of specific 

coffee compounds on the insulin secretory function of beta cells in cell culture studies. Thus, 

possible explanations of the increase in the secretion of insulin  in response to the cocktail 

may mostly be linked to findings of some animal models, such as a study by Vellai et al. 

(2018) and Shah et al. (2021). Some of these findings suggest that enhanced beta cell mass 

is associated with an increase in insulin secretion from the granules in islets, which mediates 

the peripheral use of glucose (Ferrannini et al., 2005; Gastaldelli et al., 2004; Jensen et al., 

2002). This notion is also supported by findings using an experimental rat model of T2D by 

Vellai et al. (2018), as partly described in 6.5.1. The authors found that the mixture of 

gymnemic acid, TRG and FA significantly increased beta cell mass and regenerative islets; 

more specifically, an improved number of granulated cells in islets was detected. This implies 
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that the regenerative effect of the mixture of the three compounds might positively impact 

insulin secretion in type 2 diabetic rats, directly or indirectly.  

Alternatively, the beneficial effects of the combination of the coffee compounds on both beta 

cell survival and insulin secretory function may be linked by the activation of extracellular 

signal-regulated protein kinases 1 and 2 (ERK1/2) activation in islets (Costes et al., 2006) as 

described in section 6.5.1.  Findings of the study by Shah et al. (2021) also support this 

notion, and they reported that pre-treatment with the mixture of CNA and NM significant 

increased plasma insulin, thereby lowering plasma glucose concentrations and increased p-

ERK1⁄2 expression along with improved pancreatic islet survival. Therefore, these findings 

suggest that the protective effect on beta cell survival of the mixture may directly or indirectly 

increase insulin secretion through the activation of ERK1⁄2 expression. Therefore, our 

findings provide key evidence that in turn may inform the design of potential further in 

vivo studies involving the effect of the mixture of coffee-derived compounds on insulin 

secretion along with beta cell survival through direct or indirect activation of ERK1⁄2 

signalling pathways, which ultimately lead to direct diabetic patient benefit.  

Interestingly, both acute stimulation and pre-treatment with a combination of the coffee 

compounds led to enhanced insulin secretion, although the INS-1 cells were only directly 

exposed to the compounds when the acute insulin secretion experiments were performed. In 

contrast, the cells were not directly exposed to the compounds at the time of the secretion 

experiment in the pre-treatment studies, yet improvements in the secretory function were 

observed. These findings suggest that the cocktail of coffee compounds may promote insulin 

secretion both directly and indirectly. As our studies indicate a beneficial effect on cell 

viability, it is possible that pre-treatment led to healthier and more viable cells, which in turn 

produced and released more insulin at the time of the measurement, suggesting that the 
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secretory machinery of individual cells was indirectly improved by pre-treatment with the 

mix of coffee compounds. Taken all together, we have shown that there are clear beneficial 

effects on insulin secretion when cells are exposed to a cocktail of coffee compounds 

compared to individual compounds only. The underlying mechanisms of actions appear 

complicated and may involve both direct and indirect modes of action. Therefore, there are 

still unanswered questions, which will require further in-depth investigations to explore the 

underlying mechanisms contributing to a beneficial effect of coffee consumption on insulin 

secretion as well as glucose homeostasis. 

6.5.3 Role of combined coffee compounds in the regulation of   

Hmox-1,  Txnip and Ddit3 mRNA levels in INS-1 beta cells 

As described, several mechanisms are involved in glucolipotoxicity-induced  beta cell 

apoptosis, including oxidative stress and/or ER stress. Induction of these stresses also involve 

various pathways associated with producing many types of ROS (e.g. hydroxyl radicals and 

superoxide anions). This event causes alterations in the expression of stress-responsive genes 

such as the protective antioxidant response gene, Hmox-1, or alteration in the oxidative 

stress-induced proapoptotic gene, Txnip, and the proapoptotic gene linked to ER stress; Ddit3 

(Auberval et al., 2015). Therefore, suppressing oxidative stress or ER stress could be a 

cytoprotective pathway to restore beta cells from glucolipotoxicity-induced cell apoptosis.  

The previous results of  beta cell apoptosis above (6.4) showed that the cocktail of coffee 

compounds modulated the deleterious effects of high glucose and palmitate. Thus, the 

expressions of stress-responsive genes; Hmox-1,Txnip and Ddit3 were measured to 

understand whether the observed reduction in apoptosis involves a decrease in ER and/or 

oxidative stress by improving the expression of these three genes. 
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6.5.3.1 Heme oxygenase 1 (Hmox-1) gene expression 

The Hmox-1 also called HO-1, is specific to the human chromosome 22q12 (Kutty et al., 

1994). The encoding product of Hmox-1 is also known as heat shock protein 32, and its 

inducible isoform is highly sensitive to its own substrates and external cellular stress agents 

(Hariharan, Chavan and Nadkarni, 2020). Thus, induction of Hmox-1 is regarded as an 

indicator for cell stress conditions (Bao et al., 2010). In diabetes, Hmox1 has been found to 

be upregulated in islets under oxidative stress or ER stress conditions, and is, for example, 

activated by elevated glucose concentrations and high fatty acid levels, alone and combined 

(Tobiasch et al., 2001). The Hmox-1 gene plays a role in decreasing free radicals induced by 

cellular stress (Hariharan, Chavan and Nadkarni, 2020). Therefore, activation of Hmox-1 

expression has been considered a biomarker for cell stress status (Ryter et al., 2006). 

In  beta cell lines, Kwak et al. (2017) found that exposure to 0.5mM palmitate for 8 hr 

significantly induced Hmox-1 mRNA upregulation in INS-1 beta cells (Kwak et al., 2017). 

Additionally, both 24 and 72hr incubation with high glucose levels (27.7 mM) were shown 

to induce Hmox-1 gene expression in INS-1 cells as well (Lee et al., 2011). Additionally, 24 

hr exposure to high levels of both glucose (25 mM) and palmitate (0.4 mM) increased Hmox-

1 expression in INS-1 beta cells (Chu et al., 2020). However, there was a trend towards a 

higher expression of this gene in INS-1 beta cells induced by exposure to 30 mM glucose for 

seven days, but this was not statistically significant (Moens et al., 2020), and was similar to 

our present results. In our study, exposure to 20 mM glucose and 0.25 mM palmitate for 20 

hr induced Hmox-1 expression in INS-1 beta cells, but this trend was not significant. 

Furthermore, we found that the combination of coffee compounds of interest did not 

significantly affect Hmox-1 mRNA levels in response to high levels of glucose and palmitate. 
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Enhanced transcription of the Hmox-1 gene is the initial step in order to activate Hmox-

1 antioxidant activity. It has been well described that Hmox-1 is regulated via Keap1 and 

Nrf2 complex pathway. This pathway is the crucial moderator of cytoprotective responses to 

both endo- and exogenous stresses triggered by ROS and electrophiles (Loboda et al., 2016), 

as described in Chapter 1. Accordingly, the complex of Keap1/Nrf2 could be considered as 

a cytoprotective mechanism to defend ROS or oxidative stress-induced pancreatic beta cells 

injury (Loboda et al., 2016; Biswas et al., 2014) and protect beta cells under physiological 

and pathological conditions (Yagishita et al., 2014).  

However, levels of oxidative stress mediators are increased in T2D, which leads to alteration 

in the expression of protective antioxidant response genes, including Hmox-1. As previously 

described, beta cells are vulnerable in their defence against oxidative stress (e.g. Li, Frigerio 

& Maechler, 2008; Elsner, Gehrmann and Lenzen, 2011), leading to overexpression 

of Hmox-1 gene after exposure to cellular stress. In contrast, this present study have shown 

that co-treatment with the cocktail of the selected coffee compounds did not significantly 

affect upregulated Hmox-1 mRNA levels induced by high glucose and high palmitate, 

suggesting that they did not mediate their protective effects on survival via modulation 

of Hmox1 gene expression in our experimental settings.  

So far, there has been no evidence of a direct effect of CGAs, TRG and CFT on Hmox-1 gene 

expression in pancreatic beta cells. A study by Ma  et al. (2011) tested the effect of FA 

on Hmox-1 gene expression in lymphocytes and found that FA (0.001-0.1 μM) significantly 

up-regulated Hmox-1 mRNA and protein levels in lymphocytes by inducing nuclear 

translocation of nuclear factor erythroid-derived 2-related factor 2 (NF-E2-related factor 

(Nrf2) and transcriptional activity which was similar to the effect of caffeic acid phenethyl 

ester (CAPE) in murine macrophage (Stähli et al., 2019). Similarly, both CA and CFT have 
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been found to be an activator of Nrf2 activity (Tsai et al., 2018; Stähli et al., 2019), which 

might indirectly be linked to an improvement of Hmox-1 expression. CAPE (10 μM) has 

been shown to act as a Hmox-1 upregulating substance via induction of Nrf2, leading to 

inhibition of NF-κB activation in murine macrophages (Stähli et al., 2019) and CAPE (0.3-

1 μM) induced expression of  Hmox-1 at protein level in neuroinflammatory microglia cells 

through a reduction in NO biosynthesis (Tsai et al., 2015). In addition, Bao et al. (2018), it 

was found that 24 hr pre-treatment with CGA (25-100 μM) induced nuclear translocation of 

Nrf2 and the expression of Hmox-1 in STZ-induced diabetic rat glomerular mesangial cells 

(HBZY-1) (Bao et al., 2018). Moreover, the CGA decreased the phosphorylation of IĸB and 

subsequent nuclear translocation of NF-ĸB in the HBZy-1 cells (Bao et al., 2018). These 

findings imply that the combination of coffee compounds in our study did not significantly 

alter Hmox-1 expression may possibly be due to the combination of coffee derivatives did 

not affect whether the activation of NF-κB or Nrf2 pathways. Nevertheless, it is noted that 

the effects of the coffee compounds reported from existing studies were observed in non-

pancreatic beta cells, for example, lymphocytes (Ma et al., 2011), murine macrophages 

(Stähli et al., 2019), human colon carcinoma cells (HT29) (Boettler et al., 2011), HBZY-1 

(Bao et al., 2018), and injured liver (Shi et al., 2018) and at higher concentrations than those 

used in our studies. Besides that, TRG shows the opposite effect, acting as an inhibitor of 

Nrf2 activation, which contrasts the findings above (Fouzder et al., 2021; Boettler et al., 

2011).  
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6.5.3.2 Gene expression of thioredoxin interacting protein (Txnip)  

The Txnip is a coding gene for a ubiquitously expressed cellular redox activator, thioredoxin 

interacting protein (Nishiyama et al., 1999), and is a glucose-induced gene in human islets 

(Minn et al., 2005). As described, ER stress with or without inflammation contributes to 

impairment of  beta cell survival and function during the development of diabetes. 

The Txnip gene is crucial in response to ER stress and inflammation. The expression 

of Txnip is activated by ER stress and is mediated by the inositol requiring enzyme 1α (IRE1) 

pathway of the PKR-like ER-resident kinase (PERK)- eukaryotic initiation factor-2α (eIF2α) 

arms of the unfolded protein response (UPR) in beta cells (Oslowski et al., 2012). 

Txnip is an essential regulator of cell apoptosis induced by glucotoxicity (Chen et al., 2010). 

Chen and co-authors (2010) found that the Txnip mRNA levels were increased in INS-1 beta 

cells and isolated islets from diabetic rats, which led to  beta cell death through the intrinsic 

mitochondrial death pathway (Chen et al., 2010). Oslowski et al. (2012) also found that the 

expression of the Txnip gene was significantly increased in INS-1 832/13 cells after exposure 

to high levels of glucose (16.7 mM) for 72 hr. This expression was found to cause  beta cell 

dysfunction and death (Lipson et al., 2008; Oka et al., 2009; Oslowski et al., 2019). It is, 

therefore, considered that inhibition of Txnip expression might promote the regulation of  

beta cell mass and function in diabetes (Oslowski et al., 2019; Chen et al., 2010). 

In this present study, there was a trend toward higher Txnip mRNA levels in INS-1 beta cells 

after 20 hr exposure to elevated levels of glucose and palmitate, although this was not a 

statistically significant change. This might be explained by findings of both in vivo and in 

vitro studies (Chen et al., 2010; Shaked et al., 2009; Shaked et al., 2011). It was found that 

high levels of fatty acids alone or combined with elevated glucose levels did not 
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upregulate Txnip mRNA levels, unlike elevated glucose alone (Shaked et al., 2011). 

Additionally, high fatty acid concentrations also inhibited the effect of high glucose on the 

activation of Txnip gene expression. This finding was supported by an observation in INS-

1E cells (Shaked et al., 2009) showing decreased glucose-induced Txnip expression in 

response to palmitate. Glucose-stimulated  beta cell Txnip expression is regulated by the 

carbohydrate responsive element-binding protein (ChREBP) (Cha-Molstad et al., 2009); 

however high palmitate concentrations were found to inhibit entry of ChREBP to the nucleus 

leading to inhibition of glucose-stimulated transcription. The suppression of glucose-

induced Txnip mRNA upregulation is, therefore, due to the presence of fatty acids, 

particularly under glucolipotoxic conditions. 

Chen et al. (2010) also found that ChREBP mediated glucose-induced Txnip gene expression 

in both INS-1 and isolated mouse islets, and this process could contribute to a reduction in 

glucose-induced Txnip expression in response to high palmitate levels (Chen et al., 2010). 

Likewise, thioredoxin reductase 1 (Txnrd1), which may enhance ROS generation (Liu et al., 

2009), was not differentially expressed. This implies that different cellular stressors might 

have a distinct impact on the expression of Txnip (Christine et al., 2012; Hong et al., 2016).  

In our study, the combination of CA, FA and the selected metabolites with or without CFT 

and TRG significantly decreased upregulated Txnip mRNA levels in INS-1 beta cells. It was 

also found that there was a trend towards a lower expression of this gene after treatment with 

CFT and TRG combined in the INS-1 beta cells, but this change was not significant. In 

addition, since there was no significant changes in Txnip mRNA levels between cells treated 

with the mixture of the selected CGA compounds and the combination of all coffee 

derivatives, this could suggest that the coffee-derived CGAs may play a more influential role 

than CFT and TRG in the potentiating effect of the cocktail. 



Chapter 6 

   252 

As described in Chapter 1, a limited number of either in vitro or in vivo studies directly 

explore the role of the combination of coffee CGA derivatives, CFT and TRG in the 

expression of Txnip in beta cells in response to glucolipotoxicity. However, to find possible 

links between the effect of the coffee compounds and Txnip expression, a study of the 

potential effect of resveratrol on Txnip expression in non – pancreatic beta cells could be 

considered. Resveratrol is a compound found in grapes and berries and is known as a 

polyphenolic antioxidant and a natural anti-inflammatory compound, which has been 

investigated and shown to have an association with Txnip expression in an in vivo study by 

Bedarida et al., 2015. The researchers found that resveratrol decreased Txnip gene 

expression in endothelial cells from old male mice by regulating acute oxidative stress-

induced redox (Valérie et al., 2010; Ishrat et al., 2015). Additionally, a decrease in up-

regulation of Txnip was reported to prevent increased NADPH oxidative stress expression in 

aortic endothelial cells, activated by nutrient-induced ageing as well as collagen 

accumulation during the animal work process (Shah et al., 2013). However, this reduction 

in Txnip gene expression was not linked to reduced protein content in the aorta, possibly due 

to a slow turnover of existing Txnip protein resulting in higher protein stability (Zhang et al., 

2010) which could be enhanced by thioredoxin, a redox protein (Chutkow et al., 2011). 

Alternatively, the binding of Txnip to thioredoxin possibly reduced the up-regulation 

of Tnxip, leading to enhanced cell survival and migration. Additionally, resveratrol was 

found to decrease Txnip gene expression by reducing NF-κB activation (Zheng et al., 2013; 

Xia et al., 2014). Therefore, the observed effect of the coffee compounds on beta cell 

apoptosis might be associated with these possible pathways highlighted above , for example, 

alteration of NF-κB activation. 
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6.5.3.3 DNA-damage-inducible transcript 3 (DDit3) gene expression 

DNA-damage-inducible transcript 3 (Ddit3) is an encoding gene of CCAAT-enhancer-

binding protein homologous protein (CHOP), a proapoptotic transcription factor that is 

highly expressed in ER stress in beta cells. Our study showed that exposure to high glucose 

and palmitate for 20 hr caused upregulated expression of Ddit3 in the INS-1 beta cells. 

Glucolipotoxicity interferes with ER homeostasis and triggers ER stress, leading to increased 

expression of Ddit3 in MIN6 cells, resulting in cell death (Akari et al., 2003). In a study by 

Moens et al. (2020), Ddit3 mRNA expression was significantly increased in islets after 

exposure to 30 mM glucose for seven days. Laybutt et al. (2007) also found a significant 

increase in Ddit3 mRNA levels in MIN6 cells after exposure to 0.4 mM palmitate for 4-48 

hr (Laybutt et al., 2007). Findings from the present study showed that treatment with the 

mixture of the CFT+TRG partly reversed the up-regulation of Ddit3 mRNA levels induced 

by 20 hr exposure to elevated concentrations of glucose and palmitate in INS-1 beta cells. 

However, there is currently little data from either cell-based or animal studies on the direct 

impact of the coffee compounds on the regulation of Ddit3 mRNA in pancreatic beta cells. 

However, abundant evidence from both in vivo and in vitro studies points towards an 

association between dietary polyphenols and Ddit3 gene expression through molecular 

mechanisms associated with T2D. Tyrosol, a phenolic compound from olive oil and white 

wine, has been reported to exert antioxidant activity by scavenging peroxynitrite and 

superoxide ions, which trigger cellular stress (De la Puerta et al., 2001). The expression of 

ER stress-responsive genes including Ddit3 and PERK was decreased by treatment with 

tyrosol (25-50 µg/mL for 48 hr) via suppression of the phosphorylation of c-Jun N-Kinase 

(JNK) pathways in tunicamycin-induced endoplasmic reticulum (ER) stress in mouse 

insulinoma cells (NIT-1) (Lee et al., 2016). Accordingly, the inhibitory effect of coffee 
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compounds on Ddit-3 expression may be linked to their own antioxidant capacities and 

inhibition of the JNK pathway.  

γ-Oryzanol (Orz) is another bioactive phenolic compound found in brown rice (Lerma-

García et al., 2009). Orz has been reported to have an antidiabetic capacity by preventing ER 

stress-induced  beta cell death. ER stress in MIN6 cells was induced by tunicamycin, leading 

to increased expression of various ER stress signalling genes, for example, a spliced form of 

X box-binding protein 1(Xbp1s), apoptosis responsive genes (caspase-3 (Casp3) as well 

as Ddit3. This deleterious effect was decreased by treatment with Orz (0.2-2.0 µg/mL) for 24 

hr, leading to downregulation of Ddit3 mRNA levels and other genes highlighted above 

(Kozuka et al., 2015).  

Thus, it is conceivable that the impact of the coffee compounds on the down-regulation 

of Ddit3 mRNA levels might be linked to the proposed mechanisms mediated by other 

compounds, as mentioned above. There is, therefore, the scope for further investigation into 

the particular underlying mechanism by which the coffee compounds may mediate the down-

regulation of Ddit3 expression. 

Based on the data of the gene expression studies, we found beneficial effects of the coffee 

compounds with down-regulation of Txnip and Ddit3 mRNA expression in response to 

elevated levels of glucose and palmitate corresponding to the observed effects on beta cell 

survival. These findings suggest that the combined effect of CGA derivatives, CFT and TRG 

in coffee may have anti-apoptotic potential by suppressing the expression of stress-

responsive genes associated with  beta cell apoptosis, which in turn leads to improved 

pancreatic  beta cell survival and function in T2D.  
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However, a comparison between the effect on the observed gene expression of individual 

compounds was not performed in the present study. Thus, to confirm the combined effect of 

the coffee compounds, further studies using clonal  beta cell lines and/or primary islets 

investigating the potential effect on gene expression of each compound alone and combined 

are required before animal or human clinical studies are designed and conducted. Besides 

that, the number of sample sizes in each experimental treatment is small (n<6), which 

influences data analysis, especially the statistically significant values (Fritz, Morris and 

Richler, 2012). Therefore, to confirm the result of this study, further experimental 

investigation with increasing the number of samples is also essentially required. 

 

6.6 Summary 

From the findings presented in this Chapter, it is the first in vitro cell culture study suggesting 

that both co-and pre-treatments with a combination of coffee compounds containing CGAs, 

CFT and TRG can enhance  beta cell viability under non-stressed conditions and ameliorate 

apoptosis in response to elevated levels of glucose and palmitate. Excess glucose and 

palmitate concentrations are widely known to trigger ER and oxidative stress, which induce 

expression of oxidative- and ER stress-responsive genes involved in  beta cell apoptosis, such 

as Txnip and Ddit3, and Hmox-1 genes. Whereas the cocktail of the selected coffee 

compounds did not alter the expression of Hmox-1 mRNA levels induced by elevated levels 

of glucose and palmitate in insulinoma  beta cell lines (INS-1 cells), the cocktail led to a 

reduction of Txnip and Ddit3 gene expression. In addition to the protective effect, both co-

and pre-treatment with this cocktail was also shown to have a potentiating effect on stimulus-

induced insulin secretion from beta cells.  
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Therefore, these data suggest that the selected combination of coffee compounds exhibits 

protective effects on  beta cell survival, likely via inhibition of the up-regulation of ER and 

oxidative stress-responsive genes such as Txnip and Ddit3 induced by glucolipotoxicity. 

Furthermore, a synergy of CGA derivatives, TRG and CFT appears to provide superior 

protection compared to treatment with each compound alone. Additionally, this combination 

enhances stimulated insulin release from beta cells. In summary, the beneficial impact of 

coffee consumption on T2D might partly result from the combined effect of CGA derivatives 

and the metabolites, TRG and CFT in coffee.  
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7. 1 Effect of non-caffeine coffee derivatives on pancreatic  beta cell survival and 

function in type 2 diabetes (T2D) 

It has been reported that the incidence of T2D worldwide has increased substantially, making 

the disease a major health issue globally. Therefore, exploring alternative solutions to the 

management and the prevention of T2D may contribute to the decrease in the incidence of 

T2D. Recently, the potential impact of natural compounds has become a point of interest in 

medical research, including coffee compounds (Costabile, Sarnsamak and Hauge-Evans, 

2018). So far, regular long-term consumption of both caffeinated and decaffeinated coffee 

has been shown to reduce the risks of T2D in population studies (Ding et al., 2014; Doo et 

al., 2014; Poole et al., 2017). However, these studies have mostly focused on roles in 

improving glucose tolerance and insulin sensitivity in peripheral tissues rather than beta cell 

survival and function, even if the maintenance of adequate  beta cell mass is essential for 

maintaining sufficient release of insulin to regulate circulating glucose concentrations. This 

is particularly relevant when beta cells are persistently exposed to either hyperglycaemia, 

dyslipidaemia, or a local environment of inflammation characteristic of the early 

development of T2D with detrimental effects on  beta cell function and mass (Goyal and 

Jialal, 2021). Additionally, most existing in vitro and in vivo studies have investigated the 

effects of individual bioactive coffee components such as chlorogenic acids (CGAs), cafestol 

(CFT) and trigonelline (TRG) that link to a reduction in risks of T2D, rather than a 

combination of the compounds even though they are found in coffee as a mix (Costablie et 

al., 2018). Moreover, studies of bioactive metabolites of CGAs, which may provide 

beneficial effects on beta cell mass and/or function, are limited (Mills et al., 2013; 

Stalmach et al., 2014). 
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Therefore, this experimental study was designed to investigate whether coffee compounds 

alone and combined could have a protective effect on beta cell survival in response to cellular 

stress, such as elevated levels of glucose and fatty acid-induced cell toxicity. Besides that, 

this study also aimed to explore how this impact affects insulin secretory function from 

pancreatic beta cells. Additionally, the study explored if this effect was mediated via changes 

in expression of genes such as Hmox-1, Ddit3 and Txnip linked to cell apoptosis pathways in 

beta cells. 

In this study, we focused on non-caffeine coffee compounds; CGA derivatives (CA, FA) and 

their selected metabolites (diFA, FA-4OS and diCA-3OS), CFT and TRG as they are well 

known as major derivatives in coffee, and they have been shown to provide beneficial effects 

for diabetes (Nuhu, 2014; Van Dijk et al., 2009). 

Prior to carrying out these proposed studies, an investigation into the effects of different 

cellular stressors typical of T2D on  beta cell survival was conducted. This was to confirm 

whether the cellular stressors are detrimental for the cells in our chosen research model. 

Additionally, the experiments also aimed to assess whether the stress responses were 

dependent on the length of exposure and differed between the two clonal beta cell lines 

selected: mouse insulinoma 6 (MIN6) and rat insulinoma-1 (INS-1). 

In T2D, pancreatic beta cells adapt to insulin resistance by increasing mass and secretory 

function due to persistent nutrient excess, leading to hyperglycaemia and elevated free fatty 

acids, including pro-inflammatory cytokines, which negatively impact beta cell function 

(Talchai, 2012). It happens by numerous mechanisms that adversely lead to impairment of 

insulin secretion from pancreatic beta cells, decreasing insulin gene expression and then beta 

cell apoptosis as described. Therefore, to further investigate whether the selected coffee 
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derivatives could protect beta cell survival against the detrimental effects of cellular stressors 

typical of T2D, elevated glucose levels at 30 mM combined with or without 0.5 mM palmitate 

were included as a part of the study along with other cellular stressors; 0.5 mM palmitate, 

pro-inflammatory cytokines alone and combined, as described in Chapter 3. Based on the 

findings of this chapter, the INS-1 beta cell line was selected as the data showed a decrease 

in cell viability in this cell line at all time points of the study in response to the cellular stresses 

typical of T2D, especially high glucose alone or combined with high palmitate; however, this 

was not the case for MIN6 cells. This is possibly due to the fact that MIN6 cells are 

commonly cultured in supplemented medium containing 25 mM glucose; hence, glucose 

levels at 30mM may not alter MIN6 cell viability (Damsteegt et al., 2019). Additionally, the 

combination of 30 mM glucose and 0.5 mM palmitate was chosen to mimic both 

hyperglycaemic and hyperlipidaemic conditions in T2D. Moreover, the adverse effects of 

this combination on cell viability were much more potent than either of these factors alone, 

which was similar to findings of other in vitro studies (e.g. EI-Assaad et al., 2003; 

Damsteegt et al., 2019). Furthermore, elevated glucose levels at 30 mM alone did not affect 

cell apoptosis of INS-1 beta cell relative to 11 mM glucose despite an observed effect on 

overall viability. This suggests that elevated glucose levels on their own do not constitute an 

ideal setting system for investigating cell toxicity in our system. Therefore, the combination 

of 30 mM glucose + 0.5 mM palmitate was used for further experiments as it also reflects 

hyperglycemia and high levels of free fatty acids often observed in the development of T2D. 

Besides that, the time point at 20 hr was explicitly chosen for subsequent experiments to 

investigate any short-term effects of the observed coffee compounds on beta cell survival as 

also seen in a number of studies from the literature (e.g. Larsen et al., 2007; Damsteegt et 

al., 2019).  
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As described above, we used elevated levels of glucose and palmitate at 30mM and 0.5mM, 

respectively, to induce INS-1 beta cell stress in this study. Moreover, we first tested the CGA 

derivatives at a concentration of 100nM, which is believed to be consistent with circulating 

physiological concentrations (e.g. Stalmach et al., 2014; Mills et al., 2013; Gonthier et al., 

2003). Unfortunately, at this concentration, the selected CGA derivatives and metabolites did 

not attenuate glucose and palmitate-induced cell toxicity in our study. This might be due to 

very high levels of glucose and palmitate used in both cell viability and apoptosis 

experiments leading to impaired  beta cell viability and survival beyond repair (e.g. Kaneto 

et al., 2005; EI-Assaad et al. 2003; Cnop et al., 2001; Cnop et al., 2002a). As a result, the 

CGA compounds at concentrations of 100 nM appeared incapable of protecting against beta 

cell apoptosis induced by very high levels of glucose and palmitate. It was, therefore, possible 

that lower levels of glucose or fatty acids were required to explore the effects of the coffee 

CGA derivatives, CFT and TRG on glucolipotoxicity-induced beta cell apoptosis in our 

study, as described in Chapter 4-6.  

Having lowered the concentrations of glucose from 30 to 20 mM and palmitate from 0.5 to 

0.25 mM combined to induce cell apoptosis in INS-1 cells, we then separately investigated 

the effects of CA and FA with their selected metabolites at 100nM , and CFT with TRG at 1, 

3 and 5 μM on beta cell viability/apoptosis and elevated glucose and palmitate-induced cell 

apoptosis as indicated in Chapter 4 and 5, respectively. Lastly, these cell viability and 

apoptosis experiments were studied with a combination of 100 nM of selected CGA 

compounds and 1 μM of CFT and TRG, as indicated in Chapter 6.  
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7.2 Effect of CA, FA and their selected metabolites on beta cell survival in response to 

high glucose-and fatty acid-induced cell toxicity 

Findings described in Chapter 4 indicate that CA, FA and their selected metabolites, both 

alone and in combination significantly promoted cell viability under normal, non-stressed 

conditions. Additionally, prolonged treatment with a mixture of CA, FA and metabolites 

increased INS-1 cell viability, and this effect was more potent than treatment with each 

compound alone. Furthermore, both co- and pre-treatment with the CGA coffee derivatives 

alone and combined modulated cell apoptosis significantly in response to a lower level of 

glucose-and palmitate-induced cell toxicity in INS-1 cells. However, a combination of all 

selected CGA derivatives did not exhibit enhanced protective effects on apoptosis compared 

to treatment with each compound alone, except for diFA or FA-4OS, the metabolites of FA, 

when 20 hr co-treatment tested, as described in Chapter 4.  

The beneficial effect of the CGA derivatives on INS-1 cell viability may involve regulation 

of beta cell mass via proliferation of pre-existing beta cells under physiological conditions 

(Yan et al., 2020). Thus, further additional studies exploring the roles of the CGA derivatives 

in regulating cell viability through molecular pathways involved in cell proliferation are 

required.  

Nevertheless, a clear effect was observed with regards to beta cell apoptosis, and we suggest 

that the impact of the derivatives on beta cell apoptosis triggered by elevated levels of glucose 

and palmitate may be linked to modulation of endoplasmic reticulum (ER) /oxidative stress-

induced reactive oxygen species (ROS) overproduction in mitochondria in beta cells through 

cellular antioxidant activities (Zhang et al., 2021) and/or their free radical scavenging 

activities (Zhang et al., 2021; Sompong et al., 2017; Maruf et al., 2015; Roy et al., 2012). As 
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suggested by an in vitro study by Zhang et al. (2021), a very recent year, using porcine Sertoli 

cells (PSCs), i.e. non-pancreatic tissue, it was found that after the cells were induced by 4,4'-

(9-Fluorenylidene) diphenol (BHPF) (a chemical reagent), levels of apoptotic cells were 

increased along with a decrease in levels of the antioxidant superoxide dismutase (SOD) in 

the cells. The treatment with a high concentration of CGA significantly reduced cell 

apoptosis of BHPF- damaged PSCs by enhancing SOD levels (Zhang et al., 2021). It was 

shown that the decrease in ROS levels in BHPF-induced PSC was also linked to radical 

scavenging activities of the compounds besides the increase in antioxidant levels (Zhang et 

al., 2021). In addition, in an in vivo animal study, Roy et al. (2012) also reported that levels 

of SOD, catalase (CAT) and glutathione (GSH) were significantly increased in streptozotocin 

(STZ)-induced diabetic rats by treatment with FA (50mg/kg). These findings of the 

existing in vitro and in vivo studies above suggest that the CGA derivatives may improve cell 

survival by increasing antioxidant activities and levels, and acting as a free radical scavenger 

in cellular antioxidant systems that prevent oxidative damage and apoptosis in beta cells.  

Another possible mechanism reported in in vivo studies is that FA or CA could reduce lipid 

peroxidation, and in this way attenuate pancreatic  beta cell apoptosis (Roy et al., 2012; 

Balasubashini et al., 2004; Ramar et al., 2012; Oršolic ́ et al., 2021). Besides that, CGA 

compounds have been shown to alleviate cell apoptosis by inducing activation of nuclear 

factor erythroid-2-related factor 2 (Nrf2) that leads to maintenance of upregulated 

antioxidant expression, improvement of mitochondrial function and beta-oxidation of fatty 

acids in both the liver and pancreatic beta cells of T2D rodents (Shi et al., 2018). In addition, 

the protective effect of CGA compounds may also be associated with a reduction in the 

polymerisation of islet amyloid polypeptide (IAPP), as shown in a pancreatic INS-1 cell 

culture study by Cheng et al. (2011). However, to understand how the CGA derivatives 
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promote  beta cell survival, either through a reduction in oxidative stress and free radical 

pathways, an increase in antioxidant activities, a decrease in lipid peroxidation or stimulation 

of Nrf2 activity, further in vitro beta cell and islet studies, and then in vivo-animal models 

are needed to investigate the underlying mechanisms mediating this effect. 

7.3 Effect of CFT and TRG on  beta cell survival in response to high glucose- and fatty 

acid-induced cell toxicity 

Findings of Chapter 5 suggest that either short-or long-term treatment with CFT or TRG, 

both alone and in combination at concentrations ranging between 1 and 5 μM significantly 

enhanced INS-1 beta cell viability under basal conditions and partially restored cell apoptosis 

in response to high levels of glucose and palmitate. These beneficial effects on both beta cell 

viability and apoptosis of a combination of CFT and TRG were not more potent than CFT or 

TRG alone in terms of percentage increased cell viability and decreased cell apoptosis, 

respectively. This implies that the mixture of CFT/TRG treatment may not exhibit combined 

effects on beta cell survival compared to treatment with CFT or TRG alone.  

Regarding the beneficial effects of the compounds on cell viability, this may be associated 

with  beta cell proliferation by, for instance, affecting activity or levels of three specific 

groups of cell cycle proteins, that is, cyclins, cyclin-dependent kinases and cyclin-dependent 

kinase inhibitors, that play an essential role in the maintenance of  beta cell proliferation 

under normal physiological conditions (Fatrai et al., 2006). Besides that, their protective 

impact on pancreatic beta cell apoptosis might be linked to inhibition of inflammation. 

Some in vitro studies reported that CFT had anti-inflammatory effects on non-pancreatic 

cells (i.e. macrophages and human umbilical vein endothelial cells (HUVECs)) by, for 

example, suppressing the expression of the cyclooxygenase-2 enzyme, an inflammatory 
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marker (Kim et al., 2004), inhibiting ROS production and/or reducing mitogen-activated 

protein kinase (MAPK) phosphorylation associated with cell apoptosis pathways (Hao et 

al., 2018). As described in Chapter 5, there are a limited number of in vitro studies exploring 

the direct effects of CFT on beta cell survival. Some animal studies indicate that another 

possible underlying mechanism may include an increase in cellular antioxidant levels and/or 

activities leading to a decrease in detrimental effects of cellular stress and lipid peroxidation 

(Lee et al., 2007; Cavin et al., 2001; Huber et al., 2002) besides anti-inflammatory action 

(Kim et al., 2004; Hao et al. 2018). For example, Lee et al. (2007) found that pre-treatment 

with CFT significantly increased levels of glutathione (GSH) in carbon tetrachloride (CCl4)-

induced injured hepatocellular in mice. Correspondingly, the researchers also found that CFT 

could reduce malondialdehyde (MDA) levels in CCl4-induced hepatotoxic cells. The MDA 

is one of the end products resulting from the decomposition of lipid hydroperoxides, which 

has been reported to be one of the biomarkers of lipid peroxidation-associated cell injury 

(Niedernhofer et al., 2003). This suggests that CFT may play a role in preventing hepatic cell 

death by enhancing antioxidant levels and reducing lipid peroxidation that could lead to a 

reduction in cell apoptosis. In addition, CFT also showed beneficial effects on cell survival 

by free radical scavenging and suppressing CCl4-induced hepatotoxicity through inhibition 

of the Cytochrome P450 2E1 (CYP2E1) enzyme activities that mediate the bioactivation 

of CCl4 (e.g., Lee et al., 2007).  

Another primary coffee compound of interest is TRG. Our findings show that it had no 

adverse effect on  beta cell viability under normal tissue culture conditions, which was similar 

to findings of an in vitro study by Arlt et al. (2013), where human pancreatic duct epithelial 

cells were pre-treated with 0.01-10 μM TRG before exposure to a carcinogenic agent. In 

addition to being non-toxic, TRG enhanced the number of viable beta cells under normal 
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culture conditions and reduced cell apoptosis induced by high glucose and palmitate, as 

illustrated in our data. To our knowledge, this beneficial impact of TRG has not previously 

been investigated in pancreatic beta cells under the condition of glucolipotoxicity. A possible 

explanation for these findings is that this effect may be linked to alteration of gene expression 

related to apoptosis, as suggested by a previous non-beta cell culture model. Ilavenil et al. 

(2015) found that pretreatment with TRG significantly increased beta cell lymphoma-2 

protein (Bcl-2) and B-cell lymphoma-extra large (Bcl-XL) gene expression and 

decreased Caspase-3 mRNA levels in H2O2- injured H9c2 cells (cardiac hypertrophy cells). 

This notion is also supported by findings of other in vivo models of diabetic mice (Liu et 

al., 2018; Tharaheswari et al., 2014). Besides that, TRG has been reported to attenuate lipid 

peroxidation by suppressing free radical formation in pancreatic beta cells in diabetic rats 

(Stadler et al., 2008; Afifi et al., 2017; Stadler et al., 2008). In contrast, Ogata et al. (2002) 

did not support the association between TRG and lipid peroxidation as the substance did not 

have scavenging effects on hydroxyl radical groups in their study (Ogata et al., 2002). TRG 

was also shown to increase either enzymatic (e.g. SOD and CAT) or non-enzymatic (e.g. 

GSH) antioxidant activities in the pancreas of rats with STZ-induced diabetes (Zhou et 

al., 2011; Tharaheswari et al., 2014 and Afifi et al., 2017; Stadler et al., 2008). Reduction 

in Ddit3 mRNA upregulation was also found in pancreatic beta cells of type 2 diabetic rats 

after administration of TRG (40mg/kg, Tharaheswari et al., 2014). Taken together, a natural 

continuation of our current findings would be to assess whether the reduction in beta cell 

apoptosis by treatment with CFT or TRG is mediated via the possible pathways above, e.g. 

the inhibition of free radical formation, the reduction in lipid peroxidation, cellular 

antioxidant levels and activities and expression stress-responsive genes. 
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7.4 Effect of all the selected coffee compounds on  beta cell survival in response to high 

glucose-and fatty acid-induced cell toxicity when combined 

We then tested whether the beneficial effects on cell viability and apoptosis of selected CGA 

derivatives, CFT or TRG, could remain or indeed were further enhanced when they were all 

combined. Findings described in Chapter 6 have shown that 100 nM of the selected CGA 

derivatives combined with 1 M TRG and 1 M TRG increased cell viability without 

inducing cytotoxicity in INS-1 beta cells under normal tissue culture conditions and 

attenuated high glucose-and fatty acid-induced cell apoptosis. Additionally, these effects 

were more pronounced compared to treatment with each selected coffee derivative alone. 

The combined effects may be attributed to a regenerative effect of the compounds as 

suggested by Nam et al. (2015), who reported that coffee extract or CGA and TRG combined 

significantly increased the size of pancreatic islets damaged by alloxan, and improved the 

survival rate of the damaged islets (Nam et al., 2015). In addition, Chen et al. (2011) 

suggested that decaffeinated coffee had an inhibitory effect on TNF-α-induced NF-κB  

activation in the C2C12 cell line (mouse myoblast cells), which corresponded to an increase 

in cell viability (Chen et al., 2011). These study findings imply that the inhibitory effect on 

NF-κB activation may partially result from a variety of coffee components, including the 

major compounds CGAs, TRG and CFT.  

In addition to the above, CGAs, kahweol and CFT might induce and enhance enzymatic 

antioxidant activities by stimulating another pathway involving the protein Nrf2 through the 

complex consisting of cytoplasmic inhibitor, Keap1 (Kelch-like ECH- associated protein-1) 

and Nrf2, as mentioned previously (Fratantonio et al., 2017; Shi et al., 2018; Kim et al., 

2004a; Shen et al., 2015). In contrast, TRG was shown to inhibit Nrf2 activation, possibly 

by interfering with the epidermal growth factor signalling pathway (Fouzder et al., 2021).  
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As described in Chapter 6, only a very limited number of in vitro studies have currently 

investigated the direct impact of the mixture of CGA derivatives, CFT and TRG on beta-

cell/islet survival in response to high glucose-and fatty acid-induced cell toxicity. Therefore, 

findings from existing animal studies may be used to suggest possible mechanisms leading 

to a reduction in  beta cell death. Vellai et al. (2018) found, for example, that a combination 

of TRG, FA and other triterpenoid saponin derivatives (gymnemic acid, GA, from leaves of 

Gymnema Sylvestre) significantly enhanced both enzymatic and non-enzymatic antioxidants 

in the pancreas of type 2 diabetic rats, which supports the outcomes of the in vitro studies 

above (Fratantonio et al., 2017; Shi et al., 2018). These findings are also supported by a 

study in high-fat-fed mice (Alshammari et al., 2017). In addition, a number of both in 

vitro and in vivo studies suggest that activation of the ERK1/2 signalling pathway by these 

compounds may lead to a reduction in cell apoptosis (Shah et al., 2021; Youl et al., 2010; 

Wijesekara et al., 2010). 

Our current findings clearly suggest that the combination of CA, FA and their metabolites, 

CFT and TRG might play a significant role in the protection of beta cells from the deleterious 

effects of glucose and palmitate. This protective effect may be associated with various 

molecular mechanisms, whether the inhibition of NF-κB activity, the activation of Nrf2 

expression or an increase in both enzymatic and non-enzymatic antioxidant activities and 

levels. However, these possible underlying mechanisms were suggested by findings from 

existing studies investigating non-pancreatic tissues or cells in response to different stressors. 

Therefore, further studies in clonal  beta cell lines and/or islets are needed to confirm our 

findings and to demonstrate and characterise the mechanisms of combined effects of 

bioactive compounds in coffee. 
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7.5 Effect of combined coffee compounds on the expression of Hmox-1, Txnip and 

Ddit3 mRNA levels in INS-1 beta cells 

The previous results of this present study have shown that the cocktail of coffee compounds 

modulated the deleterious effects of high glucose and palmitate on beta cell survival and 

function. As mentioned, high glucose and high palmitate are one of the factors that trigger 

oxidative stress and ER stress in beta cells and cause  beta cell apoptosis. This process of 

apoptosis is associated with various molecular alterations or abnormalities, including 

changes in the expression of stress-responsive genes. Thus, the expression of Hmox-1, 

Txnip and Ddit3 were measured to understand whether the observed reduction in apoptosis 

involved a decrease in ER and/or oxidative stresses through altered expression of these three 

genes, as described in Chapter 6. 

7.5.1 Heme oxygenase 1 (Hmox-1) gene expression  

Our findings described in Chapter 6 indicate that there was a trend towards higher levels 

of Hmox-1 mRNA in INS-1 beta cells after exposure to 20 mM glucose and 0.25mM 

palmitate for 20 hr, although this change was not statistically significant, similar to results of 

Moens et al., 2020. Furthermore, we found that incubation with the combination of the coffee 

compounds did not significantly alter the Hmox-1 mRNA levels in response to high levels of 

glucose and palmitate, suggesting that they did not mediate their protective effects on 

survival via modulation of H-mox1 gene expression in our experimental settings.  

7.5.2 Thioredoxin interacting protein (Txnip) gene expression 

Our findings shown in Chapter 6 indicate that there was a trend toward higher levels 

of Txnip mRNA in INS-1 beta cells after 20 hr exposure to elevated levels of glucose and 
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palmitate, although this was not a statistically significant change. It is possible that the 

combination of high levels of fatty acids and glucose prevented a pronounced upregulation 

of Txnip mRNA levels, which has otherwise been observed following exposure to elevated 

glucose alone (Shaked et al., 2011). Indeed, high fatty acid concentrations have been 

reported to inhibit the effect of high glucose on activation of Txnip gene expression 

(Shaked et al., 2009; Cha-Molstad et al., 2009).  

In our study, it was also found that there was a significant lower expression of this gene after 

treatment with the mixture of all the selected CGA derivatives, and the combination of all 

the chosen coffee compounds in the INS-1 beta cells. There was a trend towards the lower 

expression of this gene after treatment with CFT and TRG combined, whereas this change 

was not statistically significant, as indicated in Chapter 6. This suggests that combined coffee 

compounds might play a role in suppressing Txnip expression that links to a reduction in cell 

apoptosis of pancreatic beta cells, and the coffee-derived CGAs may play a more influential 

role than CFT and TRG in the attenuating effect of the cocktail. 

To our knowledge, there are no in vitro or in vivo studies that directly explore the role of the 

combination of coffee CGA derivatives, CFT and TRG in the expression of Txnip in beta 

cells in response to glucolipotoxicity. As previously described, the effect of combined coffee 

compounds on Txnip expression might be associated with alteration of possible pathways 

whether expressed redox activation (Valérie et al., 2010; Ishrat et al., 2015), NADPH 

oxidative stress expression (Shah et al., 2013) or NF-κB activation (Zheng et al., 2013; 

Xia et al., 2014) that requires further studies involving assessment of these highlighted 

pathways. 
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7.5.3 DNA-damage-inducible transcript 3 (Ddit3) gene expression 

Findings described in Chapter 6 show that there was a trend towards higher Ddit3 gene 

expression in the INS-1 beta cells after exposure to elevated glucose and palmitate 

concentrations, which was similar to findings of an in vitro study by Akari et al. (2003). They 

reported that glucolipotoxicity interfered with ER homeostasis and triggered ER stress, which 

led to increased expression of Ddit3 in MIN6 cells resulting in cell apoptosis (Akari et 

al., 2003). Regarding our findings, treatment with the mixture of CFT and TRG significantly 

decreased upregulated Ddit3 mRNA levels induced by 20 hr exposure to elevated glucose 

and palmitate levels in INS-1 cells. Moreover, there was a trend towards lower  Ddit3 mRNA 

levels after treatment with either the mixture of all selected CGA derivatives or the cocktail 

of all coffee compounds, although this was not statistically significant. Combined coffee 

compounds may therefore play a role in a reduction of upregulated Ddit3 mRNA levels that 

link to a decrease in cell apoptosis of pancreatic beta cells. This effect may primarily be 

attributed to a combination of CFT and TRG rather than the CGA derivatives in coffee. 

So far, evidence from both in vivo and in vitro studies points towards an association between 

dietary polyphenols and Ddit3 gene expression through molecular mechanisms associated 

with T2D. Lee et al. (2016) reported that the expression of ER stress-responsive genes 

including Ddit3 and PERK was decreased by treatment with the polyphenol tyrosol via 

suppression of the phosphorylation of c-Jun N-Kinase (c-JNK) pathways in tunicamycin-

induced ER stress in mouse insulinoma cells (NIT-1, Lee et al., 2016). γ-Oryzanol (Orz), a 

bioactive phenolic compound found in brown rice (Lerma-García et al., 2009), has similarly 

been reported to decrease Ddit3 expression in tunicamycin-induced ER stress in MIN6 cells 

(Kozuka et al., 2015). 
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Thus, it is conceivable that the impact of the coffee compounds on Ddit3 gene expression 

might be linked to the proposed mechanisms mediated by other compounds, as mentioned 

above. Therefore, there is scope for further investigation into the particular underlying 

mechanism by which the coffee compounds may mediate the alteration of Ddit3 expression. 

Based on the findings of the gene expression studies above, potential roles of combined 

coffee compounds in the regulation of Hmox-1, Txnip and Ddit3 mRNA levels in response 

to elevated levels of glucose and palmitate in INS-1 beta cells reveal that the combined coffee 

derivatives potentially decrease beta cell apoptosis through inhibition/reduction of up-

regulated Txnip and Ddit3 gene expression, that links to a reduction in  beta cell apoptosis. 

These findings might provide information about the underlying cellular mechanisms for the 

reported protective effects of coffee compounds on  beta cell survival in T2D. This is, 

therefore, the foundation for further islet culture models and in vivo animal studies 

investigating the interaction between specific bioactive coffee compounds and mechanisms 

associated with stress-responsive gene expression involved in  beta cell death. 

 

7.6 Effect of CA, FA and their selective metabolites on pancreatic  beta cell secretory 

function 

T2D is characterised by hyperglycaemia due to insulin resistance and/or insufficient insulin 

secretion and production, which is linked to loss of  beta cell function and mass. Thus, 

substances that can ameliorate  beta cell function are considered to be of key importance in 

the prevention or management of T2D (Robertson, 2010). Therefore, this current study next 

investigated whether the coffee compounds of interest could affect insulin secretion from 

INS-1 cells and mouse islets in a beneficial manner. 
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So far, there are only a few in vitro studies investigating the roles of coffee CGA derivatives 

with regard to  beta cell insulin secretory function. Findings described in Chapter 4 indicate 

that acute treatment with diCA-3OS, a metabolite of CA, significantly enhanced insulin 

release from beta cells stimulated by a combination of glucose, FSK and IBMX. To our 

knowledge, the direct effects of the CA metabolite on glucose-dependent insulin secretion 

from pancreatic beta cells have not been reported in previous studies. However, Mellbye et 

al. (2015) showed that among other compounds of interest, acute treatment with CA at 0.01-

1M significantly enhanced glucose-stimulated insulin secretion (GSIS), which was 

consistent with the conclusion of Bhattacharya and co-authors (2014). These findings are 

consistent with a study by Tousch et al. (2008), which reported that 50 M 5-CQA induced 

insulin release from INS-1E cell lines and mouse islets (Tousch et al., 2008). This may 

possibly be linked to blocking of ATP-sensitive potassium channels, as hypothesised by 

Nam et al. (2015). However, Tousch et al. (2008) reported that treatment with CGA did not 

lead to the closure of ATP-sensitive potassium channels and subsequent insulin secretion. 

Thus, it could be suggested that the compound act at a site in the stimulus-response pathway, 

which is distal to the K+
ATP channel inhibition (Tousch et al., 2008). For example, CGA at 1-

10 M concentrations increased GSIS in INS-1E cells by stimulating diverse protein kinases 

(PK), including PK-A, PK-C or extracellular regulated kinases (ERKs), which are involved 

in insulin exocytosis (Fernandez-Gomez et al., 2016; Fernández-Millán et al., 2014). 

Additionally, this impact of the CGA compounds may involve activation of extracellular 

signal-regulated protein kinases 1 and 2 (ERK1/2), as shown in an in vitro study in INS-1 

cell treated with quercetin, a polyphenolic compound (Youl et al., 2010).  

However, acute treatment with other observed CGA derivatives, alone and combined, did not 

significantly modify insulin secretion from INS-1 beta cells or islets in response to glucose 
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with or without FSK and IBMX in our current study. In contrast, 48 hr pretreatment with 

diCA-3OS, CA and FA combined or the combination of all selected CGA compounds further 

enhanced GSIS in both INS-1 cells and islets. Additionally, pre-treatment with diCA-3OS, 

diFA or FA-4OS increased GSIS from islets, but not INS-1 beta cells. The discrepancy 

between acute and pretreatment effects suggest that the compounds may not directly affect 

the stimulus-response pathway when acute insulin secretion was tested, whereas the 

compounds might act via other mechanisms to optimise the  beta cell function and overall 

health of the cells. Moreover, our previous findings described in 7.1 indicate that 48 hr 

prolonged treatment with the CGA coffee derivatives enhanced cell viability. This implies 

that there possibly were a higher number of cells in the wells, thus influencing the amount of 

insulin released per well. These findings also suggest that CA or FA and the metabolites 

might have more impact on stimulus-induced insulin release when combined, compared to 

treatment with each compound alone. 

 

7.7 Effect of CFT and TRG on pancreatic beta cell secretory function 

It was further explored whether the beneficial effect of CFT on beta cell survival may also 

extend to pancreatic beta cell secretory function. However, in our experimental models, either 

acute and pre-treatment with CFT alone did neither alter stimulus-induced insulin secretion 

nor provide an adverse effect on GSIS from either beta cells or mouse islets. These findings 

were in contrast to the previous results of a cell culture study by Mellbye et al. (2015), as 

described in Chapter 5. 

In addition to CFT, our study also found that TRG alone or combined with CFT did not have 

stimulatory or adverse effects on stimulus-induced insulin secretion from both INS-1 cells 
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and the islets at the chosen concentrations. Similarly, Mellbye et al. did not find any 

potentiating effects of TRG on glucose-induced insulin secretion from INS-1E cells neither.  

Therefore, it may be concluded that our study findings do not support the hypothesis that 

CFT and TRG alone and combined improve insulin secretion from pancreatic beta 

cells/islets.  

 

7.8 Effect of combined coffee compounds on INS-1  beta cell secretory function 

Lastly, we tested whether the combination of selected major components from coffee, CGAs 

and their metabolites, CFT and TRG could potentially affect insulin release from clonal beta 

cells where secretion was induced by high glucose combined with the intracellular cAMP 

level activators, FSK and IBMX. It was found that acute and pre-treatment with individual 

coffee compounds did not increase GSIS from INS-1 beta cells except in response to CA. 

The acute effect of CA on insulin release here was in agreement with the positive effect of 

CA on glucose-stimulated insulin secretion in INS-1E found in an in vitro study (Mellbye et 

al., 2015). However, this effect was not consistent with the results of our previous study as 

described in 7.5 and a study by Azay-Milhau et al. (2013). This present study also shows a 

stimulatory effect on GSIS in INS-1 beta cells after acute and pre-treatment with the cocktail 

of all selected coffee compounds. Additionally, pre-treatment (48 hr) with the combination 

of CA, FA and the selected CGA metabolites increased GSIS similar to findings from our 

previous study, as described in 7.5. The impact of the mixture of selected coffee derivatives 

on INS-1  beta cell insulin secretory function may therefore be linked to activation of diverse 

protein kinase pathways. Alternatively, Shah et al. (2021) reported that combined pre-

treatment with cinnamic acid, a CGA derivative, and nicotinamide, a precursor of TRG, 
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increased insulin secretion through the activation of ERK1/2 in STZ-induced diabetic rats 

(Shah et al., 2021). Although our assay system was not set up to investigate the cellular 

mechanisms highlighted above, the findings provide important information of the therapeutic 

role of the coffee derivatives. This, in turn, can assist in the design of further beta cell/islet 

culture models and in vivo animal studies investigating a link between activation of the 

protein kinases or ERK1/2 signalling pathways and beta cell secretory function following 

exposure to the coffee derivatives. 

Taken together, the findings from the studies of insulin secretion presented in Chapters 4-6 

suggest that coffee compounds, more specifically, coffee-derived CGAs, may play a role in 

regulating pancreatic beta cell function, particularly insulin secretion in response to glucose 

and other stimuli. This effect is more pronounced when the individual coffee derivatives are 

combined. Thus, the stimulatory effect of CGA derivatives, CFT and TRG may be, at least 

in part, responsible for the beneficial effects of decaffeinated coffee on risk reduction in T2D. 

 

7.9 Limitations of in vitro studies 

There are some limitations associated with the current study. Firstly, the effects of the non-

caffeinated coffee compounds of interest on cell apoptosis and the expression of observed 

stress-responsive genes were not tested in mouse islets to confirm the results observed in 

INS-1 beta cells. Additionally, the effects of some compounds on stimulus-induced insulin 

release was not tested in primary islets either. The islets contain insulin-producing beta cells, 

glucagon-secreting alpha cells and somatostatin-producing delta cells, and interactions of 

these three cell types play an essential role in the balance and the regulation of the overall 

hormone produced from the islet (Hauge-Evans et al., 2009). Hence, to fully understand the 
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impact of the coffee derivatives on the regulation of insulin secretion and beta cell function, 

a measurement of the effect of the compounds on islets is required. Whereas in vitro studies 

using  beta cell lines are initially applicable models to explore  beta cell function, the cell 

lines have their own limitations as they cannot replicate the heterogeneous nature of islets in 

mammals, including humans. 

Moreover, the structure of clonal  beta cell lines used in diabetic research is mostly two 

dimensional (2D) clusters, which cannot represent the cell-cell interaction within islets, 

except for 3D cluster  beta cell lines (Ntamo et al., 2021). In terms of insulin content and 

secretory response, islets generally present a more robust secretory response (Rutter and 

Hodson et al., 2013). Many other characteristics are unique to islets relative to clonal beta 

cells. For instance, insulin release in the 1st phase of secretion in response to low and high 

levels of glucose is almost non-detected, as well as the second phase in clonal  beta cell lines 

(Rutter and Hodson et al., 2013). It is, thus, crucial to support any initial findings with 

primary islet culture studies (Costabile, Sarnsamak and Hauge-Evans,  2018). Unfortunately, 

we were not able to complete planned experimental studies using isolated islets due to 

restrictions associated with the global COVID-19 pandemic. Furthermore, additional studies 

are needed in order to investigate the effect of the coffee compounds of interest on insulin 

secretion under stress conditions similar to those employed in the cell apoptosis studies. 

Therefore, to understand the possible association between the protective impact of the 

compounds on  beta cell survival and the observed effects on secretory function, additional 

studies that include insulin release experiments under conditions of glucolipotoxicity will be 

needed. 
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7.10 Summary  

This thesis provides evidence for the first time that a range of selected non-caffeinated coffee 

compounds: coffee-derived CGAs (CA, FA and the selected metabolites; diFA, FA-4OS and 

diCA-3OS), CFT and TRG alone and combined enhance cell viability without inducing 

cytotoxicity in beta cells under normal, non-stressed conditions. Additionally, the 

compounds attenuate beta cell apoptosis under the presence of high levels of glucose and 

palmitate, suggesting that the non-caffeinated compounds might be a pro-survival mediator 

for beta cells, providing significant anti-apoptotic conditions to defend beta cells against 

apoptosis induced by the condition of glucolipotoxicity. Furthermore, the compounds 

promote beta cell survival, likely via downregulation of ER and oxidative stress-responsive 

genes such as Txnip and Ddit3 induced by glucolipotoxicity. This work also shows that a 

combination of the selected coffee compounds is more effective in mediating these anti-

apoptotic effects than individual compounds, consistent with the reported benefits of overall 

coffee consumption on a reduction in risks of the development of T2D. Additionally, our 

findings suggest that the combination of coffee compounds positively modifies glucose-

stimulated insulin release from beta cells.  

In conclusion, our data suggest that beneficial effects of coffee compounds on both beta cell 

survival and insulin secretory function result at least in part from the compounds chosen in 

our study, that is, CGA derivatives, CFT and TRG. Beta cell dysfunction and loss is a 

hallmark of T2D. The work presented here would therefore be informative for finding an 

alternative way to enhance beta cell mass and function by either increasing pancreatic beta 

cell viability under physiological conditions and/or reducing the elevated levels of beta cell 

apoptosis related to T2D with particular focus on implications of glucolipotoxicity. Besides 

that, the findings of this thesis provide the foundation for further in vivo animal studies. This, 
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in turn, may inform the design of potential interventional studies in humans involving the 

specifically identified active components in coffee, thus ultimately leading to direct benefits 

for patients with T2D. 
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1Department of Life Sciences, University of Roehampton, London, UK  

2School of Life Course Sciences, King's College London, London, UK.  

Coffee, type 2 diabetes and pancreatic islet function – A mini-review  

Costabile A1, Sarnsamak K1 and Hauge-Evans AC1 

Caffeinated and decaffeinated coffee consumption has increasingly been linked to reduced 

risks of type 2 dia- betes. The condition is characterised by insulin resistance and pancreatic 

beta cell loss and dysfunction, leading to hyperglycaemia. Recent research has indicated that 

coffee components such as chlorogenic acid derivatives and cafestol positively modify the 

regulation of blood glucose levels in peripheral tissues. Taking into con- sideration 

bioavailability of coffee bioactives, this mini-review evaluates the pros and cons of individual 

com- ponents and their combinations and highlights some of their significant effects on 

insulin secretion. Although the loss and/or dysfunction of beta cells is a key element in type 

2 diabetes, little is known about the impact of coffee components on the regulation of beta 

cell mass, including survival under conditions of hyperglycaemia, lipo- toxicity and 

inflammation. Further investigations are warranted in particular with regards to use of 

physiolo- gically relevant concentrations and conjugated forms of the bioactive components  
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A Novel Role for Somatostatin in the Survival of Mouse Pancreatic Beta Cells.  

Damsteegt EL1, Hassan Z2, Hewawasam NV1, Sarnsamak K1, Jones PM2 and Hauge-Evans 

AC.1  

Background/Aims: Cross-talk between different pancreatic islet cell types regulates islet 

function and somatostatin (SST) released from pancreatic delta cells inhibits insulin secretion 

from pancreatic beta cells. In other tissues SST exhibits both protective and pro-apoptotic 

properties in a tissue-specific manner, but little is known about the impact of the peptide on 

beta cell survival. Here we investigate the specific role of SST in the regulation of beta cell 

survival in response to physiologically relevant inducers of cellular stress including 

palmitate, cytokines and glucose.  

Methods: Pancreatic MIN6 beta cells and primary mouse islet cells were pre- treated with 

SST with or without the Gi/o signalling inhibitor, pertussis toxin, and exposed to different 

cellular stress factors. Apoptosis and proliferation were assessed by measurement of caspase 

3/7 activity, TUNEL and BrdU incorporation, respectively, and expression of target genes 

was measured by qPCR.  

Results: SST partly alleviated upregulation of cellular stress markers (Hspa1a and Ddit3) 

and beta cell apoptosis in response to factors such as lipotoxicity (palmitate), pro-

inflammatory cytokines (IL1β and TNFα) and low glucose levels. This effect was mediated 

via a Gi/o protein-dependent pathway, but did not modify transcriptional upregulation of the 

specific NFκB- dependent genes, Nos2 and Ccl2, nor was it associated with transcriptional 

changes in SST receptor expression.  

Conclusion: Our results suggest an underlying protective effect of SST which modulates the 

beta cell response to ER stress and apoptosis induced by a range of cellular stressors 

associated with type 2 diabetes.  
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Diabetes UK, 2019  

The role of coffee derivatives in the regulation of pancreatic beta cell function in Type 

2 Diabetes 

Sarnsamak K1, Costabile A1 and Hauge-Evans AC1 

Aims: Non-caffeinated coffee reduces the risk of Type 2 diabetes (T2D) but it is unclear 

whether this effect is partly mediated via a direct, functional modulation of insulin-secreting 

beta cells from the pancreas. In this study we investigated the specific role of coffee 

compounds derived from the polyphenolic family of chlorogenic acids (CGAs) in the 

regulation of beta cell survival and secretory function. 

Methods: INS-1  beta cells were incubated with 100 nmol/l of caffeic acid (CA), ferulic acid 

(FA), dihydroferulic acid (diFA) and ferulic acid 4-O-sulphate (FA-4OS) with or without 30 

mmol/l glucose + 0.5 mmol/l palmitate. Cell viability, apoptosis and proliferation were 

assessed by measurement of ATP content, 3/7 caspase activities and cell proliferation (BrdU 

activities) respectively. Insulin content of samples was determined by radioimmunoassay. 

Results: Pre-treatment for 48 h with CGA derivatives alone or in combination did not affect 

INS-1   beta cell viability under normal tissue culture conditions (n=3, p>0.2). Additional 

exposure to glucolipotoxic conditions for 20h significantly decreased beta cell viability and 

survival and was not alleviated by pre- or co-treatment with CGAs (n=3, p>0.05). However, 

insulin release in response to 1h incubation with 20 mmol/l glucose + 10μmol/l forskolin + 

100μmol/l IBMX was significantly higher from cells pre-treated with CA and FA combined 

compared to controls (19.1±3.2 pg insulin/5000 cells/h versus 5.4±0.4 pg insulin/5000 

cells/h, p<0.05). 

Summary: The results suggest that CGA derivatives from coffee do not directly modulate 

INS-1 beta cell viability and apoptosis but may play a role in the regulation of beta cell 

secretory function. 
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13th European Nutrition Conference, Federation of European Nutrition Societies 

(FENS) and The Nutrition Society, 2019 

The role of coffee derivatives in the regulation of pancreatic beta cell function in Type 

2 Diabetes 

Sarnsamak K1, Costabile A1 and Hauge-Evans AC1 

Coffee contains several components other than caffeine such as chlorogenic acids (CGAs), 

which are a family of polyphenols. Non-caffeinated coffee has been shown to reduce the risk 

of Type 2 diabetes, but it is unclear whether this effect is primarily due to a beneficial action 

on glucose regulation in peripheral tissues or whether it is partly mediated via a direct, 

functional modulation of insulin-secreting beta cells from the pancreas. This study aims to 

explore the specific role of coffee compounds derived from the polyphenolic family of CGAs 

(caffeic acid (CA) and ferulic acid (FA)) and their metabolites (dihydroferulic acid (diFA) 

and ferulic acid 4-O-sulphate (FA-4-OS)) in the regulation of beta cell survival and secretory 

function. To investigate this role, the cells were initially exposed to conditions of 

glucotoxicity (30mmol/l glucose), lipotoxicity (0.5mmol/l palmitate), glucolipotoxicity 

(30mmol/l glucose + 0.5mmol/l palmitate) and cytokine-induced cell toxicity (25U/ml IL1b 

+ 500U/ml TNF⍺) for 20 and 48h. INS-1  beta cells were subsequently treated with or without 

100nmol/l of the CGA compounds for 48h followed by 20h exposure to glucolipotoxicity to 

measure cellular ATP content and 3/7 caspase activity, respectively, as an indication of cell 

viability and apoptosis. Additionally, insulin release was assessed by radioimmunoassay 

following 1h static incubations with or without CA, FA and metabolites. Data were analysed 

by One-Way ANOVA using GraphPad prism software (version 8). Glucotoxicity, 

lipotoxicity and glucotoxicity or glucolipotoxicity combined with cytokines significantly 

reduced INS-1 cell viability compared to control at 20 and 48h (p<0.001 versus 11mmol/l 

glucose, p<0.05; Glucotoxicity versus 11mmol/l glucose at 20h, n=6), whereas cytokines 

alone did not significantly affect cellular ATP content. Moreover, pre-treatment for 48h with 

CGAs alone or in combination did not affect INS-1 beta cell viability under basal conditions 

(n=3, p>0.2). Additional exposure to glucolipotoxicity for 20h significantly decreased beta 

cell viability and survival and was not alleviated by pre- or co-treatment with CGAs (n=3, 
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p>0.05). However, insulin release in response to 1h incubation with 20 mmol/l glucose + 

10μmol/l forskolin (FSK) + 100μmol/l 3-isobutyl-1-methylxanthine (IBMX) was 

significantly higher from cells pre-treated with CA and FA combined compared to controls 

(7.64 + 2.89pg insulin/5,000 cells/h versus 2.17 + 0.35pg insulin/5,000 cells/h; p<0.01 vs. 

20mmol/l glucose+10µmol/l FSK+100µmol/l IBMX only, n=5). The results suggest that 

CGA derivatives from coffee do not directly modulate INS-1 beta cell viability and apoptosis 

whereas the compounds may play a role in the regulation of beta cell secretory function. 
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Diabetes UK, 2020  

Potential effects of the coffee compounds Cafestol and Trigonelline on pancreatic beta 

cell survival and function in Type 2 diabetes. 

Sarnsamak K1, Costabile A1 and Hauge-Evans AC 1  

Aims: Cafestol (CFT) and trigonelline (TGL) from coffee have been reported to provide anti-

hyperglycaemic effects in in vivo studies. However, it is unclear whether the compounds 

directly affect pancreatic beta cell function. This study investigated the role of CFT and TGL 

in the regulation of insulin secretion and in beta cell survival following exposure to 

glucolipotoxicity, a cellular stress factor typical of Type 2 diabetes.  

Methods: INS-1  beta cells were incubated with 1, 3 and 5 μmol/l CFT or TGL, respectively, 

with or without 20mmol/l glucose + 0.25 mmol/l palmitate for 20 hr. Cell viability was 

assessed by measurement of adenosine triphosphate (ATP) content. Additionally, insulin 

release following 1h static incubations with or without CFT and TGL was determined by 

radioimmunoassay.  

Results: INS-1  cell viability significantly decreased after exposure to glucolipotoxicity 

(p<0.05) and this detrimental effect was not reversed by co-treatment with CFT or TGL alone 

or in combination (p>0.05 versus 20mmol/l glucose + 0.25mmol/l palmitate only, n=3 

separate experiments). Furthermore, CFT or TGL alone did not modulate insulin release in 

beta cells induced by 20 mmol/l glucose, 10μmol/l forskolin and 100μmol/l 3-Isobutyl-1-

methylxanthine (p>0.05). Nevertheless, a significant increase was observed in response to 

CFT and TGL combined at 1 (1.95+0.28ng insulin/5000 cells/h, versus control only: 

1.11+0.11, p<0.05, n=5), 3 (1.42+0.08, p<0.01) and 5μmol/l (2.40+0.32, p<0.001), 

respectively.  

Summary: The results suggest that CFT and TGL from coffee do not protect beta cells 

against glucolipotoxicity. However, they may play a stimulatory role in the regulation of 

pancreatic insulin release.  
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The role of coffee derivatives in the regulation of pancreatic beta cell function in Type 

2 Diabetes. 

Sarnsamak K1, Costabile A1 and Hauge-Evans AC 1  

Coffee contains several components other than caffeine such as chlorogenic acids (CGAs), 

which are a family of polyphenols. Non-caffeinated coffee has been shown to reduce the risk 

of Type 2 diabetes, but it is unclear whether this effect is primarily due to a beneficial action 

on glucose regulation in peripheral tissues or whether it is partly mediated via a direct, 

functional modulation of insulin-secreting beta cells from the pancreas. This study aims to 

explore the specific role of coffee compounds derived from the polyphenolic family of CGAs 

(caffeic acid (CA) and ferulic acid (FA)) and their metabolites (dihydroferulic acid (diFA) 

and ferulic acid 4-O-sulphate (FA-4-OS)) in the regulation of beta cell survival and secretory 

function. To investigate this role, the cells were initially exposed to conditions of 

glucotoxicity (30mmol/l glucose), lipotoxicity (0.5mmol/l palmitate), glucolipotoxicity 

(30mmol/l glucose + 0.5mmol/l palmitate) and cytokine-induced cell toxicity (25U/ml IL1b 

+ 500U/ml TNFα) for 20 and 48 h. INS-1  beta cells were subsequently treated with or 

without 100nmol/l of the CGA compounds for 48 h followed by 20 h exposure to 

glucolipotoxicity to measure cellular ATP content and 3/7 caspase activity, respectively, as 

an indication of cell viability and apoptosis. Additionally, insulin release was assessed by 

radioimmunoassay following 1 h static incubations with or without CA, FA and metabolites. 

Data were analysed by One-Way ANOVA using GraphPad prism software (version 8). 

Glucotoxicity, lipotoxicity and glucotoxicity or glucolipotoxicity combined with cytokines 

significantly reduced INS-1  cell viability compared to control at 20 and 48 h (p < 0.001 

versus 11mmol/l glucose, p < 0.05; Glucotoxicity versus 11mmol/l glucose at 20 h, n = 6), 

whereas cytokines alone did not significantly affect cellular ATP content. Moreover, pre-

treatment for 48 hr with CGAs alone or in combination did not affect INS-1   beta cell 

viability under basal conditions (n = 3, p > 0.2). Additional exposure to glucolipotoxicity for 

20 h significantly decreased beta cell viability and survival and was not alleviated by pre- or 

co-treatment with CGAs (n = 3, p > 0.05). However, insulin release in response to 1 h 

incubation with 20 mmol/l glucose + 10μmol/l forskolin (FSK) + 100μmol/l 3-isobutyl-1-

methylxanthine (IBMX) was significantly higher from cells pre-treated with CA and FA 
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combined compared to controls (7.64 + 2.89pg insulin/5,000 cells/hr versus 2.17 + 0.35 pg 

insulin/5,000 cells/h; p < 0.01 versus 20 mmol/l glucose + 10 μmol/l FSK + 100μmol/l IBMX 

only, n = 5). The results suggest that CGA derivatives from coffee do not directly modulate 

INS-1  beta cell viability and apoptosis whereas the compounds may play a role in the 

regulation of beta cell secretory function. 
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