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Abstract 

 

In addition to acting as an energy reservoir, white adipose tissue is a vital endocrine organ 

involved in the modulation of cellular function and the maintenance of metabolic homeostasis 

through the synthesis and secretion of peptides, known as adipokines. It is known that some 

of these secretory peptides play important regulatory roles in glycaemic control by acting 

directly on islet β-cells or on insulin-sensitive tissues. Excess adiposity causes alterations in 

the circulating levels of some adipokines which, depending on their mode of action, can have 

pro-inflammatory, pro-diabetic or anti-inflammatory, anti-diabetic properties. Some adipokines 

that are known to act at β-cells have actions that are transduced by binding to G protein-

coupled receptors (GPCRs). This large family of receptors represents ~35% of all current drug 

targets for the treatment of a wide range of diseases, including type 2 diabetes (T2D). Islets 

express ~300 GPCRs, yet only one islet GPCR is currently directly targeted for T2D treatment. 

This deficit represents a therapeutic gap that could be filled by the identification of adipose 

tissue-derived islet GPCR peptide ligands that increase insulin secretion and overall β-cell 

function. Thus, by defining their mechanisms of action, there is potential for the development 

of new pharmacotherapies for T2D. Therefore, this thesis describes experiments which aimed 

to compare the expression profiles of adipose tissue-derived islet GPCR peptide ligand 

mRNAs under lean and obese conditions, and to characterise the functional effects of a 

selected candidate of interest on islet cells. 

 

Visceral fat depots were retrieved from high-fat diet-induced and genetically obese mouse 

models, and from human participants. Fat pads were either processed as whole tissue, or 

mature adipocyte cells were separated from the stromal vascular fraction (SVF) which 

contains several other cell populations, including preadipocytes and macrophages. The 

expression levels of 155 islet GPCR peptide ligand mRNAs in whole adipose tissue or in 

isolated mature adipocytes were quantified using optimised RNA extraction and reverse 

transcription-quantitative polymerase chain reaction (RT-qPCR) protocols. Comparisons 

between lean and obese states in mice models and humans revealed significant modifications 

in the expression levels of several adipokine mRNAs. As expected, mRNAs encoding the 

positive control genes, Lep and AdipoQ were quantifiable, with the expression of Lep mRNA 

increasing and that of AdipoQ mRNA decreasing in obesity. Expression of Ccl4 mRNA, 

encoding chemokine (C-C motif) ligand 4, was significantly upregulated in whole adipose 

tissue across all models of obesity compared to their lean counterparts. This coincided with 

elevated circulating Ccl4 peptide levels. This increase was not replicated in isolated mature 

adipocytes, indicating that the source of upregulated Ccl4 expression in obesity was the SVF 

of adipose tissue. Based on this significant increase in Ccl4 mRNA expression within visceral 

fat and its undetermined effects on β-cell function, Ccl4 was selected for further investigation 

in MIN6 β-cells and mouse islets. 

 

PRESTO-Tango β-arrestin reporter assays were performed to determine which GPCRs were 

activated by exogenous Ccl4. Experiments using HTLA cells expressing a protease-tagged β-

arrestin and transfected with GPCR plasmids of interest indicated that 100ng/mL Ccl4 

significantly activated Cxcr1 and Cxcr5, but it was not an agonist at the previously identified 

Ccl4-target GPCRs Ccr1, Ccr2, Ccr5, Ccr9 and Ackr2. RNA extraction and RT-qPCR 

experiments using MIN6 β-cells and primary islets from lean mice revealed the expression of 

Cxcr5 mRNA in mouse islets, but it was absent in MIN6 β-cells. The remaining putative Ccl4 
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receptors (Ccr1, Ccr2, Ccr5, Ccr9, Cxcr1 and Ackr2) were either absent or present at trace 

levels in mouse islets and MIN6 β-cells. 

 

Recombinant mouse Ccl4 protein was used for functional experiments at concentrations of 5, 

10, 50 and 100ng/mL, based on previous reports of biological activities at these 

concentrations. Trypan blue exclusion testing was initially performed to assess the effect of 

exogenous Ccl4 on MIN6 β-cell viability and these experiments indicated that all 

concentrations (5-100ng/mL) were well-tolerated. Since β-cells have a low basal rate of 

apoptosis, cell death was induced by exposure to the saturated free fatty acid, palmitate, or 

by a cocktail of pro-inflammatory cytokines (interleukin-1β, tumour necrosis factor-α and 

interferon-γ). In MIN6 β-cells, Ccl4 demonstrated concentration-dependent protective effects 

against palmitate-induced and cytokine-induced apoptosis. Conversely, while palmitate and 

cytokines also increased apoptosis of mouse islets, Ccl4 did not protect islets from either 

inducer. Quantification of bromodeoxyuridine (BrdU) incorporation into β-cell DNA indicated 

that Ccl4 caused a concentration-dependent reduction in proliferation of MIN6 β-cells in 

response to 10% fetal bovine serum (FBS). In contrast, immunohistochemical quantification 

of Ki67-positive mouse islet β-cells showed no differences in β-cell proliferation between 

control- and Ccl4-treated islets. Whilst the number of β-cells and δ-cells were unaffected, α-

cells were significantly depleted by Ccl4 treatment. Exogenous Ccl4 had no effect on nutrient-

stimulated insulin secretion from both MIN6 β-cells and primary mouse islets. The 3T3-L1 

preadipocyte cell line was used to assess potential Ccl4-mediated paracrine and/or autocrine 

signalling within adipose tissue. Ccl4 did not alter the mRNA expression of Pparγ, a master 

regulator of adipocyte differentiation, but did significantly downregulate the mRNA expression 

of the crucial adipogenic gene, adiponectin. Oil Red O staining and Western blotting were 

performed to assess lipid accumulation, and insulin and lipolytic signalling, respectively, and 

these experiments indicated that the observed Ccl4-induced decrease in adiponectin 

expression failed to correlate with any changes in adipocyte function. 

 

In summary, these data demonstrated anti-apoptotic and anti-proliferative actions of the 

adipokine, Ccl4, on MIN6 β-cells that were not replicated in mouse islets. The absence of any 

anti-apoptotic, insulin secretory and/or pro-proliferative effects of Ccl4 in islet β-cells suggests 

that it is unlikely to play a role in regulating β-cell function via crosstalk between adipose tissue 

and islets. The divergent functional effects highlight that whilst MIN6 cells are a useful primary 

β-cell surrogate for some studies, primary islets should always be used to confirm 

physiological relevance. On the other hand, significant α-cell depletion following Ccl4 

treatment suggests a cell-specific function within the islets. Furthermore, Ccl4 impaired 

adiponectin mRNA expression in adipocytes, although, how adipocyte function is affected as 

a result requires further investigation. Collectively, these data have contributed increased 

understanding of the role of obesity in modifying the expression of adipose tissue-derived islet 

GPCR peptide ligands. 
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Chapter 1: Introduction 

 

1.1 Diabetes mellitus 

 

Diabetes mellitus (DM) is a group of complex metabolic diseases characterised by a state of 

abnormally high plasma glucose levels, known as hyperglycaemia. This results from 

dysfunction in the secretion and/or action of insulin – a peptide hormone produced by 

pancreatic β-cells to reduce plasma glucose levels. Chronic hyperglycaemia fuels the 

development of severe microvascular and macrovascular complications, such as diabetic 

nephropathy, neuropathy, and retinopathy, and cardiovascular disease (CVD), which are main 

contributors to diabetic-related morbidity and mortality (Banday et al., 2020). For this reason, 

glycaemic control is a primary focal point for diabetes treatment and management. Sustained 

hyperglycaemia can be detected by measuring the level of glycated haemoglobin (HbA1c) 

within the blood. HbA1c reflects the average glycaemic level across the preceding 8 to 12 

weeks, and, therefore, can be used as both a diagnostic test for diabetes and as an indication 

of glycaemic management (Nathan et al., 2007). Non-diabetic individuals fall within a HbA1c 

range of 4.0-5.6%, whilst those with prediabetes have HbA1c levels of 5.7-6.4%, and levels of 

6.5% or greater indicate a diabetic state (Sherwani et al., 2016). 

 

The latest estimation of global prevalence shows 537 million adults are currently affected by 

diabetes; this is expected to rise to 783 million by 2045 equating to an estimated $845 billion 

in annual health expenditure on diabetes (Kumar et al., 2023; Williams et al., 2020). Thus, the 

disease burden of diabetes and its related complications is a growing health challenge that 

highlights an urgent need for more efficacious and sustainable prevention, treatment, and 

management strategies. 

 

Diabetes varies in its aetiology, pathogenesis, and presentation, and can be classed into five 

main types: type 1 diabetes (T1D), type 2 diabetes (T2D), gestational diabetes (GD), 

monogenic diabetes, and secondary diabetes. 

 

1.1.1 Type 1 diabetes 

 

1.1.1.1 Aetiology 

 

Type 1 diabetes (T1D) is characterised by the autoimmune, T-cell-mediated destruction of β-

cells leading to insulin deficiency and hyperglycaemia. Its exact aetiology remains unclear, 

however, a polygenic component is widely recognised with a strong link to human leukocyte 

antigen (HLA) loci (Giwa et al., 2020). The immune system uses the HLA complex, also known 

as the major histocompatibility complex (MHC), as a recognition system to discriminate 

between foreign invaders, such as viruses and bacteria, and self-peptides. The complex 

consists of genes that encode cell-surface peptides, or antigens, for presentation to immune 

cells. The genes are categorised into three groups: class I, class II, and class III (Liu et al., 

2021). According to genome-wide association studies (GWAS), single nucleotide 

polymorphisms (SNPs) within HLA class II accounts for 50% of the genetic risk for T1D 

development (Warshauer et al., 2020). This is because of their role in insulin autoantibody 

production, T-cell activation, and macrophage infiltration into the islets (Burrack et al., 2017). 
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Environmental factors are also thought to be implicated in the individual risk of T1D 

development. For example, some studies have identified certain viral infections, including 

Coxsackie virus, enterovirus, and SARS-CoV-2, as influencing factors on T1D incidence 

(Rahmati et al., 2022; Zorena et al., 2022). Other potential risk factors include vitamin D 

deficiency (Bener et al., 2009), exposure to air pollution (Elten et al., 2020; Hathout et al., 

2006; Malmqvist et al., 2015), cold seasons (Moltchanova et al., 2009) and high latitude (Weng 

et al., 2018). Conversely, breastfeeding (Lampousi et al., 2021), a delayed introduction of 

gluten, fruit and cow’s milk (Lampousi et al., 2021), and polyunsaturated fatty acid 

supplementation (Norris et al., 2007; Stene et al., 2000) may be protective. 

 

1.1.1.2 Epidemiology 

 

Approximately 8.4 million people were living with T1D worldwide in 2021 and this is expected 

to rise to between 13.5-17.4 million by 2040 (Gregory et al., 2022). T1D is the most common 

type of diabetes affecting children and young people (Dowling, 2021), however, onset can 

occur at any age and common misdiagnosis of adults can lead to inappropriate treatment and 

life-threatening diabetic complications (Muñoz et al., 2019; Thomas et al., 2019). There is 

considerable geographic variation in the incidence of T1D with the highest observed in 

Northern Europe, Australia, New Zealand and North America, and the lowest reported in 

Melanesia, Western Africa and South America for the 0-14-year age group (Gomber et al., 

2022). High-income countries show greater incidence rates compared to low- and middle-

income countries, but this observation may be inaccurate due to deficits in published studies 

for incidences in the latter countries (Gomber et al., 2022). 

 

1.1.1.3 Pathogenesis 

 

As previously described in Section 1.1.1.1, mutations within HLA Class II genes confer the 

greatest genetic risk for the development of T1D. Class II molecules are expressed mainly on 

antigen-presenting cells (APCs), such as B cells, dendritic cells, macrophages and monocytes 

(Choo, 2007). In T1D, insulin autoantigens are generated, leading to the activation of CD4+ T 

cells followed by CD8+ T cells. The actions of CD8+ T cells cause direct β-cell damage through 

the production of pro-inflammatory cytokines, such as tumour necrosis factor-α (TNF-α) and 

interferon-γ (IFN-γ). Islet inflammation is exacerbated via recruitment of islet-resident 

macrophages and other immune cells. Their release of additional cytokines propagates β-cell 

destruction as a positive feedback loop is stimulated (Calderon et al., 2008). For example, 

IFN-γ can induce β-cell release of CXCL10, a chemokine which promotes further T-cell 

infiltration and autoimmune islet destruction (Bender et al., 2017; Calderon et al., 2008). This 

T-cell-mediated pathology is known as insulitis and is present in 85% of patients alongside a 

70-80% reduction in β-cell mass at diagnosis (Cnop et al., 2005; Hackett et al., 2013). 

Resulting insulin deficiency and hyperglycaemia cause common clinical presentations, such 

as polydipsia (excessive thirst), polyuria (excessive urine production) and weight loss 

(Kahanovitz et al., 2017).  

 

1.1.1.4 Treatment 

 

Administration of exogenous insulin is the main therapy for T1D. Since the use of animal-

sourced insulin, human analogues which mimic the biological actions of insulin have emerged. 

These are delivered daily via subcutaneous injection or insulin infusion pump. The 
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pharmacokinetics of available insulin analogues vary with aspart, lispro and humulin being 

rapid/short-acting, and levemir and lantus being long-acting (Pathak et al., 2019). The action 

of short-acting insulin analogues peaks between 20-30 minutes and must be administered 

three times a day. Long-acting insulin analogues have a more prolonged pharmacodynamic 

action that provides a constant insulin level over 24-36 hours (Pathak et al., 2019). This 

provides patients with a more convenient delivery option as only once-daily injections are 

required. Insulin replacement therapy may be complemented with adjunctive therapies. 

Metformin, for example, reduces the insulin dose requirement likely through its insulin-

sensitising and glucose-lowering effects (see Section 1.1.2.4) (Priya & Kalra, 2018). A newly 

approved humanised monoclonal antibody, teplizumab, has also proven effective in delaying 

the onset of T1D and reducing the use of exogenous insulin by decreasing T-cell activation, 

T-cell replication, and cytokine release (Herold et al., 2023). As well as pharmacological 

strategies, islet transplantation, artificial pancreas and stem cell therapies are under 

continuous development (Inoue et al., 2021). These present major challenges, 

immunosuppression being a peak of concern, but further research may pave the way for new 

promising treatments for T1D. 

 

1.1.2 Type 2 diabetes 

 

1.1.2.1 Aetiology 

 

T2D is a progressive disease with both peripheral insulin resistance and β-cell failure at the 

core of the underlying pathophysiology (Chaudhury et al., 2017). Several factors have been 

identified as major drivers for the current T2D epidemic: lifestyle factors (diet, physical activity, 

smoking, alcohol consumption, etc.); an ageing population; intrauterine environment and 

developmental components; socioeconomic factors and Westernisation; and genetic 

predisposition which governs susceptibility of T2D on an individual level (Zheng et al., 2018). 

Obesity remains the most significant risk factor for T2D development, with 90% of diabetic 

patients classified as overweight or obese (Grant et al., 2021). This is further supported by the 

inverse linear relationship between body mass index (BMI) and the age of diabetes diagnosis 

(Hillier & Pedula, 2003), and adiposity being a strong predictor of T2D risk (Wang et al., 2005). 

As noted above, genetic factors can strongly influence the individual risk of T2D (Fuchsberger 

et al., 2016). However, despite the fact that T2D is highly heritable, only a fraction of this can 

be explained by known genetic variants, perhaps implicating rare variants beyond the 

detectable limit even with large-scale genomic studies, or epigenetic factors (Fuchsberger et 

al., 2016). 

 

1.1.2.2 Epidemiology 

 

T2D accounts for the majority of global diabetes diagnoses contributing over 95% of the total 

diabetes prevalence (World Health Organisation, 2023). The disease was once associated 

with adult onset, however, the frequency of paediatric cases is growing rapidly in parallel with 

childhood obesity (Wu et al., 2022). Whilst the prevalence of T2D is rising worldwide, the rate 

increase is greater in developed countries within Western Europe, possibly reflecting the 

Western dietary pattern and sedentary lifestyle associated with these regions (Khan et al., 

2020). On the other hand, low- and middle-income countries, such as India and China, also 

display upward trends in diabetes incidence and mortality (Liu et al., 2022). Several public 

health challenges may be contributing to the increased disease burden in these countries, 
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including limited access to resources, lower educational attainment, and environmental risk 

factors (Khan et al., 2020; Liu et al., 2022). Overall, the epidemiology of T2D is governed by 

genetics and the environment, with both interacting to contribute to disease prevalence. 

 

1.1.2.3 Pathogenesis 

 

The progression of T2D reflects the slow decline in pancreatic β-cell function and its eventual 

inability to secrete sufficient insulin in response to peripheral insulin resistance (Chaudhury et 

al., 2017) (Figure 1). The development of T2D begins with excess accumulation of adipose 

tissue. The risk of diabetes development correlates with not only the presence but also the 

duration of excess adiposity (Torgerson et al., 2004). This fact establishes a simple but 

definitive link between fat accumulation and a state of defective glycaemic control. 

Interestingly, distinct fat distribution patterns can pose differing levels of diabetic risk 

(Yamazaki et al., 2022). Epidemiological studies have associated visceral adiposity, i.e. fat 

depots surrounding internal organs within the abdominal cavity, with insulin resistance, 

increased metabolic risk and mortality (Yamazaki et al., 2022). In contrast, subcutaneous fat 

depots, i.e. those situated below the skin surface, are inversely associated with insulin 

resistance, suggesting possible protective properties (McLaughlin et al., 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The progression of T2D. As adiposity grows, the sensitivity of peripheral tissues to insulin 

declines. In response to impaired glucose tolerance and hyperglycaemia, the islets undergo 

compensatory adaptations to expand β-cell mass and increase insulin secretion. However, continued 

expansion of fat mass exacerbates insulin resistance and β-cell function declines. Once the level of 

insulin secretion is insufficient to overcome hyperglycaemia, T2D develops. As hyperglycaemia 

worsens, long-term complications arise. (Moses et al., 2017). 

 

As visceral fat accumulates, the insulin sensitivity of peripheral tissues (skeletal muscle and 

adipose tissue) declines. Insulin-resistant tissues are less responsive to insulin action which 

leads to reduced glucose uptake and an enhanced insulin demand. Initially, the systemic 

insulin resistance observed in obesity is countered by several compensatory mechanisms in 

β-cells. Examples include upregulated β-cell proliferation (hyperplasia), enlargement of cell 

size (hypertrophy), and sensitised insulin secretory response to glucose (Wortham & Sander, 

2016). This adaptative response to a greater workload increases insulin secretion and helps 
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maintain normoglycaemia in obesity. However, as insulin resistance worsens and 

hyperglycaemia amplifies over time, β-cell function declines to a point of exhaustion, 

dysfunction, and failure. Furthermore, dysfunction in several other key cells and organs 

exacerbates hyperglycaemia and drives T2D progression: 1) elevated glucose production in 

the liver; 2) increased glucagon secretion from α-cells (see Section 1.2.3.2); 3) diminished 

insulinotropic and appetite-suppressing hormone release from the brain and gut; 4) increased 

renal glucose reabsorption; and 5) upregulated lipolysis in adipose tissue (DeFronzo, 2009). 

Overall, β-cell dysfunction, insulin resistance and chronic hyperglycaemia mark the onset of 

overt T2D. The later stages of the disease are compounded by long-term complications which 

are largely responsible for the increased risk of morbidity and mortality in diabetic patients 

(Nellaiappan et al., 2022). 

 

1.1.2.4 Treatment 

 

Lifestyle interventions, including increased physical activity, dietary modifications, and health 

education, are initially implemented for T2D management. Whilst these interventions can be 

challenging, diabetes remission can be achieved with intense calorie restriction and primary 

care support (Lean et al., 2018). If significant and durable improvements to glycaemic control 

are not observed, monotherapy in the form of pharmacology intervention is prescribed. Current 

pharmacotherapies for T2D harness one of four mechanisms of action; 1) increase insulin 

secretion from β-cells; 2) enhance insulin sensitivity and action at peripheral tissues; 3) 

stimulate urinary glucose excretion; or 4) inhibit carbohydrate absorption from the small 

intestine. Regardless of the mechanism, all converge towards the same objective of lowering 

plasma glucose to a desirable range (4-6mM) (Atanes & Persaud, 2020). 

 

The first line and most widely used pharmacotherapy for diabetes is metformin which acts as 

an insulin sensitising agent (Gunton et al., 2003). Metformin belongs to the biguanide group 

of oral diabetes medications which inhibit hepatic gluconeogenesis, i.e. glucose production in 

the liver, and enhance insulin-mediated glucose uptake into skeletal muscle (Pernicova & 

Korbonits, 2014). There are several reported cellular responses to metformin, including 

inhibition of the mitochondrial electron transport chain (ETC), activation of the energy sensor, 

AMP-activated protein kinase (AMPK), changes in the expression of mRNAs associated with 

gluconeogenesis, and upregulated translocation and action of glucose transporters (GLUTs) 

(Gunton et al., 2003). Together, the anti-diabetic actions of metformin consequently reduce 

fasting blood glucose and insulin levels, and improve insulin resistance (Salpeter et al., 2008). 

In addition to its glucose-lowering properties, successful repurposing of metformin has led to 

treatment of other diseases, including cardiovascular disease (Han et al., 2019), cancer 

(Bowker et al., 2010; Currie et al., 2012; Franciosi et al., 2013), and polycystic ovarian 

syndrome (PCOS) (Diamanti-Kandarakis et al., 1998; Nestler et al., 1998). 

 

Similar to metformin, thiazolidinediones (TZDs), also known as “glitazones”, are a group of 

insulin sensitisers which enhance insulin action at metabolic tissues (Eggleton & Jialal, 2023). 

The main function of this drug class, which now only comprises of pioglitazone, is to modulate 

the expression of peroxisome proliferator-activated receptor-γ (PPARγ), a master regulator of 

adipocyte differentiation. PPARγ activates the transcription of target genes involved in nutrient 

metabolism and energy homeostasis (Eggleton & Jialal, 2023). Examples include adiponectin, 

an adipose tissue-specific insulin-sensitising peptide (Kubota et al., 2006), and the GLUT4 

transporter (Armoni et al., 2003). The TZD-induced reductions in blood glucose and HbA1c 
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ameliorates insulin resistance in T2D (Lebovitz et al., 2001). Unfortunately, however, there are 

several adverse side effects associated with the long-term use of TZDs, such as weight gain, 

oedema (Chilcott et al., 2001), and congestive heart failure (Singh et al., 2007), which could 

counteract their glucose-lowering benefits. 

 

Whilst the actions of biguanides and TZDs improve insulin resistance, most 

pharmacotherapies for T2D treatment aim to enhance insulin secretion from β-cells. The 

sulphonylureas (SURs), such as tolbutamide and glibenclamide, stimulate insulin secretion by 

directly binding to and inhibiting ATP-sensitive potassium (KATP)  channels within the β-cell 

membrane.  (Costello et al., 2023). This is followed by membrane depolarisation, the opening 

of voltage-gated calcium (Ca2+) channels, and an influx of Ca2+ ions. The subsequent 

stimulation of insulin secretion is independent of plasma glucose levels; thus, hypoglycaemia 

is the most common severe adverse event (AE) associated with sulphonylurea administration. 

As a result, the popularity of this drug class has dramatically declined (Costello et al., 2023). 

 

An alternative, well-established treatment modality that stimulates insulin secretion are the 

glucagon-like peptide-1 (GLP-1) receptor agonists (GLP-1RAs), which are synthetic peptide 

analogues of the naturally occurring gut hormone, GLP-1. In response to orally administered 

glucose, GLP-1 is released from enteroendocrine L-cells situated within the ileum and colon 

of the gastrointestinal (GI) tract (Drucker & Nauck, 2006). It acts on β-cells via cell surface 

receptors within the membrane to potentiate the insulin secretory response, resulting in 

augmented release. This phenomenon is known as the “incretin effect” and accounts for 50-

70% of total insulin secreted following an oral glucose load (Chaudhury et al., 2017). The 

insulinotropic properties of GLP-1, both direct and indirect, have been confirmed through 

numerous in vitro and in vivo experiments, including clinical trials involving diabetic patients 

(Drucker et al., 1987; Quddusi et al., 2003; Scrocchi et al., 1996; Siegel et al., 1992). 

Furthermore, appetite suppression and weight loss in healthy subjects (Flint et al., 1998) and 

patients with T2D (Zander et al., 2002) support anorectic effects of GLP-1. Coupled with the 

insulinotropic activity of the peptide, as well as other metabolically beneficial actions 

summarised in Figure 2, it comes as no surprise that the GLP-1R is a target for T2D and 

obesity therapies. 
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Figure 2. A schematic illustrating the tissue-specific effects of native GLP-1 at physiological 

levels (yellow) and of pharmacological GLP-1RAs (red), including effects observed during pre-

clinical studies (blue). Numerous metabolic benefits of GLP-1 action are mediated by widespread 

distribution of GLP-1Rs: 1) upregulated metabolism and insulin sensitivity in skeletal muscle and 

adipose tissue; 2) induced satiety within the CNS; 3) cardioprotective effects coupled to enhanced 

sodium excretion; 4) delayed gastric emptying; and 5) increased β-cell mass and improved 

counterregulatory mechanisms involving islet hormones. (Andersen et al., 2018). 

 

Due to a short half-life of ~1-2 minutes (Chaudhury et al., 2017), native GLP-1 is inappropriate 

as a therapeutic agent. This rapid breakdown is attributable to the actions of dipeptidyl 

peptidase-4 (DPP-4), which initiates enzymatic degradation of endogenous GLP-1 

immediately following its release into the circulation (Alarcon et al., 2006). Inhibitors of DPP-4 

activity have been developed to block the breakdown of GLP-1, increase its availability, and 

subsequently promote its metabolically beneficial actions to improve glycaemic control 

(Monami et al., 2011). However, there are concerns regarding the safety of DPP-4 inhibitors, 

such as saxagliptin and sitagliptin, as their use is associated with an increased risk of heart 

failure and acute pancreatitis (Packer, 2018; Rehman et al., 2017). Fortunately, the 

exploitation of the GLP-1 system remains possible due to the development of numerous 

degradation-resistant GLP-1RAs; one of which is exendin-4 (Ex4). Subcutaneous 

administration of Ex4 to individuals with diabetes leads to reductions in hyperglycaemia and 

improved glycaemic control (Kolterman et al., 2005), reduced HbA1c (Riddle et al., 2006), an 

associated enhancement in insulin secretion (Kolterman et al., 2003) and progressive weight 

loss (Riddle et al., 2006). Correspondingly, Ex4 has become a successful pharmacotherapy 

for T2D and obesity. Continued advancement of the GLP-1RA class has led to the 

development of long-acting compounds, such as dulaglutide and liraglutide (Chun & Butts, 

2020), and the orally administered GLP-1RA, semaglutide (Avgerinos et al., 2020). However, 

the most common side effect of GLP-1RAs is nausea and other GI adverse events (Fehse et 

al., 2005; Kolterman et al., 2003). 30-50% of T2DM patients who utilise GLP-1RAs experience 

nausea (Jones et al., 2018), making it the most frequent of all AEs contributing to the 

discontinuation rate of this class of drug (Horowitz et al., 2017). 
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If monotherapy fails to achieve adequate control of glycaemia and relief of symptoms, 

combination therapy is typically adopted. A persistent inability to control hyperglycaemia 

ultimately leads to the introduction of insulin replacement therapy, although insulin treatment 

is often met with high risks of hypoglycaemia and weight gain (Edelman et al., 2008). 

 

Despite the extensive range of drugs available, the most effective treatment for both obesity 

and T2D is bariatric surgery (Chukir et al., 2018). A large number of randomised controlled 

trials (RCTs) have established the long-term success of bariatric surgery for weight loss, 

remission of T2D and improvements in multiple metabolic parameters including blood 

pressure and plasma lipids, with consequent reductions in mortality also demonstrated 

(Adams et al., 2017; Schauer et al., 2012). The success can be attributed to several 

physiological and behavioural changes that arise from surgery, such as increased post-

prandial energy expenditure (Werling et al., 2013), enhanced release of satiety hormones, 

oxyntomodulin (Laferrère et al., 2010) and GLP-1 (Salehi et al., 2011), and diminished 

neuronal hedonic responses including reduced reward, palatability, and appeal for energy-

dense foods (Scholtz et al., 2014). However, whilst bariatric surgery is highly effective for 

resolution of T2D and obesity, the procedure has a relatively high up-front cost, has a small 

but definite mortality rate, is associated with several acute and long-term complications, and 

some bariatric surgeries are irreversible. Furthermore, bariatric surgery is clinically appropriate 

for only a small portion of individuals who meet strict patient criteria: a BMI>40 without 

comorbidities, a BMI between 35-39.9 with a minimum of one serious comorbidity, or a BMI 

between 30-34.9 with uncontrolled metabolic syndrome or diabetes (Benalcazar & Cascella, 

2023). 

 

Given obesity is a major risk factor for T2D development, it is worth noting the limited 

availability of anti-obesity drugs to patients. The only anti-obesity pharmacotherapies currently 

available on the National Health Service is semaglutide, the orally administered GLP-1RA, 

and orlistat, a lipase inhibitor which blocks the action of gastric and pancreatic lipases (Jain et 

al., 2011) and produces modest weight loss, along with reduced risk of diabetes and 

improvements in cardiovascular risk factors (Torgerson et al., 2004). Other weight loss 

medications have been developed but significant concerns remain about their use. Examples 

include sibutramine and phentermine-fenfluramine, both withdrawn from the market following 

increases in cardiovascular disease and blood pressure risk (Jain et al., 2011) and valvular 

heart disease (Hopkins & Polukoff, 2003), respectively. 

 

Although a wide range of diabetes treatments are available, a significant portion of patients 

still fail to achieve adequate glycaemic control (Fonseca, 2009). Therefore, there is a 

considerable need to develop additional, more efficacious pharmacotherapies for T2D. 

 

1.1.3 Gestational diabetes 

 

Gestational diabetes (GD) is defined by the onset of glucose intolerance and hyperglycaemia 

during pregnancy. During normal gestation, maternal metabolism is altered via the 

development of progressive insulin resistance to facilitate the availability of fuel to the growing 

fetus in the form of glucose, amino acids, essential fatty acids, and ketones (Freemark, 2010). 

As a result, there is a high demand for insulin production that must be met by adaptative 

changes in the islets. These long-term structural and functional adaptations include expansion 

of β-cell mass, enhanced cell-cell communication, and increased nutrient metabolism (Green 
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et al., 1973; Green & Taylor, 1972; Xue et al., 2010). Further details regarding the mechanisms 

of islet dynamics during pregnancy can be found in Section 1.4.3.1. However, much like the 

failure of islet adaptation in obesity causing the development of T2D, the inability of maternal 

islets to do the same results in GD. The disease is associated with an increased incidence of 

neonatal hypoglycaemia, congenital anomalies, a larger than average new born birth weight 

(macrosomia), and maternal hyperglycaemia (Hod et al., 1991), all of which are detrimental 

complications to mother and child. Furthermore, there is a growing body of evidence 

supporting the increased risk for obesity, insulin resistance and T2D in offspring of women 

with GD (Garcia-Vargas et al., 2012). 

 

1.1.4 Monogenic diabetes 

 

T1D, T2D and GD are polygenic forms of diabetes meaning several gene variants, combined 

with environmental factors, contribute to the susceptibility and pathophysiology. Each genetic 

variant has a small effect on an individual’s disease risk, however, combining multiple variants 

greatly enhances the genetic predisposition of a given disease. Polygenic diabetes is far more 

common than monogenic diabetes which is caused by a single, highly penetrant genetic 

mutation in a dominant autosomal gene (Zhang et al., 2021). Monogenic diabetes can be 

further subdivided into three categories: neonatal diabetes, maturity-onset diabetes of the 

young (MODY), and syndromic diabetes (Zhang et al., 2021). 

 

Despite accounting for ~80% of monogenic diabetes cases (De Franco et al., 2015), neonatal 

diabetes remains an extremely rare disease affecting 1:500,000-400,000 live births globally 

(Iafusco et al., 2012). Diagnosis, which occurs within the first 6 months of age, can be 

confirmed by genetic testing, and it is important in clinical practice to differentiate between 

neonatal diabetes and T1D (Rubio-Cabezas et al., 2011). The most common pathogenic 

variants which cause neonatal diabetes are ABCC8 and KCNJ11 encoding subunits of the β-

cell KATP channel (De Franco et al., 2020). KATP channels represent a key component in the 

insulin secretory pathway, thus, mutation in either gene leads to impaired glucose-stimulated 

insulin secretion. Due to their actions at these channels, sulfonylureas offer an effective 

treatment strategy over insulin supplementation in infants who carry ABCC8 or KCNJ11 gene 

mutations (Stanik et al., 2007; Taberner et al., 2016). 

 

MODY is a rare form of monogenic diabetes diagnosed outside of the neonatal period. There 

are currently 14 causal genetic variants for MODY described in the literature, with GCK 

(glucokinase), HNF1A (hepatocyte nuclear factor 1-α), and HNF4A being the most prevalent 

(Zhang et al., 2021). Patients with heterozygous GCK mutations exhibit mild, stable 

hyperglycaemia that slightly exceeds the desirable range for fasting plasma glucose levels 

(5.5-8.0mM) (Urakami, 2019). This may be due to the overexpression of the functioning allele 

(Sturis et al., 1994), or the activity of other glucokinase isozymes that can compensate for 

glucokinase deficiency. HNF1A and HNF4A encode transcription factors implicated in β-cell 

identity, maturation, and function (Legøy et al., 2020). Mutations in these genes lead to 

reduced insulin secretion and β-cell dedifferentiation, but also increase insulin sensitivity which 

heightens sensitivity to sulfonylureas (Colclough et al., 2013; Miyachi et al., 2022). Depending 

on the mutation and disease severity, treatment options range from simple diet modification 

to low-dose sulfonylurea administration in combination with GLP-1 agonists to offset the risks 

of hypoglycaemia (Haliyur et al., 2019). 
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Syndromic diabetes is a less common form of monogenic diabetes and has differing aetiology 

to neonatal and MODY. Non-autoimmune extra-pancreatic features, such as developmental 

delays and defects, microcephaly, cardiomyopathy and optic atrophy (Sanchez Caballero et 

al., 2021; Zhang et al., 2021), distinguish syndromic diabetes from the other monogenic forms. 

In addition, patients are more likely to be treated with insulin replacement therapy vs 

sulfonylurea medication (Colclough et al., 2022). 

 

1.1.5 Secondary diabetes 

 

Secondary diabetes can develop as a result of steroid treatment, substance abuse, and other 

acquired medical conditions, such as Cushing’s syndrome, acromegaly, and pancreatic 

cancer (Nomiyama & Yanase, 2015; Ojo et al., 2018; Störmann & Schopohl, 2020). The 

pathophysiology of the disease is dependent on the associated condition. Early stages of 

secondary diabetes induced by endocrine disease is typically characterised by insulin 

resistance followed by insulin deficiency in the later stages (Nomiyama & Yanase, 2015). In 

contrast, secondary diabetes induced by pancreatic disease results from β-cell destruction 

and insulin deficiency which is managed with insulin therapy (Nomiyama & Yanase, 2015). 

The complexity of its varying aetiologies can present challenges for diagnosis and treatment. 

Furthermore, patients with secondary diabetes have heightened vulnerability and risk 

compared to patients with T1D and T2D because of their primary condition (Yang et al., 2022). 

 

1.1.6 Complications of chronic hyperglycaemia 

 

As previously mentioned, chronic hyperglycaemia paves the way for microvascular and 

macrovascular complications that manifest in multiple organ systems. As chronic 

hyperglycaemia is shared in both T1D and T2D, the types of complications are similar 

(Deshpande et al., 2008). Microvascular complications include damage to the renal 

(nephropathy), nervous (neuropathy), and ocular (retinopathy) systems, and are more 

prevalent than macrovascular complications which constitute cardiovascular disease, stroke, 

and peripheral arterial disease (PAD). PAD is characterised by poor circulation and blood flow 

and increases the risk of developing non-healing sores, or ulcers, in the lower extremities. In 

severe cases, this can cause tissue death (gangrene) and if necessary, amputation of the 

affected foot or leg. Miscellaneous complications include dental disease, diminished 

resistance to infection, birth complications in pregnant women with GD (Deshpande et al., 

2008), cancers, liver disease, and age-related conditions, such as dementia (Harding et al., 

2019). 

 

Infection has recently been identified as a complication of diabetes in light of the global 

coronavirus pandemic. The severity of coronavirus in the diabetes community is triple that in 

the healthy population, and diabetic patients exhibit an increased susceptibility to severe 

disease caused by coronavirus infection (Gregory et al., 2021). Research studies have 

implicated SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) in impaired 

glucose homeostasis and hyperglycaemia (Ben Nasr et al., 2022; Müller et al., 2021; Tang et 

al., 2021; Wu et al., 2021). The underpinning cellular mechanisms involve viral infection of β-

cells followed by decreased numbers of insulin secretory granules, defective glucose-

stimulated insulin secretion (Müller et al., 2021), β-cell transdifferentiation (Tang et al., 2021), 

and β-cell apoptosis (Wu et al., 2021). As a result, patients are at greater risk of further 

perturbations, such as diabetic ketoacidosis and pancreatitis (Gęca et al., 2022). Further 
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studies are required to improve current knowledge and understanding of SARS-CoV-2 

infection in relation to diabetes, and to determine the best management approach for patients 

with diabetes and coronavirus (Gęca et al., 2022). 

 

1.2 Islets of Langerhans 

 

1.2.1 Pancreas 

 

The pancreas is a retroperitoneal gland that sits in the upper abdominal cavity (Atkinson et al., 

2020). The head is located near the duodenum of the small intestine, whilst the body and tail 

extend towards the spleen (Figure 3). The pancreas is a heterocrine gland as it is composed 

of two systems: the exocrine and the endocrine. The exocrine pancreas functions to 

synthesise, store, and secrete proenzymatic peptides, such as trypsin and lipase. It is formed 

of acini and a complex ductal network that connects to the duodenum in which pancreatic 

enzymes are activated to aid food digestion. Acinar cells secrete digestive enzymes into 

intercalated ducts which converge to form intralobular and interlobular ducts. These, in turn, 

drain into the main pancreatic duct which either empties into the duodenum as the accessory 

pancreatic duct or joins with the common bile duct near the ampulla of Vater (Atkinson et al., 

2020). Clusters of hormone-producing cells are located between acinar cells and form the 

endocrine compartment of the pancreas. These clusters are known as the islets of 

Langerhans, and comprise 2-3% of the total pancreatic volume (Jones & Persaud, 2017). The 

human pancreas contains approximately 1 million individual islets, each with an arterial supply 

and nerve innervation. 
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Figure 3. The anatomical organisation and structure of the pancreas. a) The gross anatomy of the 

pancreas in relation to surrounding organs. b) The exocrine pancreas composed of acinar cells and 

ductal branches to synthesise and supply enzymatic peptides to the duodenum. c) A single human islet 

displaying four endocrine cell types: β-cell (pink), α-cell (blue), δ-cell (red) and PP cell (grey). Scale bar 

= 100µm. Figure sourced from Atkinson et al. (2020). 

 

1.2.2 Islet morphology 

 

The islets of Langerhans are highly dynamic and efficient heterogeneous bodies of cells, 

whose functions are essential in the regulation of glucose homeostasis. These small micro-

organs consist of four main types of endocrine cell which express and secrete their own 

exclusive hormone: 1) the insulin-containing β-cells; 2) the α-cells containing glucagon; 3) the 

δ-cells containing somatostatin; and 4) the pancreatic polypeptide (PP)-producing cells (Jones 

& Persaud, 2017). The cells are arranged in such a way that gives the islets a unique 

cytoarchitecture within the human pancreas (Cabrera et al., 2006). The anatomical 

organisation of islet cells has several implications on islet cell function, for example, paracrine 

interactions and access to islet microcirculation (Cabrera et al., 2006). Interestingly, the 

composition and cytoarchitecture of islets vary between species (Figure 4). The insulin-

secreting β-cell is the most abundant cell type in both rodent and human islets, followed by 

the glucagon-secreting α-cell as the second most abundant. However, in rodent islets, the β-

cell population clusters to form a central core which is encircled by a mantle of α-and δ-cells 

at the periphery. Conversely, cells appear randomly distributed within the human islet. This 

intermingled arrangement parallels the vascularisation pattern in human islets (Cabrera et al., 

2006) whereby cells are positioned adjacent to islet microcirculation, allowing for intimate 



Tanyel Ashik 

 

 
13 

 

contact with blood and the systematic monitoring and detection of changes in plasma glucose 

levels. Real-time imaging of mouse islet blood flow revealed a contrasting inner-to-outer and 

top-to-bottom perfusion pattern (Nyman et al., 2008). Both rodent and human pancreases are 

richly innervated by sympathetic, parasympathetic, and afferent nerve fibres, however, there 

are differences in the distribution throughout the pancreas and contacts with particular islet 

cells (Dolenšek et al., 2015). 

 

 

Figure 4. Immunolabelling of insulin (red), glucagon (green), and somatostatin (blue) in mouse 

(a) and human (b) islets. Scale bar = 50µm. Figure sourced from Cabrera et al. (2006) and Wang et 

al. (2015). 

 

Differences in cellular composition accompany the contrasting morphologies between rodent 

and human islets. Despite single islets being of a similar size, ranging from 100-500µm, islet 

number is considerably lower in mice than in humans (1,000-5000 vs 1.0-1.5 million islets) 

(Dolenšek et al., 2015). The proportion of β-cells is greater (60-80 vs 50-70%) whereas the 

proportion of α-cells is lower (10-20 vs 20-40%) in mouse compared to human islets (Cabrera 

et al., 2006; Dolenšek et al., 2015). 

 

Overall, the contrast between rodents and humans in terms of islet composition and 

architecture should be considered in the design and interpretation of basic research 

experiments, as this may have implications on clinical application. 
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1.2.3 Islet cell types and functions 

 

1.2.3.1 β-cells 

 

The primary function of the β-cell is to produce, store, and secrete insulin in response to 

metabolic demand. Insulin synthesis begins with the transcription of the preproinsulin gene, 

followed by RNA splicing and translation into a 11.5kDa preproinsulin polypeptide (Jones & 

Persaud, 2017). Once transported to the rough endoplasmic reticulum (ER), proteolytic 

enzymes cleave an N-terminal signal sequence to generate proinsulin. This 9kDa molecule 

consists of A and B insulin chains linked by a C-peptide. By aligning the disulfide bridges that 

join the A and B chains together, the C-peptide ensures correct protein folding and cleavage. 

Proinsulin is transferred to the Golgi apparatus where it is packaged into membrane-bound 

vesicles known as secretory granules. Endopeptidases, prohormone convertase 2 and 3, and 

carboxypeptidase H mediate the conversion of proinsulin to insulin within maturing secretory 

granules. Their actions cleave the C-peptide chain to yield insulin, and both are stored in late-

stage secretory granules to await release by exocytosis. Rapid nutrient-stimulated insulin 

secretion is accompanied by the relatively slow production of insulin to maintain intracellular 

stores (Jones & Persaud, 2017). 

 

β-cells secrete insulin in response to nutrients, hormones, and neurotransmitters to maintain 

circulating glucose levels within a narrow physiological range (4-6mM). To limit fluctuations in 

plasma glucose levels, insulin secretion is subject to tight mechanistic control. The key 

physiological stimulus for insulin secretion is a change in the circulating concentration of 

glucose and other nutrients, including amino acids and free fatty acids (FFAs) (Jones & 

Persaud, 2017). All have the capacity to elicit an insulin secretory response, prompting the 

uptake, metabolism, and storage of nutrients in target tissues. A reduction in circulating 

nutrients follows, and β-cells respond by dampening the secretion of insulin. This negative 

feedback loop is important for preventing inappropriate insulin release and hypoglycaemia. In 

addition, several molecules can either potentiate or inhibit nutrient-induced insulin secretion, 

thus providing an additional layer of glycaemic regulation. Examples of modulators include 

neurotransmitters and neuropeptides, incretins such as GLP-1 and its pharmacological 

derivatives (Section 1.1.2.4), adipose tissue-derived peptides (adipokines), and other islet 

hormones (Jones & Persaud, 2017). 

 

The intracellular mechanisms responsible for glucose-stimulated insulin secretion from the β-

cell are illustrated in Figure 5. Glucose uptake into murine β-cells is mediated by the low 

affinity, high capacity glucose transporter, GLUT2 (Berger & Zdzieblo, 2020). Whilst GLUT2 

is present at low levels, human β-cells predominantly rely on GLUT1 and GLUT3 transporters 

(Berger & Zdzieblo, 2020). Unlike GLUT2, these transporters have a high affinity for glucose 

(Km = 2-5mM), consequently aligning with the physiological glucose concentration range in 

humans (Litwack, 2018). Glucose transport into the β-cell activates glucokinase – an enzyme 

often referred to as the “glucose sensor” which mediates the coupling of insulin secretion and 

glucose levels (Fridlyand & Philipson, 2011). Glucose is phosphorylated by glucokinase, then 

metabolised further to pyruvate during glycolysis. Pyruvate is transported to the mitochondria 

where it enters the Krebs cycle and becomes oxidised to produce ATP. The subsequent 

change in the ATP/ADP ratio leads to the closure of KATP channels, decreased potassium 

efflux, and depolarisation of the β-cell membrane. This triggers the opening of voltage-gated 

Ca2+ channels and an influx of Ca2+ ions. The rise in cytoplasmic Ca2+ concentration ([Ca2+]i) 
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which follows causes the movement of insulin-containing granules to the membrane, and the 

exocytosis of insulin from the β-cell (Fridlyand & Philipson, 2011). Insulin is secreted in a 

pulsatile manner (Chou et al., 1991) and corresponds to oscillations in cytoplasmic Ca2+ 

concentrations (Bergsten et al., 1994). This pattern is synchronous in all β-cells across the 

islet and is crucial for a sharp and highly coordinated response to glucose (see Section 1.3 for 

further details). 

 

Figure 5. A schematic illustrating the intracellular mechanisms involved in the metabolism of 

glucose followed by the secretion of insulin from the β-cell. GLUT2-mediated glucose transport 

into the cytosol leads to glucose metabolism and the generation of ATP which closes KATP channels 

within the cell membrane. This inhibits the efflux of K+ ions, causing membrane depolarisation and 

opening of voltage-gated Ca2+ channels. The subsequent influx of Ca2+ ions and increased cytosolic 

calcium initiates a cascade of molecular events leading to insulin exocytosis. (Jones & Persaud, 2017). 

 

Glucose-stimulated insulin secretion is biphasic in nature (Figure 6). A rise in plasma glucose 

levels causes an initial rapid release of insulin. This is known as the “first phase” whereby 

insulin is exocytosed from readily releasable pools (RRPs) in a KATP-dependent manner 

(Bratanova-Tochkova et al., 2002). The acute first phase is followed by a prolonged and 

maintained “second phase” in which the insulin secretory response is amplified by a KATP-

independent signal. Granule recruitment from a reserve pool (RP) supports the second phase 

which plateaus at 2-3 hours (Bratanova-Tochkova et al., 2002; Gerich, 2002). Exocytosis of 

insulin requires the fusion of insulin-containing vesicles to the β-cell plasma membrane. The 

process involves soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

(SNARE) complex proteins (Goda, 1997). Complementary proteins, v-SNARE and t-SNARE, 

are embedded in the vesicle and target plasma membranes, respectively, and act as receptors 

to direct vesicle docking. Both SNARE proteins bind and consequently incorporate with a 

SNAP-NSF fusion complex to facilitate vesicle fusion and exocytosis (Goda, 1997). 
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Figure 6. A schematic illustrating the biphasic insulin secretory response to increased 

circulating glucose concentration. A high glucose stimulus triggers an initial rapid release of insulin 

which lasts a few minutes. This is followed by a slowly-increasing second phase which is maintained 

until glucose levels normalise. (Jones & Persaud, 2017).  

 

1.2.3.2 α-cells 

 

As previously stated in Section 1.2.3.1, the β-cell suppresses the secretion of insulin when 

circulating nutrient levels decrease to prevent and correct detrimental hypoglycaemia. 

Additional defence mechanisms are executed by the α-cell through the synthesis and 

secretion of the glucose-mobilising hormone, glucagon. Low plasma glucose (<5mM) is a 

potent stimulus for glucagon release, whilst prolonged fasting (Flattem et al., 2001), exercise 

(Wasserman et al., 1989) and protein-rich meals (Claessens et al., 2008) can also be triggers. 

The cellular mechanisms responsible for hypoglycaemia-induced glucagon secretion from the 

α-cell are similar to those for hyperglycaemia-induced insulin secretion from the β-cell: 

changes to the intracellular ATP/ADP ratio as a result of low circulating glucose leads to the 

closure of KATP channels, membrane depolarisation, the opening of voltage-gated Ca2+ 

channels and an influx of Ca2+ ions triggering the exocytosis of glucagon from storage vesicles 

(Rorsman et al., 2012). In addition to the Ca2+ current, regulation of hormone secretion from 

α-cells relies heavily on voltage-dependent, tetrodotoxin-sensitive Na+ channels which drive 

the upstroke of action potentials (APs) when activated and contributes to AP termination when 

inactivated (Göpel et al., 2000; MacDonald et al., 2007). Once secreted, glucagon acts on 

highly selective glucagon receptors within the liver to promote glucose production from non-

carbohydrate precursors (gluconeogenesis) and the breakdown of glycogen to glucose 

(glycogenolysis). In conjunction to this increase in hepatic glucose production, glucagon 

inhibits glycogen formation (glycogenesis) and glucose metabolism (glycolysis) to further 

enhance glucose availability. Supporting actions include a glucose-sparing mechanism 

whereby glucagon initiates a metabolic shift in fuel utilisation. Glucagon exhibits lipolytic 

effects as it is known to stimulate hormone-sensitive lipase (HSL) activity within adipocytes, 

leading to the release of FFAs into circulation (Perea et al., 1995). Bound to albumin, these 

FFAs are transported to the liver in which they are converted to ketone bodies to substitute 

glucose in a fasted state (Liljenquist et al., 1974). Together, the catabolic activity of glucagon 

raises blood glucose levels to defend against the potential damaging effects of hypoglycaemia. 

This defence mechanism is dysfunctional in uncontrolled T1D and T2D where there is 

persistent hyperglucagonaemia (Baron et al., 1987; Müller et al., 1973; Reaven et al., 1987; 
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Unger et al., 1970). The potential hypoglycaemic complications have severe consequences 

on cognitive function as glucose is the primary metabolic fuel of the brain. An inadequate 

glucose supply to the brain (neuroglycopenia) can lead to impaired neurological function, 

seizures, loss of consciousness, permanent brain damage, and ultimately death (Blaabjerg & 

Juhl, 2016).  

 

The glucose-mobilising nature of glucagon opposes the glucose-depositing actions of insulin, 

making glucagon an important factor in glucose counterregulatory responses to 

hypoglycaemia. Both islet hormones contribute to feedback loops which maintain plasma 

glucose concentrations within the desired range (Figure 7) (Bosco et al., 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The counterregulatory actions of glucagon and insulin in the maintenance of 

normoglycaemia. Decreased blood glucose levels, e.g., during overnight fasting, stimulate glucagon 

secretion from α-cells, leading to several cellular responses to increase blood glucose to normal levels, 

including upregulated hepatic glycogenolysis and gluconeogenesis. Increased blood glucose levels 

following a meal triggers insulin secretion from β-cells to enhance glucose uptake into muscle and 

adipose tissue, and upregulate glycogenesis whilst diminishing gluconeogenesis in the liver. (Röder et 

al., 2016). 
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1.2.4 Intra-islet interactions 

 

The three-dimensional (3D) islet architecture is crucial for the proper function of β-cells in 

response to physiological stimuli. Hetero- and homotypic contacts between cells create a 

signalling network that enables islet communication. The nature of these connections varies. 

Gap junctions are membrane channel proteins which electrically couple neighbouring cells. 

They serve to transport a range of intracellular ions, small metabolites and larger molecules, 

including inositol 1,4,5-triphosphate (IP3) (Niessen et al., 2000), cyclic AMP (cAMP) (Bedner 

et al., 2006), RNA (Valiunas et al., 2005) and peptides (Neijssen et al., 2005). By facilitating 

the movement of Ca2+ ions throughout the islet, β-cells act as a single unit known as a 

“functional syncytium” (Nadal et al., 1999). As a result, insulin secretion is synchronised and 

highly coordinated (Bergsten et al., 1994). Gap junctions are composed of different connexin 

isoforms, the most abundant being connexin-36 (Cx36) in β-cells (Le Gurun et al., 2003). Loss 

of Cx36 from β-cells eliminates glucose-induced Ca2+ and insulin oscillations (Benninger et 

al., 2011; Ravier et al., 2005), translating to impaired insulin secretion (Le Gurun et al., 2003). 

Furthermore, the dysfunctional Ca2+ dynamics observed in islets of diabetic mouse models 

and patients can be ameliorated with Cx36 overexpression (Clair et al., 2023). This may not 

be sufficient, however, to overcome the disproportionate loss of β-cells and gain in α-cell 

fraction in diabetes (Kilimnik et al., 2011; Nir et al., 2007). Nevertheless, these studies 

demonstrate the dependence of Cx36-mediated signalling for proper β-cell function.  

 

E-cadherin-mediated contacts provide an alternative route of communication between cells. 

Cadherins are calcium-dependent adhesion receptors that are necessary for maintaining the 

3D islet structure, and for mediating signals involved in islet hormone secretion, proliferation 

and survival (Olaniru & Persaud, 2018). Indeed, interference of E-cadherin signalling in β-cells 

reduces glucose-stimulated insulin secretion (Jaques et al., 2008) and β-cell proliferation 

(Carvell et al., 2007). 

 

Intra-islet autocrine and paracrine signalling confers an additional level of β-cell regulation. α- 

and δ-cells can secrete glucagon and somatostatin, respectively, to interact with neighbouring 

β-cells (paracrine). Glucagon is insulinotropic and maintains normoglycaemia in the post-

prandial state by stimulating β-cell activity through the glucagon receptor, GCGR (Kieffer et 

al., 1996; Zhang et al., 2021). On the other hand, when chronically activated by glucagon, 

GCGR induces β-cell dedifferentiation (Wang et al., 2023) whereas GCGR antagonism can 

promote β-cell regeneration (Wei et al., 2023). Somatostatin is a ligand at multiple G protein-

coupled somatostatin receptors and acts to suppress the release of several hormones, 

including insulin from the β-cell (Pace & Tarvin, 1981; Patel & Srikant, 1997). It does so by 

inhibiting glucose metabolism and oxidative respiration (Daunt et al., 2006). Furthermore, the 

dynamics of insulin exocytosis are disturbed by impeding Ca2+ influx (Daunt et al., 2006; Hsu 

et al., 1991; Pace & Tarvin, 1981). 

 

Simultaneous to paracrine signalling, β-cells can secrete factors which bind to the same cell 

from which they were secreted to govern its own function (autocrine). The autocrine actions 

of insulin on β-cells are widely debated. Insulin receptors (IRs) and their downstream signalling 

elements are expressed in the β-cell (Harbeck et al., 1996; Muller et al., 2006; Velloso et al., 

1995; Verspohl & Ammon, 1980; Xu & Rothenberg, 1998). IRs belong to the tyrosine kinase 

receptor superfamily. An IR is formed of two subunits and each subunit is comprised of an 

extracellular α-chain and a β-chain with transmembrane and intracellular domains 
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(Rachdaoui, 2020). The α-chain holds a site for ligand binding whilst the β-chain possesses 

tyrosine kinase activity which, when activated by insulin, autophosphorylates clusters of 

tyrosine residues. Effector proteins, such as insulin receptor substrates (IRS), and the 

phosphatidylinositol 3-kinase (PI3K)/AKT pathway are subsequently engaged. The two IR 

isoforms, IR-A and IR-B, have differing binding affinities and localisation patterns. IR-A has a 

higher affinity for insulin, but IR-B is predominantly expressed in adipose tissue, skeletal 

muscle, and liver, and mediates the majority of insulin’s metabolic effects. IRs share high 

structural homology with the insulin-like growth factor 1 receptor (IGF-1R) and can therefore 

be bound and activated by insulin alongside its other ligands, IGF-1 and IGF-2. IGF-1R activity 

mediates potent insulin-induced mitogenic effects to promote protein synthesis, cellular growth 

and survival (Rachdaoui, 2020). There are opposing reports of negative and positive insulin 

action on β-cell function. Positive actions have been deduced from several knockout studies 

in which β-cell-specific depletion of insulin receptors or their downstream signalling 

components results in apoptosis, defective glucose-stimulated insulin secretion, and lack of 

compensatory islet growth to insulin resistance (Kubota et al., 2000; Kulkarni et al., 1999, 

2002; Okada et al., 2007; Ren et al., 2014; Withers et al., 1998). Conversely, chronic exposure 

of β-cells to high insulin levels has shown to induce ER stress and promote β-cell death (Bucris 

et al., 2016; Guillen et al., 2008; Rachdaoui et al., 2019). Thus, a negative feedback loop 

where insulin limits its own secretion (Marchetti et al., 1995; Van Schravendijk et al., 1990) 

could provide a protective mechanism to maintain insulin levels at physiological level. 

Perturbed IR/IGF-1R signalling potentially occurs in a diabetogenic environment characterised 

by hyperinsulinaemia. 

 

The importance of intra-islet connections for normal islet function is further emphasised by the 

divergent behaviours between intact and dissociated islets. Isolated β-cells fail to generate 

Ca2+ oscillations (Cabrera et al., 2006; Zhang et al., 2003), and the magnitude of the insulin 

secretory response from cells in suspension is markedly lower compared to that of intact islets 

(Benninger et al., 2011; Halban et al., 1982; Lernmark, 1974). Moreover, the level of insulin 

secretion from disrupted islets is comparable to that in Cx36−/− islets (Benninger et al., 2011). 

Insulin secretion from single β-cells can be partially rescued once cell-cell contacts are re-

established (Wojtusciszyn et al., 2008). Additionally, the formation of pseudoislets, a 3D 

configuration of β-cells, improves glucose-stimulated insulin secretion and metabolic activity 

compared to monolayer cultures (Cornell et al., 2022; Hauge-Evans et al., 1999). Overall, 

there are remarkable differences in insulin secretory activity between intact and disrupted 

islets. This has profound implications on stem cell-derived β-cell and islet transplantation 

protocols for T1D therapy. Taking into account the islet architecture and spatial arrangement 

of different cell types is crucial for the functionality of islet grafts and favourable patient 

outcomes. 

 

1.3 Regulation of insulin secretion 

 

1.3.1 Regulation of insulin secretion by nutrients 

 

Glucose is the primary nutrient which stimulates insulin secretion from β-cells. High circulating 

glucose levels are recognised by β-cells and induce facilitated transport of glucose into the 

cells via glucose transporters. The increase in intracellular glucose levels stimulates glucose 

metabolism and electrophysiological changes that ultimately result in Ca2+-dependent 

translocation and exocytosis of insulin from secretory granules. In parallel to this pathway, 



Tanyel Ashik 

 

 
20 

 

glucose can also amplify Ca2+-induced insulin exocytosis by elevating cAMP formation (Shuai 

et al., 2021). It does so via activation of adenylate cyclase (AC), an enzyme that catalyses the 

generation of cAMP from ATP (Sharp et al., 1980; Tian et al., 2011). Indeed, the capacity of 

glucose to raise intracellular cAMP levels has been consistently observed in the MIN6 β-cell 

line and in primary islets (Dyachok et al., 2008; Grill & Cerasi, 1973; Hellman et al., 1974; Tian 

et al., 2011). Similar to [Ca2+]i, this occurs in a pulsatile fashion that mirrors oscillations in 

insulin secretion (Dyachok et al., 2008). The major effectors of cAMP are protein kinase A 

(PKA) and exchange proteins activated by cyclic AMP (EPACs) (Szaszák et al., 2008). PKA 

acts on several targets to elevate cytosolic Ca2+ and enhance glucose-stimulated insulin 

secretion: 1) PKA phosphorylates Ca2+ channels within the inhibitor of Ca2+-dependent 

inactivation (ICDI) motif to increase their open probability and promote Ca2+ influx (Sang et al., 

2016); 2) PKA phosphorylates the SUR1 subunits of KATP channels and induces their closure 

to trigger β-cell membrane depolarisation and Ca2+ entry through Ca2+ channels (Light et al., 

2002); and 3) PKA phosphorylates IP3 receptors to potentiate Ca2+ release from intracellular 

stores (Dyachok & Gylfe, 2004). In addition to increasing cytosolic Ca2+ levels, PKA is also 

thought to optimise insulin granule exocytosis by phosphorylating proteins associated with the 

mechanism (Kaihara et al., 2013). This is supported by observations of physical tethering 

between PKA pools and secretory compartments via A-kinase anchoring proteins (AKAPs) 

(Villalpando et al., 2016). This mobilisation of insulin granules can also be mediated by a PKA-

independent mechanism involving cAMP-activated EPAC2. EPAC2 increases the density of 

insulin-containing secretory granules near the β-cell plasma membrane and potentiates fusion 

events during the first phase of glucose-stimulated insulin exocytosis (Shibasaki et al., 2007). 

Fusion events are significantly reduced in EPAC2-deficient mice, therefore demonstrating the 

importance of cAMP-induced regulation of insulin granule dynamics through EPAC2 

(Shibasaki et al., 2007).  

 

Insulin release can also be regulated by amino acids (Liu et al., 2008; McClenaghan et al., 

1996). The majority require glucose and are therefore potentiators of insulin secretion, 

however, leucine, lysine and arginine are capable of initiating secretion alone (Jones & 

Persaud, 2017). There are three potential mechanisms for the stimulatory actions of amino 

acids in β-cells: 1) electrogenic transport and accumulation of cationic amino acids, such as 

arginine, depolarises the plasma membrane leading to increased [Ca2+]i and insulin secretion 

(Smith et al., 1997); 2) co-transport with Na+ ions elicits similar membrane depolarisation 

effects and potentiates glucose-dependent insulin secretion (McClenaghan et al., 1998); and 

3) amino acid metabolism upregulates ATP generation and glucokinase expression to 

enhance glucose metabolism (Brennan et al., 2002; Yang et al., 2006). The insulinotropic 

effects of amino acids in vitro and in vivo have clinical applications for patients with type 2 

diabetes as amino acid supplementation improves the insulin secretory response, post-

prandial glucose disposal, and insulin sensitivity (Natarajan Sulochana et al., 2002; Tao et al., 

2022; van Loon et al., 2003). 

 

1.3.2 Regulation of insulin secretion by non-nutrients 

 

β-cells respond to multiple non-nutrient potentiators of insulin secretion, such as islet and 

incretin hormones, adipokines, neurotransmitters and neuropeptides. The majority of these 

modulate β-cell function by binding and activating target membrane-bound receptors (Jones 

& Persaud, 2017). Key examples include GLP-1 and glucagon which amplify glucose-induced 

cAMP elevation in β-cells (Light et al., 2002; Shuai et al., 2021; Tian et al., 2011). Glucagon 
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is secreted from α-cells to act at GCGRs whilst GLP-1 is released from enteroendocrine L-

cells to act at GLP-1Rs present in the β-cell plasma membrane. GCGR and GLP-1R are 

members of the G protein-coupled receptor (GPCR) family of receptors (see Section 1.6) and 

activate the AC signalling pathway (Figure 8, left). Neither can trigger insulin secretion alone, 

but glucagon and GLP-1 can potentiate insulin release in a glucose-dependent manner by 

activating PKA and EPAC2 (Light et al., 2002; Tian et al., 2011). Other ligands, such as FFAs, 

bind to GPCRs which activate phospholipase C (PLC)-dependent pathways (Figure 8, right) 

(Buteau et al., 2001). In addition to yielding IP3 to trigger Ca2+ release from intracellular stores, 

PLC activity stimulates protein kinase C (PKC) through the generation of diacylglycerol (DAG), 

a membrane-bound protein which serves to recruit a range of peptides from the cytosol to the 

membrane. PKC phosphorylates intracellular proteins to further contribute to elevated 

cytosolic Ca2+. However, studies which have examined the effect of PKC-dependent 

mechanisms on insulin secretion have yielded variable results (Fridolf & Ahrén, 1991; 

Gromada et al., 1995; Jacobo et al., 2009; Shigeto et al., 2015). 
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Figure 8. The regulation of insulin secretion by AC- (left) and PLC-mediated (right) signalling 

pathways. Several stimulatory agonists, such as GLP-1 and glucagon, bind to GPCRs coupled to Gαs 

proteins. Activation of this GPCR subclass induces AC activity and the production of cAMP from ATP. 

Subsequent stimulation of PKA and EPAC potentiates glucose-dependent insulin secretion. Some 

inhibitory agonists, such as somatostatin, inhibit AC-mediated signalling via Gαi/o-coupled receptors to 

reduce AC activity and cAMP production. Other agonists, such as acetylcholine and cholecystokinin, 

activate Gαq/11-coupled receptors associated with PLC activity leading to the hydrolysis of PIP2. 

Liberated IP3 mobilises Ca2+ from intracellular calcium stores whilst membrane-bound DAG recruits 

PKC to phosphorylate intracellular proteins. Thus, both effectors enhance glucose-stimulated insulin 

secretion. AC: adenylate cyclase; cAMP: cyclic AMP; PKA: protein kinase A; EPAC: exchange proteins 

activated by cyclic AMP; PLC: phospholipase C; PIP2: phosphatidylinositol 4,5 bisphosphate; IP3: 

inositol 1,4,5 trisphosphate; DAG: diacylglycerol; PKC: protein kinase C. (Jones & Persaud, 2017). 

 

Alongside systemic and local factors, insulin secretion is also governed by the autonomic 

nervous system. The islets are innervated by parasympathetic (cholinergic), sympathetic 

(adrenergic) and sensory nerve fibres (Ahrén, 2012). Acetylcholine (ACh) is the main 

neurotransmitter of parasympathetic nerves and stimulates both insulin and glucagon release 

in vitro and in vivo (Boschero et al., 1995; Iismaa et al., 2000; Karlsson & Ahrén, 1993). ACh 

is released from the intra-islet nerves and diffuses to the islets cells where it predominantly 

binds to muscarinic M3 receptors. Subsequent PLC-mediated generation of IP3 and DAG leads 

to PKC activation and elevated cytosolic Ca2+.  Activation of muscarinic M3 receptors is also 

associated with phospholipase A2 (PLA2) stimulation followed by elevated levels of arachidonic 
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acid (AA) (Konrad et al., 1992). AA is a well-known enhancer of glucose-induced insulin 

secretion and further contributes to the stimulatory effects of ACh (Konrad et al., 1992). ACh 

has been shown to mediate the cephalic insulin secretory response during the first minutes of 

feeding (Ahrén & Holst, 2001). It is also involved in the response to insulin-induced 

hypoglycaemia by stimulating glucagon release (Havel & Ahren, 1997). 

 

Noradrenaline is the main neurotransmitter of sympathetic nerves. Noradrenaline can have 

both positive and negative effects on β-cell function as it targets stimulatory β2-adrenoceptors 

(Ahrén & Lundquist, 1981) and inhibitory α2-adrenoceptors (Hamamdzic et al., 1995). These 

receptors both target AC activity and cAMP production with β2-adrenoceptor activity activating 

and α2-adrenoceptors diminishing this pathway. Due to the receptor-dependent dual effect of 

noradrenaline, the relative expression of these receptor subtypes dictates its net action on 

hormone secretion (Jones & Persaud, 2017). Islet catecholamines (CAs), such as dopamine 

and adrenaline, also modulate insulin and glucagon release via α- and β-adrenoceptors 

(Aslanoglou et al., 2021; Borelli & Gagliardino, 2001). 

 

1.4 Regulation of β-cell mass 

 

To maintain plasma glucose levels within an optimal range, β-cells must have the capacity to 

produce, secrete, and store sufficient insulin to appropriately respond to changes in circulating 

glucose concentrations. To do so, several cellular mechanisms tightly regulate β-cell mass. β-

cell proliferation (increased cell number), hypertrophy (increased cell size) and neogenesis 

(differentiation of precursor cells) expand β-cell mass, whereas β-cell apoptosis (cell death), 

atrophy (decreased cell size) and de/transdifferentiation reduce β-cell mass (Ackermann & 

Gannon, 2007). Islet cells exhibit a degree of functional and morphological plasticity under 

different metabolic conditions (Mezza et al., 2019). In pregnancy and obesity, insulin 

resistance causes an increase in β-cell proliferation and hypertrophy to enhance insulin 

secretion. In contrast, significant β-cell loss underlies the progression from insulin resistance 

to overt diabetes. 

 

1.4.1 β-cell apoptosis 

 

Whilst insulin resistance and increased insulin demand trigger an upregulation in β-cell mass, 

a 30-60% decline in β-cell mass occurs in patients with T2D (Cho et al., 2011). Interestingly, 

a 30% increase in average β-cell size is observed in these diabetic patients, suggesting that 

β-cell number decreases by 60% to reach the reported degree of β-cell mass reduction (Cho 

et al., 2011). β-cell loss is mediated by a process of programmed cell death, or apoptosis. 

Multiple physiological processes rely on apoptosis, including normal embryonic development, 

cell turnover, and functioning of the immune system (Elmore, 2007). However, both deficient 

and excessive apoptosis can contribute to disease progression: lack of apoptotic control can 

lead to the accumulation of mutations and cancer development (Pfeffer & Singh, 2018), 

whereas excessive apoptosis of neurons or β-cells can lead to neurogenerative diseases and 

diabetes, respectively (Barber & Nakamura, 2002).  

 

There are two types of apoptotic pathways: the intrinsic and the extrinsic pathways (Figure 9). 

The intrinsic pathway is initiated by a range of lethal stimuli, such as DNA damage, ER stress, 

hypoxia, and metabolic stress (Lim et al., 2021). Mitochondria-associated Bcl-2 proteins, Bax 

and Bak, become activated and interact with the pro-apoptotic protein, Bid. Insertion of this 
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protein complex into the outer mitochondrial membrane triggers mitochondrial outer 

membrane permeabilisation (MOMP) and marks the commitment to apoptosis. Subsequent 

release of pro-apoptotic mitochondrial proteins, such as cytochrome c (Cyt c), into the 

cytoplasm results in the formation of a multimeric “apoptosome” consisting of Cyt c, APAF-1, 

dATP and pro-caspase-9 (Lim et al., 2021). This facilitates the activation of caspases – 

intracellular proteases which initiate and regulate apoptosis through cleavage of various 

proteins (Brentnall et al., 2013). The receptor-mediated extrinsic pathway involves binding of 

extracellular ligands (e.g. TNF-α, Fas) to their cognate death receptors (e.g. TNFR, FAS, 

TRAILR1 and TRAILR2) within the target cell membrane (Lim et al., 2021). Death-inducing 

signalling complexes (DISCs), comprising caspase-8 and FADD, are then recruited to not only 

activate additional caspases to drive apoptosis, but to also amplify the intrinsic apoptotic 

response (Lim et al., 2021). 
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Figure 9. A schematic illustrating the cellular components of the intrinsic and extrinsic apoptotic 

pathways. The intrinsic pathway is initiated by a variety of cellular stress stimuli, such as DNA damage. 

Pro-apoptotic proteins, Bax, Bak and Bid, are activated and trigger permeabilisation of outer 

mitochondrial membranes. Subsequent release of the “apoptosome”, consisting of Cyt c and APAF-1, 

initiates caspase-9 and -3-mediated apoptosis. The extrinsic pathway is initiated by the TNF family of 

receptors. Ligand binding recruits death-inducing signalling complexes to drive extrinsic apoptosis and 

exacerbate intrinsic apoptosis. Bcl-2: B-cell lymphoma-2; APAF-1: apoptotic protease-activating factor-

1; dATP: deoxyadenosine triphosphate; FADD: FAS-associated death domain protein.  (Lim et al., 

2021).  

 

In T1D, β-cell death is caused by a T-cell-mediated autoimmune attack. In T2D, a range of 

factors drive β-cell apoptosis: 1) glucose and lipid toxicity; 2) ectopic fat deposition; 3) chronic 

inflammation; 4) increased oxidative stress; 5) increased fibrosis; and 6) amyloidosis 

(cytotoxic amyloid deposition within the islets) (Cho et al., 2011). Parallel to changes at the β-

cell level, new α-cell formation and expansion, either through neogenesis or replication, may 

exacerbate hyperglycaemia in diabetes (Cho et al., 2011). These pathological mechanisms 

feed into β-cell dysfunction and decline and are major contributors to T2D development. 

Consequently, β-cell apoptosis has become an important target for therapeutic approaches in 

the treatment of T2D. 
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1.4.1.1 Nutrient toxicity 

 

Glucotoxicity refers to the detrimental effects of prolonged hyperglycaemia on β-cell function 

and insulin sensitivity (Kaiser et al., 2003). Exposure to high glucose causes deformities in 

mitochondrial morphology, increased production of reactive oxygen species (ROS), oxidative 

stress, and upregulated apoptosis in β-cells (Del Guerra et al., 2007). This corresponds to a 

significant reduction in insulin secretion (Del Guerra et al., 2007). Furthermore, β-cells from 

patients with T2D are more vulnerable to increased glucose levels than those from non-

diabetic individuals, as several markers of ER stress are upregulated in diabetic islets 

(Marchetti et al., 2007). 

 

Lipotoxicity refers to the pro-apoptotic effects on β-cells from chronic exposure to saturated 

FFAs, such as palmitate (Lupi et al., 2002; Wrede et al., 2002). Plasma FFA levels are 

significantly increased in obesity (Arner & Rydén, 2015) and this poses a risk for prediabetes 

in obese individuals due to its negative impact on insulin sensitivity and β-cell survival. 

Elevated circulating FFAs in obesity contributes to peripheral insulin resistance by inhibiting 

insulin-stimulated glucose uptake, glycogen synthesis and glucose oxidation (Boden et al., 

1994). The compensatory hyperinsulinaemic response that follows contributes to β-cell fatigue 

and death. The direct pro-apoptotic effects of FFAs on β-cells are well-established with long-

term treatment inducing marked increases in apoptosis in the pancreatic β-cell lines, INS-1 

and MIN6 (Kristinsson et al., 2013; Ly et al., 2020; Rakatzi et al., 2004; Watson et al., 2011; 

Wrede et al., 2002; Wu et al., 2012; Xiong et al., 2016), and in human islets (Lupi et al., 2002). 

Interestingly, however, there is evidence that shows FFAs can also potentiate glucose-

stimulated insulin secretion (Crespin et al., 1969; Warnotte et al., 1994). For example, acute 

stimulation of β-cells causes elevated insulin secretion via GPR40 activation (Doshi et al., 

2009; Kebede et al., 2008). Nonetheless, this potentiation is insufficient to offset FFA-induced 

insulin resistance in obese individuals with a genetic predisposition towards T2D (Boden, 

2001). The direction of insulin secretory effects by FFAs may be temporally controlled, as 

acute exposure to human islets potentiates glucose-stimulated insulin secretion and long-term 

exposure attenuates it (Kristinsson et al., 2013). 

 

The combination of deleterious effects from elevated plasma FFAs and glucose levels on β-

cell function is referred to as “glucolipotoxicity” (Roduit et al., 2000). Both insults involve the 

suppression of the Bcl-2 family of cell survival proteins (Lin et al., 2014) and overexpression 

of pro-apoptotic genes, including Bad, Bid and Bik (Federici et al., 2001), leading to enhanced 

β-cell death. The hypothesis behind glucolipotoxicity is that hyperglycaemia alone or 

hyperlipidaemia alone is non-toxic to islet cells, and synergy between the two is required to 

alter β-cell function to the point of T2D development (Prentki et al., 2002).  

 

1.4.1.2 Chronic inflammation 

 

As previously described, a range of pathological processes contribute to impaired β-cell 

function in obesity, such as nutrient toxicity, oxidative and ER stress, and ectopic fat 

deposition. All are associated with an inflammatory response. Excessive nutrient levels place 

considerable stress on the islets and on insulin-sensitive tissues, such as adipose tissue 

(Figure 10) (Donath & Shoelson, 2011). This leads to the local production and release of pro-

inflammatory mediators from resident immune cells. Elevated immune cell numbers in both fat 

and islets occur in obesity and T2D; this results from a combination of existing cell proliferation 
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and increased cell infiltration into these tissues (Ehses et al., 2007; Xu et al., 2003). 

Macrophages are the dominant immune cell in T2D islet inflammation (Lundberg et al., 2017). 

Glucolipotoxicity enhances their production of pro-apoptotic cytokines, interleukin-1β (IL-1β) 

and TNF-α, which diminish insulin secretion and are pro-apoptotic towards β-cells with long-

term exposure (Bendtzen et al., 1986; Ortis et al., 2006). The actions of IL-1β are transduced 

by IL-1 receptors (IL-1R) that are found highly expressed in β-cells (Scarim et al., 1997). Under 

healthy conditions, the IL-1R antagonist (IL-1RA) is abundantly expressed by β-cells to 

counterbalance IL-1β activity (Böni-Schnetzler et al., 2008). However, in T2D, this anti-

inflammatory mechanism is defective and islet IL-1RA expression is significantly reduced 

(Böni-Schnetzler et al., 2018; Maedler et al., 2004). As a result, the islets are susceptible to 

IL-1β autostimulation, i.e. IL-1β induces the expression of itself (Böni-Schnetzler et al., 2008) 

and islet inflammation is exacerbated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. The development of inflammation within adipose tissue and the islets as a result of 

nutrient toxicity in obesity. Exposure of adipose tissue and β-cells to excessive levels of glucose and 

FFAs leads to the local production and secretion of pro-inflammatory chemokines and cytokines. 

Immune cell recruitment exacerbates tissue inflammation and release of factors, such as TNF-α and 

IL-1β, into the systemic circulation promotes inflammation in other tissues.  (Donath & Shoelson, 2011). 

 

In visceral adipose tissue, inflammation and macrophage-specific gene expression (e.g. MAC-

1, CD68, MCP-1/CCL2, MIP-1α/CCL3) are significantly upregulated in genetic- and high-fat 

diet-induced obese mice (Xu et al., 2003). The gene and protein expression profiles of resident 

macrophages in obese adipose tissue are distinct from those in lean adipose tissue (Lumeng 

et al., 2007). Anti-inflammatory M2-type macrophages reside in fat depots from lean mice and 

secrete factors, such as IL-10, which resolve inflammation. However, the progression of 

obesity triggers a “phenotypic switch” to pro-inflammatory M1-type macrophages and 

promotes the production of TNF-α, IL-6 and IL-12 (Lumeng et al., 2007). These locally 

produced factors also advance to the circulation where they travel to skeletal muscle and the 

islets to aggravate inflammation. This is supported by a significant rise in circulating pro-
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inflammatory cytokines and chemokines in obesity (Kim et al., 2006; Schmidt et al., 2015) and 

T2D (Bahgat & Ibrahim, 2020; King et al., 2003; Pan et al., 2021). 

 

It is clear that the IL-1β pathway is a key mediator in the inflammatory response in obesity and 

T2D. The pathway is dependent on nuclear factor-κB (NF-κB) and JUN N-terminal kinase 

(JNK) activation (Toda et al., 2002), and can also be induced by TNF-α. The TNF family drives 

cell apoptosis by targeting the extrinsic caspase pathway, as previously mentioned in Section 

1.4.1. TNF-α is capable of inducing caspase-mediated apoptotic death in β-cells (Stephens et 

al., 1999). TNF-α is also heavily implicated in tissue inflammation and impaired insulin 

sensitivity. Chronic exposure to TNF-α promoted resistance to insulin-induced GLUT4 

translocation and glucose uptake in skeletal muscle (de Alvaro et al., 2004; Rosenzweig et al., 

2002). In adipose tissue, TNF-α downregulates the expression of key genes involved in 

glucose and lipid uptake, leading to increased lipolysis and FFA release (Ruan et al., 2002). 

These detrimental effects on lipid and glucose homeostasis are worsened by the reduced 

mRNA expression of ACRP30, an adipocyte-exclusive protein which inhibits hepatic 

gluconeogenesis (Combs et al., 2001; Ruan et al., 2002). High plasma glucose and FFA 

levels, partly induced by the actions of TNF-α, accelerate β-cell failure and T2D progression. 

 

1.4.2 β-cell dedifferentiation and transdifferentiation 

 

The β- and α-cells are derived from a common endocrine progenitor and share multiple 

transcription factors and genes involved in glucose uptake, metabolism, and stimulus-induced 

hormone secretion (Meulen & Huising, 2015). These include pancreatic duodenal homeobox 

gene 1 (Pdx1) and neurogenin-3 (Neurog3), whose expression drives islet cell differentiation 

and regeneration. The induction of downstream β-cell-enriched transcription factors, paired 

box 4 (Pax4), V-maf musculoaponeurotic fibrosarcoma oncogene homolog A (Mafa) and 

forkhead box protein O1 (FoxO1) , among others, are required for subsequent β-cell 

differentiation and maturation. Due to their closely related lineage and function, conversion of 

insulin-expressing β-cells into glucagon-expressing α-cells via an intermediate dual-hormone 

positive cell type is thought to contribute to β-cell loss and dysfunction (Meulen & Huising, 

2015; Papizan et al., 2011). This phenomenon, termed “transdifferentiation”, may also 

accompany dedifferentiation involving a complete regression of mature β-cells to precursor-

like cells (Jonas et al., 1999). Both pathways are largely mediated by the downregulation of β-

cell-specific genes, including insulin, glucokinase and the above mentioned transcription 

factors, and the upregulation of “disallowed” genes expressed by islet progenitor cells or 

mature α-cells which are otherwise suppressed in mature β-cells (Bensellam et al., 2018; 

Lemaire et al., 2017). Deficits in insulin synthesis, insulin granules and glucose-stimulated 

secretory function and subsequent hyperglycaemia result from this loss in β-cell identity. 

Increased α-cell mass and excessive glucagon production as part of β-to-α-cell 

reprogramming contribute further to dysregulated glycaemic control. 

 

Evidence supporting β-cell dedifferentiation and transdifferentiation in T2D is growing. For 

example, markers of endocrine progenitor cells and disallowed genes, such as aldehyde 

dehydrogenase 1A3 (ALDH1A3) (Cinti et al., 2016), lactate dehydrogenase (LDHA) and 

phosphoenolpyruvate carboxykinase 1 (PCK1) (Marselli et al., 2014) were increased in 

diabetic human islets. In contrast, Pdx1 and Mafa protein levels were reduced in islets from 

diabetic mice and humans (Guo et al., 2013; Yang et al., 2012). Additionally, insulin-glucagon 

positive (polyhormonal) cells were observed within islets of diabetic mice (Brereton et al., 
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2014), primates (Spijker et al., 2015) and patients (Cinti et al., 2016; Moin et al., 2016; Spijker 

et al., 2015). Deletion of Pdx1 (Kim-Muller et al., 2014) and FoxO1 (Talchai et al., 2012), also 

recapitulated diabetic features in mice, including reduced β-cell mass and insulin content, 

increased glucagon content and/or α-cell number, hypoinsulinaemia hyperglucagonaemia, 

and hyperglycaemia. Accordingly, glucolipotoxicity, oxidative and ER stress, inflammation, 

and hypoxia are T2D-related triggers of β-cell dedifferentiation and transdifferentiation 

(Bensellam et al., 2012; Brereton et al., 2014; Jonas et al., 1999; Kjørholt et al., 2005). 

Although the contribution of these mechanisms to overall β-cell loss in T2D is under debate, 

current evidence implicates β-cell plasticity and identity maintenance in diabetes 

pathophysiology. 

 

1.4.3 β-cell proliferation 

 

During postnatal development, β-cells have great replicative potential to facilitate significant 

mass expansion (Jacovetti et al., 2015). The rate of β-cell proliferation peaks during the first 2 

years of life and β-cell mass remains relatively constant after the age of 5 (Jacovetti et al., 

2015). In adults, the majority of β-cells are resistant to proliferation due to brakes upon the cell 

cycle, leaving only a small portion of replicating β-cells (Puri et al., 2018). This low proliferative 

capacity means β-cell expansion is severely limited (~0.2% of β-cells/24 hours) (Eguchi et al., 

2022). Moreover, β-cells do not respond well to mitogens. Unfortunately, for diseases such as 

T2D where there is dramatic β-cell loss, this restricts the potential for developing therapies 

which stimulate the replication of the remaining β-cells (Eguchi et al., 2022). Whilst the rate of 

β-cell proliferation is very low in adults, under certain conditions where there is increased 

metabolic demand, β-cells can adapt to functionally compensate. This is the case in 

pregnancy (physiological) (Parsons et al., 1992) and obesity (pathophysiological) (Weir et al., 

2001).  

 

1.4.3.1 β-cell expansion in pregnancy 

 

Maternal glucose metabolism gradually changes throughout gestation to ensure a continuous 

supply of nutrients that supports the growth and development of the fetus. Transport of glucose 

across the placenta is passive and relies on glucose transporters and a transplacental 

concentration gradient between the maternal and fetal circulations (Hay, 2006). During early 

gestation, glucose insensitivity and high basal insulin secretion in fetal β-cells maintains low 

glucose levels in the fetal circulation and thus, the concentration gradient. During late 

gestation, however, fetal hyperinsulineamia drives rapid glucose uptake, enhanced glucose 

utilisation, and growth of insulin-sensitive tissues. Maternal plasma glucose is subsequently 

lowered to a level that disrupts the transplacental concentration gradient. This process has 

been labelled the “feto-placental glucose steal phenomenon” and must be counteracted by 

increased maternal insulin resistance and hepatic glucose production (Nolan & Proietto, 

1994). At this point in gestation, there is a risk of excessive nutrient shunting to the fetus and 

the development of harmful hyperglycaemia in both mother and offspring. To prevent this, the 

maternal islets undergo structural and functional changes to increase insulin secretion: 1) an 

augmented sensitivity to plasma glucose due to a decrease in the threshold value of glucose-

induced insulin secretion (Green & Taylor, 1972; Parsons et al., 1992); 2) an enhanced insulin 

secretory capacity due to upregulated proinsulin biosynthesis, β-cell proliferation, and β-cell 

hypertrophy (Bone & Taylor, 1976; Xue et al., 2010); 3) an increase in gap-junctional coupling 

between β-cells to enhance electrical communication and activation in response to a rise in 
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plasma glucose (Parsons et al., 1992); and 4) greater glucose oxidation and cAMP 

concentrations within β-cells associated with the heightened glucose sensitivity and insulin 

secretion (Green et al., 1973). 

 

Overall, the compensatory mechanisms observed in the islets are essential for meeting insulin 

demand and maintaining maternal normoglycaemia. Failure of these mechanisms leads to GD 

which is associated with multiple maternal and fetal complications (see Section 1.1.3). The 

potential severity of GD has led to investigations into the pathways responsible for the 

modifications of islet function seen in pregnancy. Indeed, the pregnancy-induced metabolic 

changes described above mirror fluctuations in several hormones and signalling molecules. 

Among them are two hormones which have been identified as key participants in regulating 

the islet adaptations to pregnancy: placental lactogen (PL) and prolactin (PRL) (Brelje et al., 

1993; Parsons et al., 1992). Targeted overexpression of PL in cultured INS-1 β-cells (Fleenor 

et al., 2000) and in transgenic mice (Vasavada et al., 2000) increased both β-cell hyperplasia 

and hypertrophy. The subsequent growth of islet mass corresponded to elevated insulin 

content and plasma insulin concentrations (Vasavada et al., 2000). PRL treatment also 

significantly upregulated glucose-stimulated insulin secretion and GLUT2 mRNA expression 

in INS-1 β-cells (Arumugam et al., 2008). PL and PRL both act through the PRL receptor 

which, when deleted in mice, reduced β-cell mass, insulin mRNA and peptide content, and the 

insulin secretory response to glucose (Freemark et al., 2002). These observed effects in 

mouse and rat models translate into human islets which contain greater insulin content and 

secrete significantly more insulin when exposed to PL and PRL compared to control media 

(Brelje et al., 1993; Swenne et al., 1987). 

 

Adipose tissue and its derived peptide, adiponectin, have been implicated in the underlying 

mechanisms which control PL-induced maternal β-cell expansion. Adiponectin is known for its 

insulin-sensitising function, and low plasma adiponectin levels (hypoadiponectinaemia) are 

observed in obesity (Arita et al., 1999; Hara et al., 2006), T2D (Hotta et al., 2000), and GD 

(Qiao et al., 2017). Knockout of the adiponectin gene (Adipoq−/−) in pregnant mice models 

adiponectin deficiency in pregnancy. Several metabolic perturbations develop as a result of 

disturbed adiponectin signalling: greater rates of hepatic glucose and triglyceride production, 

and increased lipolysis in adipose tissue contribute to marked glucose intolerance and 

hyperlipidaemia in these mice; this is exacerbated by reduced β-cell mass and circulating 

insulin levels. Increased fetal body weight and blood glucose levels were also observed, 

highlighting the association between the maternal metabolome and newborn outcomes. 

Rescue of adiponectin deficiency by adenoviral vector-mediated in vivo transduction 

ameliorated the metabolic defects in pregnant mice and their offspring (Qiao et al., 2017). 

Adiponectin does not directly modulate β-cell proliferation during pregnancy (Qiao et al., 

2021). Instead, adiponectin significantly raises PL mRNA and protein expression in the JEG3 

placental cell line and in human placenta. PL injections administered to pregnant Adipoq−/− 

mice restored β-cell proliferation rates, β-cell mass, and maternal plasma insulin and glucose 

levels to those of wild-type pregnant mice (Qiao et al., 2021). These recent studies describe 

a fundamental regulatory role of adiponectin in pregnancy-induced β-cell adaptations via PL 

expression. The crosstalk between adipose tissue and the placenta therefore contributes to 

the maintenance of glucose homeostasis during pregnancy. In fact, adipose tissue expansion, 

driven by adipocyte hyperplasia and lipogenesis, is a physiological adaptation to a healthy 

pregnancy. However, maternal obesity is characterised by systemic, placental and fetal 

inflammation (Stewart et al., 2007) and may be partly attributed to pro-inflammatory 
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adipokines, such as leptin. Leptin regulates maternal glucose metabolism and, by increasing 

nutrient availability, supports fetal development in pregnancy (Misra & Trudeau, 2011). Whilst 

circulating concentrations do increase throughout normal gestation, its levels are significantly 

upregulated in serum of pregnant overweight/obese women compared to their lean 

counterparts (Misra & Trudeau, 2011). Leptin has been shown to promote the release of other 

inflammatory factors, e.g. IL-6 and nitric oxide, from human trophoblast cells which feeds into 

placental inflammation and oxidative stress (Parisi et al., 2021). Approximately 33% of obese 

mothers suffer from adverse pregnancy outcomes compared to 15% of lean mothers (Trivett 

et al., 2021). These are often linked to metabolic dysfunction with obesity-induced adipokine 

imbalance a possible component. 

 

1.4.3.2 β-cell expansion in obesity 

 

Growing adiposity correlates with increased insulin resistance and hyperglycaemia. The 

primary response is to expand β-cell mass via proliferation. Thus, obesity is characterised by 

a compensatory expansion in islet cell volume following increased insulin demand. This is a 

consistent event that occurs across obese mouse models and in human subjects with obesity 

(Bock et al., 2003; Butler et al., 2003; Cox et al., 2016). The mechanisms responsible for this 

expansion remain unclear. Multiple studies have deduced that obesity-induced β-cell 

expansion is not the result of neogenesis, but of self-duplication of pre-existing cells (Bock et 

al., 2003; Cox et al., 2016; Dor et al., 2004; Teta et al., 2007). Evidence implicates sub-

threshold ER stress as a regulator of β-cell proliferation (Sharma et al., 2015; Szabat et al., 

2016). The unfolded protein response (UPR) is thought to promote the expression of Atf6, a 

transcription factor, that, when inhibited, reduces β-cell proliferation and when overexpressed, 

induces it (Sharma et al., 2015). β-arrestin-1 (barr1) may also be required for β-cell expansion 

in obesity, as its deficiency reduces the expression of Pdx1, a β-cell-enriched transcription 

factor critical for proliferation and survival (Barella et al., 2021). Neuronal signals have also 

been shown to play an important role. The release of neurotransmitters from vagal nerves that 

supply the islets activates the foxhead box M1 (FoxM1) pathway in obese β-cells (Yamamoto 

et al., 2017). The pathway regulates several steps in the cell cycle, and the expression of 

FoxM1 and its target mitogenic genes were significantly upregulated in obesity (Yamamoto et 

al., 2017). Whilst the exact mechanisms have yet to be fully elucidated, the large body of data 

supports a clear linear correlation between body weight and β-cell mass (Montanya et al., 

2000). However, if the rate of β-cell proliferation is insufficient to overcome chronic 

hyperglycaemia, overt T2D develops. The proliferative capacity of β-cells also declines with 

age (Puff et al., 2011) and contributes to the elevated age-related risk of T2D development. 

Yet, whilst proliferative dysfunction partly underpins the loss of β-cell volume in T2D, a great 

deal can be attributed to increased apoptotic frequency (Butler et al., 2003; Puff et al., 2011). 

 

1.5 Adipose tissue 

 

1.5.1 Morphology and function 

 

Adipose tissue comprises a heterogenous population of cell types such as mature adipocytes, 

preadipocytes, and immune, nerve and endothelial cells surrounded by extracellular matrix 

(ECM) (Kershaw & Flier, 2004). Reports of the proportion of mature adipocytes within adipose 

tissue are highly variable in the literature. The percentage of mature adipocytes has been 



Tanyel Ashik 

 

 
32 

 

reported to be as low as ~20% (Tsiloulis & Watt, 2015) and as high as ~60% (Bourgeois et 

al., 2019) of the total cell population. Although this value is under dispute, it is generally 

accepted that mature adipocytes represent ~80% adipose tissue volume due to the extensive 

storage of lipids within the cytoplasm (Bourgeois et al., 2019). To accommodate even further 

tissue expansion in the event of chronic energy intake, the volume of mature adipocytes must 

increase. Mature adipocytes can undergo cellular hypertrophy to facilitate adipose tissue 

growth, however, hypertrophic adipose tissue is highly dysfunctional. It is associated with 

diminished glucose uptake, elevated lipolysis and FFA release, hypoxia, fibrosis, and 

macrophage-mediated inflammation (Jernås et al., 2006). Large and small adipocytes can be 

separated by distinct genetic profiles with upregulated expression of several genes, such as 

serum amyloid A (SAA), in hypertrophic adipocytes potentially contributing to insulin 

resistance (Jernås et al., 2006). In contrast, adipose tissue hyperplasia is a protective 

mechanism in obesity. Mature adipocytes are terminally differentiated cells and therefore have 

no proliferative capacity (Song & Kuang, 2019). New cells are derived from multipotent 

mesenchymal stem cells which enter a determination stage and convert to pluripotent stem 

cells (Rosen & MacDougald, 2006). These cells then commit to the adipocyte lineage and 

transform into preadipocyte cells that rely on an adipogenic transcriptional cascade to 

terminally differentiate into mature adipocytes (Figure 11) (Rosen & MacDougald, 2006). 

Unlike their fibroblast-like precursor cells, mature adipocytes have a specialised lipid storage 

function and express adipocyte genes to support insulin sensitisation, and glucose and lipid 

metabolism. This differentiation process is termed “adipogenesis” and is heavily influenced by 

three classes of transcription factors: PPARγ, CCAAT/enhancer binding proteins (C/EBP), and 

adipocyte determination and differentiation-dependent factor 1 (ADD1 or SREBP1) (Drolet et 

al., 2008). 

 

Figure 11. A schematic illustrating the molecular mechanisms of adipogenesis. Multipotent 

mesenchymal stem cells commit to a preadipocyte lineage. Committed preadipocyte cells are fibroblast-

like, and once growth is arrested, master regulator of adipogenesis, PPARγ, and its transcription co-

activator, C/EBPα, are activated. Early differentiation is characterised by lipid accumulation which drives 

the expression of early adipocyte markers, including GLUT4. Once fully differentiated, adipocytes 

express both early and mature adipocyte markers, such as adiponectin, leptin, and LPL. Adipocytes 

have the capacity to undergo de-differentiation back to fibroblast-like preadipocytes. LPL: lipoprotein 

lipase. Adapted from Ghaben & Scherer (2019). 
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PPARγ belongs to a nuclear receptor family of ligand-activated transcription factors and is 

essential for adipogenesis, the regulation of insulin sensitivity, lipogenesis, and overall 

adipocyte survival and function (Lefterova et al., 2014). It exists as two isoforms: PPARγ1 is 

expressed at low levels in a variety of non-adipose tissues, whereas PPARγ2 is adipocyte-

specific (Tontonoz et al., 1994; Zhu et al., 1995). As previously noted in Section 1.1.2.4, 

PPARγ is a master regulator of adipocyte differentiation as its activity is both necessary and 

sufficient for the process to occur (Tontonoz et al., 1994). Upon ligand activation, PPARγ2 

activates target gene promoters to induce transcription of several adipogenic genes, including 

lipoprotein lipase (LPL) and adipsin. Furthermore, PPARγ2 and C/EBPα mutually induce the 

expression of each other, and the two act synergistically to efficiently stimulate adipocyte 

differentiation. C/EBPα is involved in the later stages of adipogenesis by targeting genes 

involved in growth arrest and lipid accumulation (Tontonoz et al., 1994). C/EBPα cannot 

instigate adipogenesis in the absence of PPARγ2, but it is important in maintaining mature 

adipocytes in a differentiated state by reinforcing PPARγ2 expression as part of a positive 

feedback loop (Rosen et al., 2002). Similarly, ADD1/SREBP1 cannot initiate adipogenesis, 

however, it can augment the process by enhancing PPARγ-mediated expression of fatty acid 

synthase (FAS) and LPL, two genes which regulate fatty acid metabolism (Kim & Spiegelman, 

1996). 

 

The traditional view that adipose merely acts as a lipid storage compartment has long 

surpassed. It is now appreciated that mature adipocytes are highly active sources of secretory 

products which are expressed and released in response to various hormonal and central 

afferent signals (Kershaw & Flier, 2004). Adipose tissue-derived secretory products range 

from growth factors, cytokines, ECM proteins, factors associated with lipid metabolism, and 

adipose tissue-specific peptides (Gerst et al., 2019). The diversity of this secretome gives 

adipose tissue the ability to integrate and communicate with a plethora of organs (Kershaw & 

Flier, 2004). The integrative network that exists between adipose tissue and other systems 

facilitates the coordination of various physiological processes, including those concerning 

immunity, reproduction, neuroendocrine function, and energy homeostasis (Kershaw & Flier, 

2004). 

 

1.5.2 Adipokines and metabolic crosstalk 

 

The secretory products from adipose tissue are plentiful. Several contribute to the 

maintenance of glucose homeostasis by establishing metabolic crosstalk with β-cells. Through 

receptor binding, these adipokines can regulate mechanisms involved in insulin secretion 

and/or gene expression. Examples include alterations to GLUT transporter transcription and 

glucose sensing, and effects on cell proliferation and apoptosis. Other adipokines act on 

peripheral tissues, such as liver and skeletal muscle, and/or partake in paracrine or autocrine 

signalling whereby factors act locally to alter the function of adipose tissue itself. By targeting 

nutrient metabolism, storage, and transport, these adipokines can modulate insulin sensitivity 

at the adipocyte level and throughout the periphery. Adiponectin and leptin are the most well-

characterised adipose tissue-derived peptides that influence β-cell function and insulin 

sensitivity. Additional factors which have similar capabilities include chemerin, resistin, apelin 

and adipsin. 
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1.5.2.1 Adiponectin 

 

Adiponectin is an adipocyte-exclusive peptide with roles in nutrient metabolism and insulin 

sensitisation. The full-length protein is composed of single-chain trimers and, due to its high 

structural homology, adiponectin is a member of the complement 1Q factor/TNF-related 

(CTRP) family of peptides (Scherer et al., 1995). Its monomers can assemble into trimers, 

hexamers, and multimers – also referred to as low-, middle- and high-molecular weight forms, 

respectively – which preferentially bind to target adiponectin receptors (Khoramipour et al., 

2021). The actions of adiponectin are transduced by the receptors, AdipoR1, AdipoR2, and T-

cadherin (Hug et al., 2004). The cadherin family of cell-surface proteins mediate calcium-

dependent cell-cell adhesions and signal transduction, and are essential for cell migration, 

mammalian development and tissue morphogenesis (Aberle et al., 1996). Adiponectin was 

identified as a ligand for T-cadherin receptors expressed in vascular cells, such as smooth 

muscle cells (Tkachuk et al., 1998), endothelial cells (Wyder et al., 2000), and pericytes 

(Ivanov et al., 2001). Adiponectin/T-cadherin interactions are anti-atherogenic and thus, 

protective against vascular injury (Fujishima et al., 2017). T-cadherin expression is also 

thought to be a marker of preadipocyte plasticity and their capacity to terminally differentiate, 

which potentially reflects adipose tissue health, however, this hypothesis requires further 

investigation (Göddeke et al., 2018). AdipoR1 and AdipoR2 belong to the progestin and 

adipoQ family of receptors. Similar to GPCRs, both receptors contain seven transmembrane 

domains, however, there are several structural and functional differences which distinguish 

AdipoR1 and AdipoR2 from the GPCR family (Lee et al., 2008). For example, the N-terminus 

and C-terminus of the adiponectin receptors have an opposing orientation to that of GPCRs 

(Yamauchi et al., 2003). Moreover, GPCRs respond to ligand binding by activating associated 

G proteins which is not the case for AdipoR1 and AdipoR2. Further details on GPCR structure 

and function can be found in Section 1.6. Once bound to AdipoR1 and/or AdipoR2, the actions 

of adiponectin are primarily mediated by AMPK and PPARα signalling pathways within target 

tissues (Lee et al., 2008). AdipoR1 is most abundantly expressed in skeletal muscle, whereas 

AdipoR2 is mostly expressed in the liver (Yamauchi et al., 2003). This pattern of receptor 

localisation is significant for the insulin sensitising function of adiponectin. 

 

The inverse relationship between BMI, insulin sensitivity and circulating adiponectin levels has 

been well established. Plasma concentration levels of adiponectin are significantly reduced in 

obese individuals (Arita et al., 1999; Hara et al., 2006) and patients with type 2 diabetes (Hotta 

et al., 2000). Furthermore, hypoadiponectinaemia is associated with elevated fasting plasma 

insulin levels (Weyer et al., 2001) and insulin resistance, as determined by the homeostasis 

model assessment for insulin resistance (HOMA-IR) (Hara et al., 2006; Weyer et al., 2001; 

Yatagai et al., 2003). High plasma adiponectin levels are linked to improvements in insulin 

sensitivity, as both genetic and pharmacological approaches to upregulate circulating 

adiponectin leads to enhanced glucose tolerance in insulin resistant, obese rodent models 

(Yamauchi et al., 2001; Combs et al., 2004). The mechanisms responsible for these effects 

on insulin sensitivity may involve adiponectin-mediated increases in fatty acid oxidation and 

reduced triglyceride content in skeletal muscle and liver (Yamauchi et al., 2001). Additionally, 

adiponectin treatment leads to the suppression of gluconeogenic gene expression in mouse 

hepatocytes, thus reducing hepatic glucose production (Miller et al., 2011). Insulin-induced 

phosphorylation of the insulin receptor, IRS-1 and AKT kinase in skeletal muscle is also 

amplified, indicating improved insulin signalling (Yamauchi et al., 2001). Increased GLUT4 

translocation in skeletal muscle cells exposed to adiponectin contributes to greater glucose 
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uptake and the lowering of plasma glucose levels (Ceddia et al., 2005). Alongside its insulin 

sensitising effects, adiponectin also ameliorates cytokine- and palmitate-induced INS-1 β-cell 

apoptosis, as shown by reduced caspase-3 activity and DNA fragmentation (Holland et al., 

2011; Rakatzi et al., 2004). Furthermore, adiponectin impedes the suppression of glucose-

stimulated insulin secretion by mixed cytokines and palmitate in these cells (Rakatzi et al., 

2004). This provides evidence to support a protective role of adiponectin against β-cell 

lipotoxicity, a pathophysiological component in T2D development. Interestingly, significant 

augmentation of glucose-stimulated but not basal insulin secretion was observed in 

adiponectin-treated islets isolated from high-fat diet-induced insulin resistant mice, suggesting 

a dichotomy in adiponectin action that is dependent on the glucose environment (Winzell et 

al., 2004). 

 

1.5.2.2 Leptin 

 

Leptin is an adipocyte-derived cytokine which acts centrally in the regulation of satiety and 

food intake, energy expenditure, and the onset of puberty. Leptin receptors, or LEP-Rs, are 

members of a class I cytokine receptor family. There are six isoforms (LEP-Ra to LEP-Rf) 

which are generated by alternative RNA splicing of the leptin receptor gene (Lepr or db). Each 

receptor isoform consists of an extracellular, intracellular, and transmembrane region, and the 

extracellular leptin binding domain is conserved across all six isoforms. The intracellular and 

transmembrane regions, however, slightly differ between them. LEP-Rb is the longest leptin 

receptor isoform and is the well-established primary mediator of all leptin signalling. Tyrosine 

residues located within the intracellular domain are sites for Janus kinase 2 (JAK2)-induced 

tyrosine phosphorylation. Binding of leptin to LEP-Rb recruits cytoplasmic JAK2 to the 

membrane and ultimately results in the phosphorylation of STAT proteins and altered gene 

expression. LEP-Rb is present in a range of immune cells, such as neutrophils, monocytes 

and lymphocytes, and modulates both adaptive and innate immune responses (Fernández-

Riejos et al., 2010). However, LEP-Rb is mainly expressed in the hypothalamus, specifically 

the orexigenic NPY/AgRP neurons (appetite-stimulating) and the anorexigenic POMC/CART 

neurons (appetite-suppressing) (Schwartz et al., 2000). Both sets of neurons are found in the 

arcuate nucleus (ARC) and project onto melanocortin-4 receptor (MC4R)-expressing neurons 

located within the paraventricular hypothalamus (PVH), dorsomedial hypothalamus (DMH), 

and other hypothalamic sites which control feeding behaviour and energy expenditure (Sutton 

et al., 2016). Leptin dampens NPY/AgRP neuronal activity and inhibits the release of the 

MC4R antagonist, agouti-related peptide. In parallel, leptin activates POMC/CART neurons 

and stimulates the secretion of MC4R agonists, including α-melanocyte-stimulating hormone 

(α-MSH). The leptin-induced activation of pathways with opposing effects on energy balance 

collectively diminishes satiety and food intake (Schwartz et al., 2000). Due to the fundamental 

role of leptin signalling in the control of food intake, deficiencies in either leptin or the leptin 

receptor leads to monogenic forms of obesity. Monogenic obesity resulting from disturbed 

leptin signalling has been extensively studied in the ob/ob (Zhang et al., 1994) and db/db 

(Bahary et al., 1990) genetic mouse models of obesity, which lack leptin and the leptin 

receptor, respectively. Both defects are typically characterised by severe hyperphagia 

(excessive eating), endocrine abnormalities, such as hypogonadotropic hypogonadism, and 

high infection rates (Dubern & Clement, 2012). Leptin replacement therapy has proven to be 

an effective treatment in leptin-deficient patients with daily subcutaneous injections causing 

reduced food intake and weight loss, normalised puberty onset, and resolution of associated 

co-morbidities (Farooqi et al., 1999; Licinio et al., 2004). Unfortunately, this course of treatment 



Tanyel Ashik 

 

 
36 

 

is ineffective in patients with leptin receptor deficiencies. However, a recent breakthrough has 

made the MC4R agonist,  setmelanotide, available to leptin receptor-deficient individuals 

(Clément et al., 2018). MC4R agonism restores the function of the leptin-melanocortin 

signalling pathway to reduce hunger and promote profound weight loss (Clément et al., 2018). 

 

Short isoforms, LEP-Ra, LEP-Rc, LEP-Rd and LEP-Rf, also bind JAK kinases, however, their 

capacity to activate signal transduction pathways is reduced compared to the long LEP-Rb 

isoform (Bjørbaek et al., 1997). LEP-Ra is the most common leptin receptor isoform found in 

various tissues, such as kidney, lungs and brain (Tartaglia et al., 1995). It is thought to mediate 

leptin internalisation and degradation, and ligand-induced receptor downregulation (Uotani et 

al., 1999). LEP-Re is the most distinctive isoform as it lacks intracellular and transmembrane 

domains. Instead, this soluble receptor is secreted into the circulation where it can bind to 

serum leptin (Huang et al., 2001). By acting as a leptin-binding protein, LEP-Re can inhibit 

leptin binding to cell membranes thereby blocking signal transduction in target tissues (Liu et 

al., 1997). On the other hand, by delaying leptin clearance from the circulation, this isoform 

may elevate the bioavailability of leptin (Huang et al., 2001). 

 

The level of circulating leptin is directly proportional to adipose tissue mass and lipid content. 

In accordance, serum leptin concentrations are significantly augmented in obese vs normal 

weight individuals (Considine et al., 1996). This reflected a doubling of leptin mRNA 

expression in mature adipocytes of obese subjects (Considine et al., 1996). Moreover, fasting 

serum leptin levels are positively correlated with total body lipids in mice (Frederich et al., 

1995), and with both BMI and body fat percentage in humans (Kennedy et al., 1997). In healthy 

humans, leptin has the ability to exert its anorexigenic effects to reduce appetite, food intake 

and body weight. In obesity, however, the effects of leptin are severely blunted. This 

impairment in leptin action is termed “leptin resistance” and there are several potential 

mechanisms which underlie its development (Gruzdeva et al., 2019). Examples include 

defective leptin receptor signalling and reduced leptin receptor expression in target tissues. 

Also, leptin resistance compounds diet-induced adipose tissue expansion which drives further 

increases in leptin production. Thus, leptin can play a significant role in the development of its 

resistance (Gruzdeva et al., 2019). 

 

The pathological increase in circulating leptin levels observed in obesity can directly influence 

β-cell function. The expression of the full-length leptin receptor, LEP-Rb, has been reported in 

multiple β-cell lines, including βTC-3, MIN6 and INS-1 (Fehmann et al., 1997; Kieffer et al., 

1996; Tanizawa et al., 1997), and in primary mouse, rat and human islets (Emilsson et al., 

1997; Kieffer et al., 1996; Poitout et al., 1998; Seufert et al., 1999). An inhibitory action of leptin 

on glucose-stimulated insulin secretion is well-documented in these cells and tissues 

(Emilsson et al., 1997; Fehmann et al., 1997; Kulkarni et al., 1997; Poitout et al., 1998; 

Tanizawa et al., 1997). The translation into an in vivo setting reveals a subsequent rise in 

plasma glucose levels (Cases et al., 2001; Kulkarni et al., 1997).  

 

1.5.2.3 Other adipokines of interest 

 

Chemerin is an adipokine and a chemotactic agent. It activates GPCRs, ChemR23 and GPR1, 

both of which signal via mitogen-activated protein kinase (MAPK) and RhoA/ROCK cascades 

(Kennedy & Davenport, 2018). Patterns of chemerin expression and secretion in relation to 

obesity and diabetes are heterogeneous across multiple studies (Bozaoglu et al., 2007; 
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Hansen et al., 2014; Sell et al., 2009; Stelmanska et al., 2013; Takahashi et al., 2008). It is 

unclear whether changes in chemerin mRNA and plasma peptide levels are causative, 

compensatory, or simply correlative to an insulin-resistant/diabetic state. Similar discrepancies 

regarding chemerin action have been reported, with both negative and positive functional 

effects observed at the β-cell (Ernst et al., 2012; Rourke et al., 2014; Takahashi et al., 2011) 

and at insulin-responsive peripheral tissues (Ernst et al., 2010, 2012; Huang et al., 2021; 

Kralisch et al., 2009; Sell et al., 2009; Takahashi et al., 2008). Marked differences in study 

designs could explain the conflicting results. Mouse strain, animal age and gender, severity of 

the diabetic phenotype, the target receptor, experimental protocol, choice of diet-, 

pharmacologically or genetically induced animal models of obesity/diabetes, method of 

genetic manipulation, and duration of high-fat diet feeding are all factors that could influence 

study outcomes. 

 

Adipsin protects against β-cell dedifferentiation and apoptosis in T2D by increasing 

complement peptide C3a levels (Gómez-Banoy et al., 2019), a ligand that improves islet 

function via the GPCR, C3aR (Atanes et al., 2018). Apelin is an agonist for the GPCR, APJ, 

which signals via Gαi to inhibit AC activity and reduce cAMP generation (Sörhede Winzell et 

al., 2005). The APJ receptor is expressed by islets and its activation inhibits glucose-

stimulated insulin secretion in vitro and in vivo (Sörhede Winzell et al., 2005). Resistin exerts 

similar impairment of glucose-dependent insulin secretion in β-cells and contributes to resistin-

induced insulin resistance and inflammation at the periphery (Nakata et al., 2007; Wen et al., 

2017). The specific receptor(s) for resistin have not been conclusively identified, however, toll-

like receptor 4 (TLR4) (Tarkowski et al., 2010), ROR1 (Sánchez-Solana et al., 2012), and 

CAP1 (Lee et al., 2014) are potential mediators of resistin action. 

 

 

 

1.5.2.4 Paracrine and autocrine signalling in adipose tissue 

 

Adipose tissue-derived peptides not only act systemically via endocrine pathways, but they 

can also engage in paracrine or autocrine signalling to modulate tissue function in a process 

of self-regulation. Leptin, for example, has been shown to suppress lipid synthesis and 

accumulation in preadipocytes (Bai et al., 1996; Singh et al., 2012). Leptin also blocked 

several metabolic actions of insulin on adipocytes, including glucose influx, lipogenesis, and 

protein synthesis (Müller et al., 1997). These effects are mediated by long and short leptin 

receptor isoforms expressed by adipose tissue (Kielar et al., 1998). In contrast to the above 

inhibitory effects on metabolism, leptin treatment stimulates the expression of PPARγ co-

activator-1α  (PGC-1α) whose activity is required for the activation of PPARα, a key regulator 

in adipogenesis and energy metabolism (Brun et al., 1996; Kakuma et al., 2000). A regulatory 

role in adipogenesis by leptin is further supported by increased preadipocyte differentiation 

and induced adipogenic markers in adipose tissue-derived stromal cells (ASCs) (Palhinha et 

al., 2019). Based on the above observations of both positive and negative effects on adipocyte 

function, leptin’s role in autocrine signalling within adipose tissue remains unclear. The 

evidence implicating chemerin as a regulator of adipocyte differentiation and metabolism is 

more robust. The adipocyte expression of chemerin and its receptors, ChemR23 and GPR1, 

dramatically increases throughout adipogenesis (Dranse et al., 2016; Goralski et al., 2007; 

Roh et al., 2007; Sell et al., 2009; Takahashi et al., 2008). Loss of chemerin signalling impairs 

several morphological, transcriptional and functional features of differentiated adipocytes: 
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downregulated PPARγ, adiponectin, leptin and GLUT4 mRNA expression, reduced lipid 

storage as indicated by Oil Red O staining, and return to a fibroblast-like state (Goralski et al., 

2007; Takahashi et al., 2011). Studies therefore highlight chemerin as having an important 

role in maintaining adipocyte identity. 

 

Paracrine signalling between adipocytes and resident macrophages is an important 

component in obesity-induced inflammation and T2D. Indeed, co-culture of macrophages with 

3T3-L1 adipocytes leads to a significant upregulation in pro-inflammatory TNF-α and a 

downregulation in anti-inflammatory adiponectin (Suganami et al., 2005). This mirrors the 

inflammatory response in adipocytes exposed to FFAs, a condition which mimics an 

obesogenic environment (Suganami et al., 2005). These effects are likely mediated by 

macrophage-expressed TLR4 and the NF-κB pathway:  TLR4 mutation dampens FFA-

induced TNF-α production whilst NF-κB inhibitors in the co-culture suppressed pro-

inflammatory cytokine production and adipocyte lipolysis (Suganami et al., 2007). Further 

details of adipose tissue inflammation in obesity can be found below in Section 1.5.3. 

 

1.5.2.5 Indirect adipose tissue–β-cell crosstalk 

 

Alongside the direct communication between adipose tissue and β-cells outlined above, there 

is also evidence supporting more complex, indirect inter-organ crosstalk. For example, 

adipocyte-derived leptin and adiponectin directly act on the β-cell, however, these peptides 

also exert indirect effects through their participation in the adipocyte-brain-bone-β-cell axis 

(Tanabe et al., 2017). Both leptin and adiponectin regulate osteocalcin production and 

bioactivity within bone. They do so via actions on the hypothalamus and subsequent 

modulation of sympathetic tone that innervates osteoblast cells. Osteocalcin targets GPCR6A 

receptors within the β-cell membrane to enhance cell proliferation and insulin secretion, as 

evidenced by genetic studies in mice (Tanabe et al., 2017; Wei et al., 2014). The 

communication that exists between several organ systems and the multitude of signals which 

integrate and feed into the β-cell adds another layer of complexity when investigating how 

adipose tissue modulates β-cell function. 

 

1.5.3 Adipose tissue dynamics in obesity and diabetes 

 

The morphological and functional characteristics of adipose tissue are highly modifiable, 

dynamic, and dependent on metabolic status, specifically the presence of obesity and 

diabetes. Under lean or physiological conditions (Figure 12A), balanced production and 

secretion of pro- and anti-inflammatory factors limit the degree of adipose tissue inflammation 

(Chait & den Hartigh, 2020). This is supported by the presence of anti-inflammatory M2-type 

macrophages. A balanced redox environment also minimises ER and oxidative stress, thereby 

alleviating cellular dysfunction and death induced by misfolded proteins and ROS. 

Furthermore, mature adipocytes exhibit normal insulin sensitivity and metabolic activity, 

therefore, they can contribute to insulin-stimulated glucose uptake and the maintenance of 

optimal plasma glucose levels. Mature adipocytes also retain their morphological adaptability 

meaning they respond to changes in energy balance by increasing lipid storage capacity. This 

prevents ectopic fat deposition where lipids are deposited in other organs, such as the 

pancreas and liver, and subsequently, protects against cell death and metabolic dysfunction 

(Chait & den Hartigh, 2020). 
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Under conditions of chronic energy intake and obesity (Figure 12B), dysregulation in adipose 

tissue structure and function can occur. Alterations in adipokine production and secretion 

favour pro-diabetic, pro-inflammatory factors which negatively impact both adipose tissue and 

β-cell function. Examples of such factors include IL-6 and TNF-α which feed into chronic 

inflammation (Gerst et al., 2019). In parallel, levels of adipokines associated with improved 

insulin sensitivity and β-cell function, such as adiponectin, significantly diminish (Tanabe et 

al., 2017). The inflammatory environment is exacerbated further by increased macrophage 

infiltration and the predominance of pro-inflammatory M1-type macrophages (Xu et al., 2003). 

This is a common feature of dysfunctional hypertrophic adipose tissue observed in obesity. 

Hypertrophic fat depots release FFAs which bind to macrophage TLR4 receptors and activate 

NF-κB pathways leading to augmented TNF-α production (Jernås et al., 2006). Chronic ER 

and oxidative stress accompany this low-grade chronic inflammation. The resulting 

accumulation of cellular and DNA damage ultimately triggers apoptotic pathways and cell 

death. The remaining mature adipocytes become resistant to insulin action which places 

considerable pressure on β-cells to secrete more insulin to combat hyperglycaemia. Obesity 

is also characterised by increased collagen deposition and the generation of fibrotic tissue 

within adipose tissue itself, thus limiting adipose tissue plasticity (Pellegrinelli et al., 2016). 

Additionally, the expression of PPARγ2 and C/EBPα genes which maintain adipocyte maturity 

are also significantly reduced leading to adipocyte dedifferentiation and reduced lipid storage 

capacity (Nadler et al., 2000). Both phenomena contribute to ectopic fat deposition, or “lipid 

overspill” into other organs and cells, including the β-cells (Pellegrinelli et al., 2016). Infiltration 

of intrapancreatic fat is negatively associated with several parameters of β-cell function, such 

as glucose insensitivity, dedifferentiation, and loss of specialised function (Taylor, 2019). 

Overall, exposure to an obesogenic milieu alters adipose tissue physiology and underpins 

glucose dyshomeostasis in T2D development. 
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Figure 12. The dynamics of adipose tissue structure and function between lean (A) and obese 

(B) states. Obesity triggers structural and functional changes within adipose tissue that can contribute 

to hyperglycaemia and whole-body dysfunction: 1) upregulated expression of pro-diabetic, pro-

inflammatory adipokines and downregulated expression of anti-diabetic, anti-inflammatory adipokines; 

2) altered regulation of CNS-mediated satiety and food intake; 3) decline in insulin sensitivity of 

peripheral tissues, including adipose tissue; 4) chronic inflammation and accumulation of fibrotic tissue; 

5) ER and oxidative stress causing DNA damage and cell death; and 6) intrapancreatic ectopic fat 

deposition leading to islet inflammation and β-cell dysfunction. Well-characterised adipokines, 

adiponectin and leptin, act on non-GPCRs in β-cells, whilst other adipokines, such as apelin and 

chemerin, act at islet GPCRs to modulate insulin secretion. It is likely that additional, as yet 

uncharacterised, adipokines also bind to islet GPCRs to regulate functional β-cell mass. Adapted from 

Atanes et al. (2021). 

 

In conjunction to alterations in circulating adipokine levels in obesity, there is evidence to 

support changes in the expression of GPCRs through which some of them act. Furthermore, 

GPCR modulation is thought to be tissue-dependent following these obesity-induced changes 

in ligand levels. For example, more than a 2-fold increase in plasma chemerin levels has been 

reported in mice fed a high-fat diet, and this is accompanied by reduced Gpr1 expression in 

skeletal muscle (Rourke et al., 2014). Serum levels of apelin are also increased in obesity 

(Hehir & Morrison, 2012), however, whilst the levels of its target receptor, APJ, are reduced in 

skeletal muscle (Ji et al., 2017), they are elevated in adipose tissue (Dray et al., 2010).  

Metabolic status therefore has the capacity to modify the crosstalk between adipose tissue 

and islets such that adipose expansion in obesity will lead to increased secretion of 

adipokines, and, for those that signal via GPCRs, this may be accompanied by changes in 

levels of the target GPCRs and modified responses to those ligands. 

 

1.6 G protein-coupled receptors 

 

The peptides mentioned above demonstrate the importance of adipose tissue in normal 

physiological function and metabolic homeostasis through the modulation of insulin secretion 

and insulin action. This lends the possibility of exploiting the adipose secretome in developing 

a new therapy for T2D. A promising avenue for future drug development is the regulation of 

islet GPCR activity. 293 GPCRs were identified as being expressed in human islets using 

quantitative polymerase chain reaction (qPCR), with 110 of these being the targets of peptide 

or protein ligands (Amisten et al., 2013). The effects of a majority of identified GPCRs on islet 

hormone secretion are, however, unknown. Adipose tissue-derived factors can influence β-

cell function by binding to their target receptors, some of which are members of the GPCR 

family of receptors. 

 

GPCRs contain seven transmembrane loops with an extracellular N-terminus for ligand 

binding and an intracellular C-terminus which is associated with a heterotrimeric G protein 

(Atanes & Persaud, 2020). Agonist binding leads to signal transduction from the extracellular 

to the intracellular compartment. Subsequent activation of the associated G protein triggers a 

cascade of intracellular signalling pathways that serve to recruit enzymes, remodel the 

cytoskeleton, alter insulin synthesis and secretion, and modulate gene expression (Atanes & 

Persaud, 2020). This mechanism of signal transduction involving a series of molecular 

effectors serves to propagate and amplify a single signal throughout a cell. The overall effect 

of a given GPCR is dependent on several factors: 1) the nature and availability of the 
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occupying GPCR ligand; 2) the associated G protein subclass (Gαs, Gαi/o, Gαq/11 and Gα12/13) 

which are coupled to distinct downstream modulators (Figure 13); 3) receptor, system or ligand 

bias that results in a preference for either G protein signalling or β-arrestin recruitment and 

GPCR desensitisation; and 4) the localisation of the expressed GPCR and its cell- or tissue-

dependent pharmacological profiles (Atanes et al., 2021).  

 

 

Figure 13. A schematic illustrating the downstream intracellular signalling pathways of GPCRs 

in the regulation of insulin secretion and overall β-cell function. All GPCRs undergo confirmation 

changes in response to ligand binding. This facilitates the exchange of GDP for GTP on the Gα subunit 

leading to its dissociation from the Gβγ dimer. GTP-bound Gα subunits can then modulate the activity 

of corresponding enzymes: AC is either activated (Gαs) or inhibited (Gαi/o) to regulate intracellular cAMP 

levels; PLC is activated (Gαq/11) to hydrolyse PIP2 and produce IP3 and DAG. IP3 mobilises Ca2+ from 

the ER to activate CaMKs, whilst cAMP and DAG activate PKA and PKC, respectively. Kinases 

phosphorylate intracellular proteins involved in insulin secretion (acute) and in gene expression (long 

term). Elevated cAMP also activates EPACs which mediate exocytosis of insulin-containing granules. 

The Gα12/13 subunit is less relevant to the β-cell and more so to insulin-sensitive cells, as activation of 

PKB/AKT via PI3K stimulates the translocation of GLUT4 to the membranes in muscle and adipose 

tissue. Adapted from Atanes & Persaud (2020). 

 

Whilst activation of GPCRs plays a vital role in normal cellular function and in a range of 

physiological processes, overstimulation can result in deleterious effects on both cellular and 

tissue level (Rajagopal & Shenoy, 2018). Therefore, GPCR activation is tightly regulated by 

the action of β-arrestins for which there are two isoforms: β-arrestin-1 and β-arrestin-2 (Jones 

et al., 2018). These adaptor proteins coordinate the acute desensitisation and long-term 
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downregulation of GPCRs (Rajagopal & Shenoy, 2018): desensitisation is initiated by receptor 

phosphorylation by GPCR kinases (GRKs) and subsequent β-arrestin recruitment, ultimately 

preventing interactions between the receptor C-terminus and G proteins (Ahmadzai et al., 

2017); downregulation occurs following agonist exposure of hours or days, and encompasses 

receptor degradation within lysosomes following endocytic internalisation, and in some cases, 

diminished transcriptional activity (Jones et al., 2018; Rajagopal & Shenoy, 2018). Whilst the 

roles of β-arrestins extend beyond this, β-arrestin action is classically associated with reduced 

cellular responses, and contributions to tachyphylaxis and the undesired effects observed 

during chronic drug administration (Rajagopal & Shenoy, 2018). 

 

1.6.1 Classes and functions 

 

The portfolio of GPCR ligands is diverse: peptides and proteins, lipids, ions, hormones, 

neurotransmitters and small organic molecules can be capable of high-affinity binding and 

activation of GPCRs (Wacker et al., 2017). Binding of a ligand to its target GPCR results in a 

conformational change and the exchange of bound GDP for free cytosolic GTP on the Gα 

subunit (Atanes & Persaud, 2020). The GDP/GTP exchange triggers the dissociation of the 

Gα-GTP subunit from the Gβγ dimer and its subsequent activation. Gαi/o and Gαs subunits 

modulate AC activity, the production of cAMP and, in turn, the activation of PKA and EPAC2. 

The Gαi/o subclass inhibits this pathway whilst the Gαs subclass activates it. The Gαq/11 

subclass, on the other hand, is associated with a differing downstream pathway as activated 

Gαq/11 triggers PLC-mediated production of DAG and IP3 from the hydrolysis of 

phosphatidylinositol 4,5 bisphosphate (PIP2). Free cytosolic IP3 binds to its receptors within 

the membranes of storage organelles, including the ER, to mobilise Ca2+ ions. The increase 

in [Ca2+]i activates Ca2+/calmodulin-dependent protein (CaMK). Membrane-bound DAG 

facilitates the movement and activation of PKC at the plasma membrane. 

 

CaMK, PKA and PKC phosphorylate serine and threonine residues on intracellular proteins 

to, in the short term, stimulate the secretion of insulin, or, in the longer term, regulate the 

expression of genes involved in β-cell function (Atanes & Persaud, 2020). Acute activation of 

EPAC2, for example, mobilises Ca2+ ions from intracellular calcium pools and, as previously 

described in Section 1.3.1, increases the density of insulin-containing granules near the β-cell 

plasma membrane to facilitate insulin secretion (Shibasaki et al., 2007). Longer term 

regulation of gene expression depends on cAMP-responsive element binding protein (CREB), 

MAPK or extracellular signal-regulated protein kinase (ERK), and NF-κB pathways. CREB is 

a nuclear transcription factor which, once phosphorylated on its serine-133 acceptor site, can 

recruit CREB-binding protein (CBP) (Chrivia et al., 1993). By associating with RNA 

polymerase II complexes and histone acetyltransferases, CREB/CBP drives the transcription 

of numerous genes (Kee et al., 1996; Korzus et al., 1998). CREB can be induced by a plethora 

of extracellular stimuli, such as growth factors and inflammatory signals, and is implicated in 

diverse cellular functions, including proliferation, differentiation, adaptation, metabolism, and 

survival (Mayr & Montminy, 2001). The MAPK/ERK signalling pathway has similar activators 

and functions within the β-cell. Conventional MAPKs, including the p38 and p42/44 families of 

protein kinases, have been shown, through inhibition and depletion studies, to exert mitogenic 

responses in healthy, obese and diabetic β-cells (Burns et al., 2000; Chen et al., 2011; 

Ikushima et al., 2021). As established in previous sections, the NF-κB pathway is a key 

component in modulating β-cell mass via apoptotic signals. Indeed, by blocking NF-κB-

mediated expression of apoptotic genes (e.g. Fas, MCP-1/CCL2, and inducible nitric oxide 
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synthase (iNOS)), islets are protected against stress-induced dysfunction and death (Baker et 

al., 2001; Eldor et al., 2006; Kutlu et al., 2003; Ortis et al., 2006). 

 

1.6.1.1 Gαs and Gαi/o 

 

Gαs and Gαi/o subclasses have opposing effects on the cAMP/PKA pathway. Gαs signalling 

promotes insulin secretion, β-cell differentiation and proliferation while protecting against 

apoptosis. Accordingly, Gαs-coupled receptors have been the focus of β-cell-targeted drug 

development for T2D treatment. As previously discussed, GLP-1R signalling has been 

successfully utilised to produce several insulin secretagogues that are used clinically in the 

treatment of type 2 diabetes. The actions of other Gαs-coupled receptors, such as GPR119 

and GPR56, on β-cell function have also been explored, as described below.  

 

GPR56, encoded by the ADGRG1 gene, is the most abundantly expressed GPCR within 

human islets (Dunér et al., 2016). As an adhesion receptor (aGPCR) with a long and “sticky” 

N-terminal domain, GPR56 mediates cell-cell and cell-matrix interactions (Olaniru et al., 

2018). In addition to this structural role, the identification of its ligand, collagen III, indicates a 

potential signalling role. Collagen III is localised to the islet ECM and potentiation of glucose-

stimulated insulin secretion and protection against cytokine-induced apoptosis implicates 

collagen/GPR56 interactions in normal islet function (Olaniru et al., 2018). Given that GPR56 

expression is markedly reduced in islets from diabetic mice and patients (Dunér et al., 2016), 

this GPCR is of interest as a novel treatment for T2D. GPR119 is expressed by β-cells and 

enteroendocrine L- and K-cells (Chu et al., 2007, 2008). It is an example of a lipid-binding 

GPCR that is activated by oleoylethanolamide (OEA) and other oleic acid-containing lipids 

(Chu et al., 2010; Overton et al., 2006). Stimulation of GPR119 promotes cAMP generation 

and glucose-dependent insulin secretion from β-cells (Chu et al., 2007; Soga et al., 2005). 

GPR119 activation within enteroendocrine L- and K-cells triggers the release of their 

respective incretin hormones, GLP-1 and glucose-dependent insulinotropic peptide (GIP) 

(Chu et al., 2008; Lauffer et al., 2009). GPR119 as a pharmacological target attracted 

considerable interest because of its insulinotropic and anorectic effects both in vitro and in 

vivo (Chu et al., 2007, 2008; Lan et al., 2012). However, these benefits have failed to translate 

into humans with clinical testing of GPR119 agonists reporting unfavourable outcomes and 

adverse effects (Persaud, 2017; Ritter et al., 2016).  

 

In terms of T2D drug development, an alternative to Gαs-coupled receptor agonism is Gαi/o-

coupled receptor antagonism. Engagement of Gαi/o signalling pathways suppresses insulin 

release and acts as a physiological brake to prevent excessive insulin secretion and 

hypoglycaemia. This is the case for somatostatin released from δ-cells which mediates 

paracrine effects on the β-cell via Gαi/o-coupled SSTR2 and SSTR5 receptors (Kailey et al., 

2012). Furthermore, expression of these receptors in α-cells supports somatostatin-induced 

inhibition of glucagon release (Kailey et al., 2012). Elevated somatostatin signalling and 

reduced glucagon responsiveness to hypoglycaemia in diabetes represents dysfunction of 

counterregulatory mechanisms (Yue et al., 2012). Antagonising somatostatin GPCRs as an 

adjunct to insulin administration could provide a therapeutic approach for diabetes. 
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1.6.1.2 Gαq/11 

 

The Gαq/11 subclass is associated with stimulatory pathways involving PLC-mediated 

elevations in cytosolic Ca2+ and activation of PKC. Gαq/11-coupled receptors expressed within 

β-cell plasma membranes potentiate insulin secretion following activation by a variety of 

ligands, including FFAs (GPR40, GPR43 and GPR120) (Itoh et al., 2003), carbachol 

(Chm3/M3R) (Verspohl & Herrmann, 1996) and calcium (CaR) (Gray et al., 2006). Loss of 

Gαq/11 signalling reduces the production of its downstream effectors, including IP3 and Ca2+, 

and subsequently impairs glucose-stimulated insulin secretion (Sassmann et al., 2010). 

GPR75, is a novel islet GPCR given its insulinotropic effects are activated by the chemokine 

(C-C motif) ligand 5 (CCL5) (Liu et al., 2013). Like many of the chemokines previously 

described here, CCL5 promotes the recruitment of immune cells to sites of inflammation. 

However, it also induces calcium entry into isolated islets via a PLC-dependent mechanism 

and improves glucose tolerance in lean and hyperglycaemic mice. Despite the fact that CCL5 

contributes to islet inflammation in diabetes pathology, GPR75-specific agonism may be a 

promising therapeutic avenue (Liu et al., 2013). 

 

Similar to the abovementioned GPCRs, islet GPR54 also potentiates glucose-stimulated 

insulin secretion when activated by its ligand, kisspeptin (Bowe et al., 2012; Kotani et al., 

2001). Interestingly, some studies have reported an inhibitory effect of kisspeptin on insulin 

secretion (Silvestre et al., 2008; Vikman & Ahrén, 2009), however, when using a standardised 

perifusion protocol and peptides synonymous with endogenous kisspeptin, stimulatory 

observations mirror the Gαq/11-coupled signalling associated with GPR54 (Bowe et al., 2012). 

Moreover, GPR54 signalling has been implicated in pregnancy-induced cellular adaptations, 

namely increased proliferation of several cells types, including mammary epithelial cells (Li et 

al., 2020) and  β-cells (Bowe et al., 2019). 

 

1.6.1.3 Gα12/13 

 

GPCRs coupled to Gα12/13 proteins regulate the activity of Rho GTPases, a family of kinases 

with roles in cell migration, growth, shape, and differentiation. The classic members of this 

kinase family are RhoA, Rac1 and Cdc42; all regulate the translocation of GLUT4 vesicles 

between different cellular compartments through reorganisation of the actin cytoskeleton 

(Wennerberg & Der, 2004). Thus, Gα12/13 signalling pathways are highly relevant to insulin-

mediated glucose uptake into adipocytes and myocytes.  In addition, lysophosphatidic acid 

(LPA) is a lipid mediator of several GPCRs, one of which is the adipocyte-expressing Gα12/13-

coupled LPAR4 (Yanagida et al., 2018). LPAR4 activity inhibits adipogenesis and reduces the 

expression of PPARγ ligands and an array of mitochondrial genes within adipose tissue, 

including adiponectin and the master regulator of mitochondrial biogenesis, PGC-1α. In 

accordance, LPAR4 ablation enhances adipose tissue expansion and protects against insulin 

resistance and hepatosteatosis (fatty liver) in obesity (Yanagida et al., 2018). Similar effects 

of Gα12/13 signalling on mitochondrial biogenesis and energy metabolism are implicated in 

skeletal muscle. Myofibre-specific deletion of Gα13 increased insulin sensitivity in diet-induced 

obese mouse model (Koo et al., 2017). A potential mechanism could be suppressed signalling 

of NFATc1, a RhoA-activated transcription factor which determines muscle fibre type in 

muscle regeneration (Shin et al., 2023). Overall, due to their crucial functions in insulin-

responsive tissues, modulation of Gα12/13 and its downstream effector could be of therapeutic 

interest.  



Tanyel Ashik 

 

 
46 

 

1.6.2 GPCR-targeting diabetes therapies 

 

It is clear that GPCRs have a significant role in islet function and insulin release and the 

capacity for GPCRs as druggable entities is considerable. Indeed, this large family of receptors 

represents ~35% of all current drug targets for treatment across a wide range of diseases 

(Sriram & Insel, 2018). However, there are only three direct GPCR-targeted 

pharmacotherapies for T2D and only one acts on an islet GPCR (Atanes & Persaud, 2020): 

1) GLP-1RAs mimic the actions of endogenous GLP-1 to potentiate glucose-stimulated insulin 

secretion; 2) bromocriptine, an activator of dopamine D2 receptors, improves post-prandial 

plasma glucose levels by modulating dopamine levels  (Grant, 2011); and 3) pramlintide, an 

amylin analogue, acts centrally at calcitonin receptor/receptor activity-modifying protein 

heterodimers to reduce food intake, slow gastric emptying and delay glucose absorption 

(Edelman et al., 2008). 

 

GLP-1RAs, such as exenatide and liraglutide, are widely prescribed to patients with obesity 

and T2D. As described in Section 1.1.2.4, their effects on insulin secretion and gastric 

emptying are successful in lowering post-prandial plasma glucose levels and HbA1c without 

risk of hypoglycaemic events (Liu et al., 2015). GLP-1RAs also exhibit anorectic properties 

which, by penetrating into critical feeding brain centres, including POMC/CART appetite-

controlling hypothalamic nuclei, contribute to improved glycaemic control (Secher et al., 2014). 

Furthermore, binding of GLP-1 analogues to GLP-1Rs expressed on islet α-cells suppresses 

glucagon secretion and mitigates the risks of detrimental hyperglucagonaemia that occurs in 

T2D. The recent introduction of oral GLP-1RA medication will likely improve the attractiveness 

of this class of drug (Pratley et al., 2021), since subcutaneous formulations are unappealing 

for some patients who are unable to self-administer or have needle phobia. However, there 

are still therapeutic limitations as commonly occurring gastrointestinal adverse effects, most 

notably dose-dependent nausea, often lead to discontinuation of treatment (Jones et al., 

2018). Not only is refinement of existing pharmacotherapies necessary to improve patient 

quality of life, but further research and drug development are required to combat the ongoing 

deterioration of glycaemic control in T2D. Providing individuals who fail to maintain 

normoglycaemia with alternative therapeutic options is important for preventing long-term 

complications that arise from chronic hyperglycaemia. Based on cumulative evidence 

implicating visceral adipose tissue in diabetes pathophysiology, it would be sensible to direct 

attention towards possible adipose tissue-derived peptides which engage in β-cell crosstalk 

through GPCR activation, which is the subject of the experiments described in this thesis. 
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1.7 Aims and objectives 

 

At present, the following key points regarding islet function, adipose tissue and GPCR 

signalling in the context of metabolic homeostasis are known to us: 

 

1. Adipose tissue is a vital source of secretory peptides that regulate glucose 

homeostasis via actions either directly on β-cells, or on insulin-targeting tissues, 

including liver and skeletal muscle (Kershaw & Flier, 2004). 

 

2. Alterations in the expression and secretion of adipose tissue-derived peptides occur 

between lean and obese states (Gerst et al., 2019). 

 

3. GPCRs have substantial capacity as druggable entities, as high-affinity drug binding 

is facilitated by specialised interactions between the GPCR and its ligand(s) (Atanes & 

Persaud, 2020). 

 

4. β-cell mass, viability and overall insulin secretory function are modulated by the 

activation of GPCRs and their associated downstream signalling pathways in β-cells 

(Winzell & Ahrén, 2007). 

 

What is unknown to us, however, are the effects of a majority of the 293 identified islet GPCRs 

on islet morphology and function. In light of the above information, it is hypothesised that some 

adipose tissue-derived GPCR-activating peptide ligands may regulate insulin secretion and 

overall β-cell function, and that this may be modified under conditions of obesity. Identification 

of such peptides and their actions could translate into new pharmacotherapies for T2D 

treatment. 

 

To investigate this, my PhD project was divided into three phases using the following 

approaches: 

 

1. Identification of differentially expressed islet GPCR peptide ligand mRNAs derived 

from visceral adipose tissue between lean and obese states following optimisation of 

RNA extraction, reverse transcription, and quantitative PCR techniques for the 

analysis of high triglyceride, low RNA tissue samples.  

 

2. Comparison of gene expression profiles of islet GPCR peptide ligand mRNAs between 

whole adipose tissue and isolated mature adipocytes from diet-induced mice, whole 

adipose tissue from genetically obese mice, and whole adipose tissue from human 

donors. 

 

3. Selection of a candidate of interest and characterisation of its functional effects on 

target GPCR activation, apoptotic, proliferative and insulin secretory effects in an 

immortalised MIN6 β-cell line and primary mouse islets, and potential 

paracrine/autocrine signalling in adipocytes. 
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Chapter 2: Materials and Methods 

 

2.1 Materials 

 

Culture media and supplements, Histopaque, collagenase type I and XI, TRIzol® reagent, 

cDNA reverse transcription kit, glycogen, SYBR Red Safe Dye, TriTrack DNA Loading Dye, 

GeneRuler™ 50bp DNA ladder, Restore™ Western Blot Stripping Buffer, Trypan Blue 

solution, Cell Countess slides, Mr. Frosty™ Freezing Container, flasks and vials were supplied 

by Thermo Fisher Scientific (Loughborough, UK). RNase-free DNase set, RNA extraction kits, 

QuantiTect primers and QuantiFast SYBR Green PCR Kit were supplied by Qiagen Ltd. 

(Manchester, UK). Custom qPCR primers for AdipoQ, Pparγ and Hprt1 genes were supplied 

by Integrated DNA Technologies (Ontario, Canada). The Cell Proliferation ELISA Kit was 

supplied by Roche Diagnostics, whilst the Caspase-Glo® 3/7 Assay and Bright-Glo™ 

Luciferase Assay Systems were supplied by Promega (Southampton, UK). The PRESTO-

Tango GPCR Kit was provided by the Roth Lab (University of North Carolina, USA) and Hanks’ 

Balanced Salt Solution supplied by Santa Cruz Biotechnology (Middlesex, UK). Recombinant 

human and mouse Ccl4 peptides were supplied by BioLegend (London, UK). Chloroform was 

supplied by MP Biomedicals (Cambridge, UK), and IL-1β, TNF-α and IFN-γ cytokines were 

provided by PeproTech EC (London, UK). β-mercaptoethanol, Oil Red O powder, poly-L-

lysine hydrobromide, dialysed fetal bovine serum, and the glucagon primary antibody were 

supplied by Sigma-Aldrich (Gillingham, UK). Insulin, somatostatin and Ki67 primary antibodies 

were supplied by Abcam PLC (Cambridge, UK). Alexa Fluor 488 secondary antibody was 

provided by Jackson ImmunoResearch (Suffolk, UK). DAPI, and Alexa Fluor 647 and 568 

secondary antibodies were supplied by Invitrogen (Loughborough, UK), and DAPI-

Fluoromount was supplied by Cambridge Bioscience (Cambridge, UK). Primary and 

secondary antibodies for Western blotting were supplied by Cell Signalling. Protein Assay Dye 

Reagent Concentrate, Laemmli Sample Buffer, Precision Plus Protein Dual Color Standards 

and Clarity Max Enhanced Chemiluminescence substrates were supplied by Bio-Rad 

Laboratories (Ontario, Canada). I-Block™ Protein-Based Blocking Reagent was provided by 

Applied Biosystems (Ontario, Canada). 

 

Adipose tissue homogenisation was achieved using a TissueLyser II and stainless-steel beads 

also supplied by Qiagen Ltd. (Manchester, UK). The Countess Automated Cell Counter was 

supplied by Invitrogen (Loughborough, UK). The multifunctional microplate reader, 

PHERAstar FS®, was supplied by BMG Labtech (Aylesbury, UK). Using RNA isolated from 

MIN6 β-cells, mouse islets, mouse mature adipocytes, and whole adipose tissue retrieved 

from mouse models and human patients: the concentration and purity of RNA samples were 

measured using a Nanodrop™ 1000 spectrophotometer supplied by Thermo Fisher Scientific 

(Loughborough, UK); cDNA generation was performed in a T100™ thermal cycler from Bio-

Rad Laboratories (Hertfordshire, UK); real-time qPCR was performed with a LightCycler® 480 

or 96 supplied by Roche Diagnostics (Hertfordshire, UK). Using RNA isolated from the 3T3-

L1 adipocyte cell line: the concentration and purity of RNA samples was measured using a 

NanoDrop™ One spectrophotometer supplied by Thermo Fisher Scientific (Ontario, Canada); 

reverse transcription was performed in a Mastercycler® Nexus GX2 from Eppendorf (Ontario, 

Canada); real-time qPCR was performed using the QuantStudio™ 6 Flex Real-Time PCR 

System from Applied Biosystems (Ontario, Canada). Confocal images were captured using a 

Nikon Eclipse Ti-E Inverted A1 inverted confocal microscope. Amplicon bands from mature 

adipocyte qPCRs were visualised using as a BioDoc-It™ Imaging System supplied by Analytik 
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Jena, formerly UVP (London, UK). For 3T3-L1 adipocyte experiments, absorbance was 

measured using a Wallac 1420 Victor2™ microplate reader and immunoreactive proteins 

generated during Western blotting were visualised and quantified using an iBright 1500 

Imaging System supplied by Thermo Fisher Scientific (Ontario, Canada). The Mini-PROTEAN 

Tetra Vertical Electrophoresis Cell and Trans-Blot® Turbo™ Transfer System were supplied 

by Bio-Rad Laboratories (Ontario, Canada). 

 

2.2 Specialised protocols for RNA isolation and quantification of islet GPCR peptide 

ligand mRNA expression in visceral adipose tissue 

 

2.2.1 Background 

 

The structure and function of mature adipocytes and whole adipose tissue are highly 

distinctive to those of any other tissue: a high triglyceride content, and relatively low cell 

numbers and RNA content have meant standard routine protocols are neither appropriate nor 

reliable for sample processing (Cirera, 2013). The challenges of isolating good quality RNA of 

sufficient yield from adipose tissue are well-documented (Cirera, 2013; Nandi Jui et al., 2022; 

Zhang et al., 2023). Poor RNA yield and failure to maintain RNA integrity due to partial 

degradation and/or contamination severely limit the success of downstream applications such 

as reverse transcription-quantitative polymerase chain reaction (RT-qPCR) – the gold 

standard approach for studying gene expression within cells (Guan & Yang, 2008). Low quality 

RNA that is generated using routine protocols translates into inaccurate and unreliable results. 

Consequently, many researchers have explored alternative approaches to optimise protocols 

for the study of adipose tissue (Cirera, 2013; Guan & Yang, 2008; Hemmrich et al., 2010; 

Méndez et al., 2011; Tan et al., 2018). As the experiments generated in this thesis relied on 

analysis of gene expression in mouse and human adipose tissue, reliable and effective 

protocols for the isolation of mature adipocytes and purification of RNA from both adipocytes 

and whole adipose tissue were initially established, as described below. 

 

2.2.2 Mouse models (C57BL/6, db/db) 

 

All animal procedures were performed in accordance with UK legislation under the Animals 

(Scientific Procedures) Act 1986 Amendment Regulations. For the isolation of mature 

adipocytes from adipose tissue of lean and diet-induced obese mice, 12-13-week-old C57BL/6 

male mice had ad libitum access to water and either standard laboratory chow (10% fat) or 

high-fat diet (60% fat) for 16 weeks prior to culling at 28 weeks of age. For the processing of 

whole adipose tissue from lean and diet-induced obese mice, 6-week-old C57BL/6 male mice 

had ad libitum access to water and either standard laboratory chow (10% fat) or high-fat diet 

(60% fat) for a duration of 16 weeks prior to culling at 24 weeks of age. For the processing of 

whole adipose tissue from genetically induced obese mice, 10-week-old db/+ and db/db male 

mice had ad libitum access to water and standard laboratory chow diet (10% fat) for 14 weeks 

prior to culling at 24 weeks of age. All animals were housed at 21-25°C with a 12-hour light-

dark cycle. 

 

2.2.3 Human adipose tissue donors 

 

With appropriate ethical approval (REC ref: 21/NW/0100; IRAS project ID: 293789) and in 

accordance with the Human Tissue Act 2004, omental visceral adipose tissue samples were 
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isolated from human donors undergoing elective laparotomies at Princess Grace Hospital, 

London. Details of each donor’s gender, age and BMI are summarised in Table 1. Samples 

were stratified according to BMI (kg/m2): lean: 18.5-24.9; overweight: 25.0-29.9; and obese: 

30.0-39.9. 

 

Table 1. Patient characteristics of omental adipose tissue donors. 
 

 

Donor 

  

 

Gender 

  

 

Age (years) 

  

 

BMI (kg/m2) 

  
Lean 

A Male 57 23.8 

B Female 67 19.5 

C Male 62 20.3 

D Male 59 22.0 

E Female 48 21.1 

Overweight 

F Female 65 29.6 

G Female 58 25.9 

H Female 49 28.2 

Obese 

I Male 50 37.7 

J Male 82 38.5 

K Female 76 30.0 

L Male 53 30.0 

 

2.2.4 Preparation of experimental buffers and media 

 

A 10X Krebs-Ringer bicarbonate HEPES (KRBH) buffer stock was prepared (Table 2) and 

15mL aliquots of stock were stored at –20°C. A 1X KRBH buffer solution was prepared by 

diluting 5mL of KRBH buffer stock in 45mL of distilled water (dH2O). 100U/mL penicillin and 

100mg/mL streptomycin were added to the 1X KRBH buffer solution, which was used for 

washing adipose tissue immediately following its retrieval from mice. A separate volume of 1X 

KRBH buffer solution was supplemented with 2mM NaHCO3, 5.5mM glucose and 150µM of 

1% bovine serum albumin (BSA) and used later in the protocol to dissolve collagenase type I. 

Before use, both buffer solutions were filtered under a sterilised laminar flow hood using a 

200μm syringe filter.  
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Table 2. Preparation of 10X KRBH buffer stock. 
 

 

Reagent 

 

Volume (mL) or Mass (g) Final Concentration (mM) 

NaCl 14.60g 125.0 

KCl 0.70g 4.8 

NaH2PO4 0.12g 0.5 

MgSO4 0.58g 1.2 

CaCl2 0.76g 2.6 

HEPES 11.90g 25.0 

dH2O 200mL - 

 

Sterilised Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F12 (F12) was used as the 

basal medium to support the survival of whole adipose tissue and isolated mature adipocytes 

during processing. DMEM and F12 were present in a 1:1 ratio and provided a range of 

nutrients and vitamins to cells, including amino acids and glucose. DMEM/F12 was 

supplemented with 100U/mL penicillin and 100mg/mL streptomycin prior to use. 

 

2.2.5 Optimisation of mature adipocyte isolation from mouse visceral adipose tissue 

 

Visceral adipose tissue is a complex composition of mature adipocytes and the stromal 

vascular fraction (SVF). Several different cell populations are contained within this fraction, 

including preadipocytes, macrophages and stromovascular cells (Cat & Briones, 2017). 

Mature adipocytes are the specialised lipid-storing cell type within adipose tissue and are 

responsible for the production of multiple adipokines that contribute to the regulation of 

metabolic homeostasis (Kershaw & Flier, 2004). An optimised mature adipocyte isolation 

protocol was developed (Figure 14) to identify alterations in gene expression in obesity. 

 

Male mice were euthanised by cervical dislocation. This was the preferred method in 

comparison to other forms of euthanasia (e.g. carbon dioxide and anaesthetic overdose) as 

cervical dislocation lowers the risk of tissue hypoxia and avoids the administration of 

exogenous chemicals that could interfere with or damage tissues (Overmyer et al., 2015). 

Both epididymal fat pads were retrieved from the abdominal cavity of each animal. Epididymal 

fat pads were selected as a source of visceral adipose tissue as they are the largest and most 

easily accessible visceral fat depot (Chusyd et al., 2016). Fat pads retrieved from two mice 

were pooled and processed together as a single sample so that there were sufficient 

adipocytes isolated for gene expression quantification. The tissue was washed with KRBH 

buffer, containing 100U/mL penicillin and 100mg/mL streptomycin, before transfer to a 50mL 

Falcon tube on ice containing 15mL of DMEM/F12 medium. Under a sterilised laminar flow 

hood, adipose tissue was visualised under a dissecting microscope and cleaned of blood 

vessels and fibrous tissue using forceps and scissors. The weight of each sample was then 

determined. Adipose tissue has a tendency to dry when exposed to the air, subsequently 

causing incorrect measurements of total weight (Tan et al., 2018). Therefore, towel drying to 

remove excess media, as described in the original protocol (Cat & Briones, 2017), was 

deemed unsuitable. In the protocol used in these studies, the weight of each adipose tissue 

sample was determined using a “balance” falcon tube containing 5mL of DMEM/F12 media. 

Samples were transferred to individual falcon tubes each containing 5mL of DMEM/F12 
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media, and the difference in weight between the balance and sample tubes was calculated. 

This allowed more accurate weighing whilst avoiding unnecessary tampering and potential 

contamination of the tissue. The weight of epididymal adipose tissue samples retrieved from 

lean C57BL/6 mice was ~750-850mg. Samples were placed into individual petri dishes and a 

volume of DMEM/F12 equal to the weight of the tissue was added. For example, an adipose 

tissue sample weighing 500mg would require 500μL of DMEM/F12 media. 

 

For efficient enzymatic digestion, the tissue was minced into small pieces using sterile forceps 

and scissors. A volume of collagenase type I (2mg/mL) equal to the weight of the tissue was 

added. For example, 500mg of adipose tissue suspended in 500μL of DMEM/F12 would 

require 500μL of collagenase solution. Adipose tissue samples were transferred to individual 

50mL Falcon tubes and digested at 37°C for 30 minutes with gentle and continuous shaking 

using a water bath. This timing was selected so that digestion was terminated before 

appearance of oil, which is indicative of cell death. The solution containing digested adipose 

tissue was then filtered through a sterile 200μm cell strainer into new 50mL Falcon tubes. The 

filter was washed with an additional 5mL of DMEM/F12 media to maximise the recovery of 

mature adipocytes. 

 

Samples were centrifuged at 50xg, 20°C for 5 minutes. A white ring of mature adipocyte cells 

was observed floating on the upper portion of the solution, whilst the SVF formed a pellet 

found at the base of the Falcon tube. Additional centrifugation steps described in the original 

protocol (Cat & Briones, 2017) were eliminated to prevent the loss of mature adipocytes with 

each wash. The white ring was collected and transferred into individual Eppendorf tubes. It is 

important to note that during collection using a Gilson pipette, the mature adipocytes rise 

through the infranatant within the tip and float on the surface. Therefore, as much infranatant 

as possible was removed into waste and the remaining mature adipocytes were transferred 

into the Eppendorf tube. To maximise the recovery of adipocytes that may have attached 

within the Gilson tip, this was rinsed with 800μL of TRIzol® Reagent and subsequently added 

to the Eppendorf tube. After this, the samples were inverted by hand for ~5 seconds to ensure 

thorough mixing of adipocytes and TRIzol® Reagent before immediate freezing in liquid 

nitrogen. 

 

Although it is generally considered that adipokines are synthesised and secreted by 

adipocytes, there is evidence that they may also be secreted  from the non-adipocyte SVF 

fraction of adipose tissue (Fain et al., 2004). Therefore, the SVF pellet was also collected to 

assess the yield of RNA, the presence of mature adipocytes, if any and, if appropriate, the 

expression of islet GPCR peptide ligand mRNAs. To collect the SVF, the supernatant was 

removed, and the pellets were transferred into individual Eppendorf tubes. Similar to the steps 

described above for the collection of mature adipocytes, maximal recovery of the SVF was 

achieved by rinsing the Gilson tip with 800μL of TRIzol® Reagent before subsequently adding 

to the Eppendorf tubes. The SVF and TRIzol® Reagent were thoroughly mixed by manual 

inversion for ~5 seconds and immediately frozen in liquid nitrogen. Mature adipocyte and SVF 

samples can be processed immediately after isolation but freezing at –70°C for storage can 

be introduced to shorten the length of the protocol. 
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Figure 14. A step-by-step schematic illustrating the isolation of mature adipocytes from visceral 

epididymal adipose tissue retrieved from C57BL/6 mice. The optimised protocol was based on 

steps outlined in Cat & Briones (2017). 

 

2.2.6 Optimisation of RNA extraction and purification from isolated mature mouse adipocytes 

 

As described above, the generation of sufficient high-quality RNA is essential for the success 

of downstream processes, such as RT-qPCR (Guan & Yang, 2008). There are two main 

methods of RNA isolation and purification that can be adopted: 1) Use of commercial RNA 

extraction kits, such as the miRNeasy Mini Kit; or 2) Use of the more traditional TRIzol® 

Reagent method (Cirera, 2013). The advantages and disadvantages of each can be found in 

Table 3. Given the unique nature of adipose tissue, mainly because of its high triglyceride and 

low RNA content, the choice of method for RNA isolation is critical for its success (Tan et al., 

2018). This is further emphasised by the small amount of fat mass available from lean rodent 

models for analysis. The downstream applications that follow RNA isolation are also key in 

determining which method is most appropriate (Tan et al., 2018). 
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Table 3. The advantages and disadvantages of the main methods for the isolation and 

purification of RNA. (Cirera, 2013; Tan et al., 2018). 

 

The TRIzol® Reagent method is a phenol-based technique for RNA extraction involving 

several organic solvents, including chloroform and isopropanol. There is potential for these 

solvents to remain within the sample, and if this occurs, it reduces sample purity and causes 

interference with sample analysis. On the other hand, this method generates RNA of greater 

integrity compared to commercial extraction kits as the RNA is less prone to degradation 

(Cirera, 2013). As the experiments described in this thesis make use of a limited amount of 

starting material from rodent models, especially from lean mice, this approached was 

considered to be the most appropriate to maximise RNA yield. However, despite optimisation 

of the adipocyte isolation protocol and efforts to minimise contamination by DNA, proteins and 

environmental nucleases that contribute to RNA degradation, both the yield and purity of RNA 

achieved were unsatisfactory using the TRIzol® Reagent method. This was consistent with 

results reported in other studies using adipose tissue (Cirera, 2013). This confirmed the need 

to adapt routine protocols specifically for lipid-rich adipose that are otherwise successful in 

other tissues (Guan & Yang, 2008). 

 

An alternative method for RNA extraction is the use of commercial RNA extraction kits. These 

employ spin columns to purify RNA from a wide range of tissues without the risk of salt or 

phenol carry-over (Cirera, 2013; Tan et al., 2018). Several different isolation kits are available, 

one of which is the miRNeasy Mini Kit. It is a relatively quick approach which generates high 

purity and quality RNA samples (Hemmrich et al., 2010). Furthermore, the use of commercial 

RNA extraction kits results in reduced contamination and greater RNA purity compared to the 

TRIzol® Reagent method (Cirera, 2013). However, the RNA yield achieved from obese 

samples with this method is generally inferior compared to the results with the phenol-based 

technique (Cirera, 2013). 

 

Both approaches fail to achieve both high yield and high purity RNA when extracting from 

isolated mature adipocytes and whole adipose tissue. A protocol has been described that 

combined the advantages of the TRIzol® Reagent method and a commercial RNA extraction 

kit to generate good quality RNA of sufficient yield from isolated mature adipocytes and whole 

adipose tissue (Cirera, 2013). This was based on measurements of the yield, purity and 

integrity of RNA extracted from adipose tissue using the TRIzol® Reagent method alone, the 

miRNeasy Mini Kit alone, or the combination of the two. Given the lack of success with the 

 

 

Advantages 

 

Disadvantages 

TRIzol® Reagent 

method 

• Less RNA degradation 

• Ability to isolate RNA, 

DNA and proteins from 

a single sample 

• Less expensive 

• Potential contamination 

by salts and solvents 

• Time-consuming and 

labour intensive 

• Use of harmful reagents 

Commercial RNA 

extraction kits (e.g. 

miRNeasy Mini Kit) 

• Greater RNA purity 

• Less time-consuming 

• Published success 

using adipose tissue 

• Greater susceptibility of 

RNA degradation 

• Lower RNA yield 

• Expensive 
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TRIzol® Reagent method alone, an optimised protocol was developed for RNA extraction from 

isolated mature adipocytes and whole adipose tissue that integrates the TRIzol® Reagent 

method with the miRNeasy Mini Kit. 

 

Frozen samples of isolated mouse visceral mature adipocytes dissolved in TRIzol® were 

incubated at room temperature until thoroughly defrosted and to allow complete dissociation 

of nucleoprotein complexes. 200μL of chloroform were added and samples were vigorously 

shaken by hand for 15 seconds before being incubated for 2 minutes at room temperature. 

Samples were centrifuged at 12,000xg, 4°C for 15 minutes. Following centrifugation, three 

distinct phases were observed: 1) a lower, red organic phase containing proteins; 2) an 

interphase containing DNA; and 3) an upper, colourless aqueous phase containing RNA 

(Figure 15). 

 

Approximately 600μL of upper aqueous phase was transferred to new Eppendorf tubes. 3-

4mm of aqueous phase was left above the interphase to minimise the carryover of 

contaminating DNA. Subsequent steps utilised the miRNeasy Mini Kit following the 

manufacturer’s instructions. The Eppendorf tubes containing the interphase and lower organic 

phase for each sample were frozen at –70°C so that the DNA and protein within these phases, 

respectively, could be analysed, if necessary, at a later date. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Three distinct phases observed following the initial centrifugation step during RNA 

isolation from isolated mature mouse adipocytes using TRIzol® reagent. 

 

1.5 volumes of 100% molecular biology grade ethanol were added and thoroughly mixed with 

the RNA-containing aqueous phase by pipetting up and down with a Gilson pipette. The 

miRNeasy Mini spin columns have a maximum capacity of 700μL, so samples of a greater 

volume must be passed through in fractions. 700μL of a 1.2mL sample, for example, were 

transferred to a miRNeasy Mini spin column in a 2mL collection tube. Samples were 

centrifuged at 12,000xg, 20°C for 30 seconds. The flowthrough was discarded and, using the 

same collection tube, the previous step was repeated with the remainder of the sample. The 

flow-through was discarded, 350μL of RWT buffer were added and samples were centrifuged 

at 12,000xg, 20°C for 30 seconds. RWT, a stringent washing buffer, contains a high 

concentration of guanidine isothiocyanate to facilitate RNA binding to the spin column silica 
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membrane. The flow-through was discarded. Downstream processing included the conversion 

of isolated RNA into cDNA by RT. Genomic DNA present within RNA samples could also be 

amplified, thereby contaminating the results generated from RT-qPCR. Therefore, RNA 

samples were treated with 80μL DNase I and incubated at room temperature for 15 minutes 

to degrade any contaminating DNA. An additional 350μL of RWT buffer were added and 

samples were centrifuged at 12,000xg, 20°C for 30 seconds. The flow-through was discarded. 

500μL of RPE buffer were added and samples were centrifuged at 12,000xg, 20°C for 30 

seconds. The flow-through was discarded. An additional 500μL of RPE buffer were added and 

samples were centrifuged at 12,000xg, 20°C for 2 minutes. The purpose of using RPE, a mild 

washing buffer, is mainly to remove salt contamination from previous buffers used during RNA 

extraction. The flow-through was discarded and final centrifugation step in the absence of 

buffer was performed at 12,000xg, 20°C for 1 minute to eliminate carryover of buffer. The 

collection tube was discarded and the miRNeasy Mini spin column was placed into a new 

Eppendorf tube. 30-50μL DNase-RNase-free water was directly added onto the miRNeasy 

Mini spin column membrane and samples were centrifuged at 12,000xg, 20°C for 1 minute to 

elute the RNA. The elution was added onto the miRNeasy Mini spin column, and the 

centrifugation step was repeated to maximise the yield of RNA extracted from the samples. 

 

2.2.7 Optimisation of RNA extraction and purification from whole visceral adipose tissue 

 

The initial step for RNA isolation from whole adipose tissue was similar to that described in 

Tan et al. (2018) and Amisten (2016). C57BL/6, db/+ and db/db male mice were euthanised 

by cervical dislocation. Both epididymal fat pads were retrieved from the abdominal cavity and 

processed together as a single sample. Unlike the isolated mature adipocyte protocol, adipose 

tissue samples retrieved from animals were not pooled for whole adipose tissue analysis as 

there was sufficient material for quantification to be performed using two fat pads available 

from each mouse.  

 

Mouse and human tissues were washed with KRBH containing 100U/mL penicillin and 

100mg/mL streptomycin, stored in individual Eppendorf tubes and immediately snap frozen in 

liquid nitrogen. Samples were placed on dry ice to prevent defrosting and potential degradation 

of RNA. Using a scalpel and forceps, 100-500mg of adipose tissue of each sample were cut 

and transferred to an Eppendorf tube on dry ice. 1mL of TRIzol® was added to samples in 

addition to stainless-steel magnetic beads in preparation for rapid and efficient disruption of 

adipose tissue with a TissueLyser system II. Samples were homogenised using a TissueLyser 

II set at frequency 20/s for 2 minutes to fully dissolve adipose tissue in the TRIzol® Reagent. 

It is important to note that the choice of method for tissue homogenisation has proven critical 

for minimal carryover of lipids from the upper layer (Tan et al., 2018). Homogenisation using 

a mortar and pestle causes an abundance of fatty acids to remain within the sample, leading 

to a large lipid layer that is difficult to avoid following centrifugation. Use of the TissueLyser II, 

however, causes the fatty acids to “stick” to the sides of the Eppendorf tube, resulting in a 

smaller lipid layer that can be avoided more easily (Tan et al., 2018). Consequently, the 

TissueLyser II was used for RNA extraction from adipose tissue in the experiments described 

in this thesis. Following homogenisation, samples were centrifuged at 9,500xg, 4°C for 30 

minutes. A red phenol phase containing RNA was observed below a yellow upper lipid layer. 

The RNA was transferred to a new Eppendorf tube. To prevent the carryover of lipids and the 

contamination of RNA, the upper lipid layer was pierced at the side and touching of the lipid-

coated Gilson tip with the sides of the new Eppendorf tube was avoided. The volume of RNA-
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containing phenol phase was topped up with TRIzol® Reagent to 1mL total volume. For 

example, 600μL of TRIzol® would be added to 400μL of RNA sample. The RNA isolation 

protocol continued, as described in Section 2.2.6, beginning with the addition of 200μL of 

chloroform. 

 

2.2.8 Determination of RNA concentration and purity 

 

The concentration and purity of whole adipose tissue- and mature adipocyte-derived RNA 

samples were measured using a Nanodrop™ 1000 spectrophotometer. The presence of 

proteins and DNA, which indicates sample contamination, dictates the level of RNA purity 

achieved. The amount of each is determined by 260/280 and 260/230 ratios, respectively, 

measured during spectrophotometric analysis. This is a highly favourable method as only 1μL 

of sample is required for analysis, thus preserving the large majority of RNA for downstream 

applications. A 260/280 ratio of ~1.8 is generally accepted as “pure” for DNA, whilst a ratio of 

~2.0 is generally accepted as “pure” for RNA. For adipose tissue RNA samples, ratios of ≥1.8 

are considered to be appropriate (Cirera, 2013). Improvements in adipocyte isolation and RNA 

extraction protocols are reflected in Table 4 which shows increased mean RNA yield and purity 

in mature adipocytes and whole adipose tissue during the optimisation process. Once 

measured, RNA samples were either stored at –70°C to await further processing or kept on 

ice for preparation of RT reactions. 

 

Table 4. Comparisons of RNA concentration and purity obtained from mature adipocytes and 

whole adipose tissue of lean mice throughout the protocol optimisation process. ‘Initial’ data 

corresponds to mean values achieved during the first two sets of attempted mature adipocyte isolation 

experiments (n=6 each). ‘Optimised’ data corresponds to mean values from experiments using mature 

adipocytes (n=3 pooled samples from 6 mice) and whole adipose tissue (n=5) once protocol 

optimisation was established. 
 

Starting 

material 
Stage 

 

Mouse 

strain 

 

Age 

(weeks) 

Pooled 

samples 

Concentration 

(ng/µL) 

Purity 

(260/280) 

 

Mature 

adipocytes 

 

Initial CD1 8-10 No 25.2 1.65 

Optimised C57BL/6 12-13 Yes 125.1 2.09 

Whole 

adipose 

tissue 

Optimised C57BL/6 22 No 256.6 2.13 

 

2.2.9 Reverse transcription for complementary DNA generation 

 

The generation of complementary DNA (cDNA) involves the conversion of total RNA to single-

stranded cDNA by reverse transcription (RT). The reaction is catalysed by reverse 

transcriptase, a DNA polymerase enzyme, which uses random primers to synthesise DNA that 

is complementary to an RNA template. RT reactions of 20μL (including 40ng of RNA per μL) 

were prepared from RNA stock samples by dilution with the required volume of DNase-RNase 

free water and MasterMix solution. The RNA stock was diluted in DNase-RNase free water to 

form a 10μL RNA solution (40ng/μL). 10μL of MasterMix were then added to each diluted RNA 
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sample to generate the total 20μL reaction volume. The MasterMix was prepared separately 

using components from the High-Capacity cDNA Reverse Transcription Kit (Table 5) that 

contains all reagents required for the synthesis of cDNA from the RNA template. This includes 

the reverse transcriptase enzyme and deoxynucleoside triphosphate (dNTP) substrates for 

DNA polymerisation. RT was performed in a T100™ thermal cycler set at the following 

programme: 10 minutes at 25°C for primer annealing and extension, 120 minutes at 37°C for 

DNA polymerisation, 5 minutes at 85°C for reverse transcriptase deactivation, then 

maintenance at 4°C. cDNA samples were either stored at –20°C to await further processing 

or kept on ice to perform qPCR. 

 

Table 5. Preparation of MasterMix for cDNA generation. 
 

 

Reagent 

 

Volume/Reaction (µL) Final concentration 

10X RT buffer 2.0 1X 

25X dNTP mix 0.8 4mM 

10X RT random primers 2.0 1X 

MultiScribe transcriptase 1.0 2.5U/µL 

DNase-RNase-free water 4.2 - 

 

2.2.10 Optimisation of quantitative polymerase chain reaction protocol using cDNA 

generated from isolated mature adipocyte and whole adipose tissue 

 

The expression level of genes of interest was determined using a dye-based (SYBR Green) 

qPCR protocol. This is a reliable and sensitive technique which combines conventional real-

time qPCR with a non-specific fluorescent dye that binds to double-stranded DNA. Real-time 

qPCR allows the quantification of PCR products as the reaction occurs (Guan & Yang, 2008). 

This method is superior to traditional PCR which quantifies the cumulative amount of PCR 

product at the reaction end-point. The main advantage of a dye-based PCR protocol is the 

ability to perform multiple assays for a range of mRNAs. There is no need for the synthesis of 

different probes which is a limitation of probe-based qPCR protocols (e.g. TaqMan probe). 

However, there is a risk of generating false-positive signals due to the non-specificity of the 

dye to any double-stranded DNA. Consequently, PCR specificity must be validated when 

performing dye-based qPCR. This can be done by analysis of melting curves and further 

confirmation can be achieved by sequencing of PCR products (Guan & Yang, 2008). 

 

293 human islet GPCR mRNAs were previously identified, 110 of which were found to be 

peptide- or protein-activated (Amisten et al., 2017). As the primary aim of this thesis was to 

identify potential crosstalk between adipose-derived GPCR peptide ligands and islet GPCRs, 

qPCR was performed to identify expression in adipocytes and adipose tissue of 155 genes 

encoding peptide ligands that target these 110 islet GPCRs (Amisten et al., 2013). Mapping 

of the similarities and differences in GPCR mRNA expression between human and mouse 

islets demonstrated sufficient similarity to support the use of both mouse and human tissues 

with translation of possible findings to humans (Amisten et al., 2017). Positive control genes, 

that do not target GPCRs, were included in the analysis to confirm the presence of mature 

adipocyte cDNA. Lep and AdipoQ, encoding leptin and adiponectin, respectively, were chosen 

as positive control genes due to their almost exclusive expression in adipose tissue (Frühbeck 
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et al., 2018). Accurate analysis of gene expression by qPCR is reliant on the selection of a 

suitable reference gene whose expression is stable under alterations in experimental 

conditions (Perez et al., 2017). Multiple studies have assessed a range of potential candidates 

that are appropriate for mature adipocytes, including Gapdh, Actb, 18S rRNA, Hprt1, Tbp and 

Ubc (Catalán et al., 2007; Mehta et al., 2010; Perez et al., 2017). This validation process is 

important as the expression of commonly used reference genes can vary between different 

tissues (Mehta et al., 2010). Initial qPCR experiments were therefore performed using Gapdh, 

Actb and Tbp to establish the most appropriate reference gene for isolated mature adipocytes. 

The expression of Actb proved to be the most stable compared to the other genes and it was 

selected as the reference for subsequent qPCR screenings. 

 

A 1:8 dilution of cDNA samples was performed using DNase-RNase free water. A reaction 

mix per cDNA sample was prepared separately with SYBR Green, 1:8 diluted cDNA and 

DNase-RNase free water present in a 5:2:1 ratio. QuantiTect Primer Assays were used as 

forward and reverse primers for each mouse- and human-specific gene. Primers were 

bioinformatically validated by the manufacturer (primer sequences are unavailable). 5X 

working sub-stocks were prepared from 10X stocks by dilution in TE buffer. 8μL reaction mix 

and 2μL primers per well were loaded into a 96-well white plate (individual samples tested in 

duplicate). The plate was centrifuged at 150xg, 4°C for 1 minute to ensure collection of 

samples at the base of the well. qPCR was performed on a LightCycler® 480 or 96 following 

a standard programme: 1) a pre-incubation step for reaction activation; 2) an amplification 

step of 40 cycles of DNA denaturation and annealing; 3) the construction of a melting curve 

from the fluorescent intensity generated throughout the qPCR; and 4) a final cooling cycle 

whereby amplification has ceased (Table 6). 

 

Table 6. Programme settings for qPCR. 

 

2.2.11 Agarose gel electrophoresis 

 

To determine the specificity of SYBR Green to target DNA sequences vs nonspecific DNA 

sequences during RT-qPCR, agarose gel electrophoresis was performed. Using a microwave, 

1.5g of agarose was dissolved in 150mL of 1X bionic buffer to form a 1% agarose gel solution. 

1.5μL of SYBR Red Safe Dye was added and the solution was poured into a pre-prepared 

cast. 2μL of 6X TriTrack DNA Loading Dye were added into each well of the 96-well white 

plate containing amplified qPCR product. To ensure the collection of PCR product and dye at 

the base of the well, the plate was centrifuged at 200xg, 4°C for 1 minute. 5μL of GeneRuler™ 

50bp DNA ladder were loaded into the first well of the agarose gel. Subsequent wells were 

 

Step 

 

Temperature (ºC) Time Cycles 

Pre-incubation 95 5 minutes 1 

Amplification 
95 10 seconds 

40 
60 30 seconds 

Melting curve 

95 5 seconds 

1 65 1 minute 

97 - 

Cooling 40 30 seconds 1 
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loaded with 12μL of the PCR product/dye mix (individual samples tested in duplicate). The 

agarose gel was electrophoresed at 150V for 40 minutes. The gel was removed from the cast 

and PCR amplicon bands were visualised under ultraviolet (UV) light using a BioDoc-It™ 

Imaging System. The amplicon band lengths were compared to the predicted lengths provided 

by the manufacturer. 

 

2.3 Measurement of circulating Ccl4 levels 

 

2.3.1 Animals (C57BL/6) 

 

For the extraction of plasma to assess circulating Ccl4 concentrations in lean and diet-induced 

obese mice, 6-week-old C57BL/6 male mice had ad libitum access to water and either 

standard laboratory chow (10% fat) or high-fat diet (60% fat) for a duration of 16 weeks prior 

to culling at 24 weeks of age. All animals were housed at 21-25°C with a 12-hour light-dark 

cycle. 

 

2.3.2 Blood sampling and plasma extraction 

 

Blood samples from lean and diet-induced obese mice were obtained by cardiac puncture. 

1mL syringes, 23G needles and Eppendorf tubes were coated with the anti-coagulant, heparin 

(1000U/mL) prior to blood collection. Mice were euthanised by cervical dislocation. The 

thoracic cavity was opened by thoracotomy using dissecting scissors to cut through the 

diaphragm and expose the heart. A needle was inserted into the left ventricle and blood was 

drawn slowly to avoid collapsing the heart. Blood samples were transferred to 1.5mL 

Eppendorf tubes, stored on ice and then centrifuged at 16,000xg, 4°C for 10 minutes to 

separate blood cells from plasma. Following centrifugation, the resulting cell-free plasma 

supernatant was transferred to fresh Eppendorf tubes and stored at –70°C to await 

quantification of Ccl4 levels by an enzyme-linked immunosorbent assay (ELISA). 

 

2.3.3 Quantification of plasma Ccl4 peptide concentration using ELISA 

 

A Mouse MIP-1 beta/CCL4 ELISA Kit was used to quantify the concentration of Ccl4 peptide 

in plasma extracted from lean and diet-induced obese mice. The kit used a solid-phase 

sandwich type of ELISA. The wells of a 96-well plate act as a solid-phase to covalently 

immobilise specific antibodies that target an antigen of interest present within plasma. Once 

plasma samples are added to the wells and the antigen is bound to the solid-phase antibody, 

an enzyme-labelled antibody can then be added to form a “sandwich complex” (antibody-

antigen-antibody). Any unbound antibody is washed away and an enzyme substrate is added. 

The product of the enzymatic reaction causes colour development which can be detected by 

spectrophotometry. The resulting absorbance is directly proportional to the amount of antigen 

within a sample. Using known concentrations of antigen, referred to as “standards”, the 

corresponding absorbance values can be used to generate a standard curve. The unknown 

concentrations of antigen within plasma samples can then be extrapolated using this standard 

curve. 

 

A serial dilution of recombinant mouse Ccl4 stock using 1X assay diluent produced a range of 

Ccl4 concentrations (2.5-1000pg/mL). 100µL/well of each was added in duplicate to 

corresponding mouse Ccl4 antibody-coated wells of a clear 96-well plate. Mouse plasma 
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samples were diluted 1:2 with 1X assay diluent and 100µL/well of each was added to separate 

wells. The standards and plasma samples were incubated at room temperature for 2.5 hours. 

During this time, any Ccl4 peptide present within the samples became bound to immobilised 

solid-phase antibodies. After several washes with washing buffer to remove samples, 

100µL/well of biotin-conjugated secondary antibody solution was added to all wells to interact 

with bound antigen-antibodies and form sandwich complexes. Following an incubation period 

of 1 hour at room temperature, wells were washed to remove any unbound antibody and 

100µL/well of streptavidin-horseradish peroxidase (HRP) solution was incubated for 45 

minutes at room temperature. Streptavidin has a high affinity for biotin molecules and therefore 

binds to the biotinylated secondary antibody. HRP acts as a reporter enzyme for the 

breakdown of a chemiluminescent substrate. Thus, after several washes with washing buffer, 

100µL/well of tetramethylbenzidine (TMB) substrate was added to wells. During the 30-minute 

incubation period at room temperature, TMB reacts with HRP to produce a blue-coloured 

product. The reaction was stopped using 50µL/well of stop solution and the absorbance was 

quantified at a 450nm wavelength using the multifunctional microplate reader, PHERAstar 

FS®. The degree of colour development and the corresponding absorbance directly correlated 

with the concentration of Ccl4 peptide within mouse plasma. 

 

2.4 MIN6 β-cell culture 

 

Islet dysfunction is at the centre of diabetes pathophysiology and assessment of islet function 

in vitro can provide essential information on the mechanisms responsible for defective 

glucose-stimulated insulin secretion, and the loss of β-cell mass and function. However, there 

are several limitations of using primary islets, particularly those from human donors, including 

cellular heterogeneity, high cost, laborious pancreas and islet isolation protocols, and limited 

organ availability (Hart & Powers, 2019). A mouse insulinoma-derived cell line, known as the 

MIN6 β-cell line, was established from a transgenic mouse expressing the large T-antigen 

simian virus 40 (SV40) coupled to the insulin promoter within its β-cells (Miyazaki et al., 1990). 

The functional characteristics of MIN6 β-cells mimic those of primary mouse β-cells in many 

respects: glucose transport is mediated by the GLUT2 membrane transporter, glucose 

phosphorylation is mainly driven by glucokinase activity, and glucose-stimulated insulin 

secretion is maintained in the appropriate range (Miyazaki et al., 1990). These similarities in 

physiological characteristics make MIN6 β-cells an appropriate model for the study of β-cell 

function (Persaud et al., 2014) and both MIN6 β-cells and primary mouse islets were used for 

functional analyses. 

 

However, when using immortalised cell lines, there are several caveats that should be 

considered. One of the most important considerations is the occurrence of additional 

mutations in the genome during subculturing causing deviation from the intended phenotype 

(Segeritz & Vallier, 2017). Indeed, MIN6 β-cells that are maintained in long-term culture lose 

their capacity to secrete insulin in response to glucose (Miyazaki et al., 2021). Evidence for 

this was observed in cells at a high passage number (60-70), whereby the first phase of 

glucose-stimulated insulin secretion was absent and the second phase was markedly impaired 

(Cheng et al., 2012). This was coupled with significant reductions in intracellular ATP 

generation, decreased glucose uptake and oxidation, and basal lipid oxidation. The frequency 

of insulin granules was also reduced, and cell morphology was altered with the rounded 

appearance of low passage cells (30-40) transforming into an irregular shape with cellular 

protrusions with increasing passage. Alongside these deficits in MIN6 β-cell function and 
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morphology were changes in the expression of genes implicated in β-cell identity, and glucose 

transport and metabolism, including glucokinase and Pdx1 (Cheng et al., 2012). Similar 

phenotypic changes between low and high passage MIN6 β-cells have been reported 

(Dowling et al., 2006; O’Driscoll et al., 2004, 2006; Yamato et al., 2013). Therefore, MIN6 β-

cells of passage no greater than 40 were used for experiments described in this thesis. 

 

2.4.1 Maintenance and subculture of MIN6 β-cells 

 

MIN6 β-cells were kindly provided by Dr Catherine Arden (Newcastle University, United 

Kingdom). Cells were maintained in sterile-filtered DMEM containing 25mM glucose, 10% (v/v) 

fetal bovine serum (FBS), 100U/mL penicillin, 100µg/mL streptomycin, 2mM L-glutamine and 

0.0005% (v/v) β-mercaptoethanol (β-ME). Cells were incubated at 37°C, 5% CO2 and 95% 

humidity, and phenol red acted as a pH indicator to monitor cell culture pH changes that can 

occur from the accumulation of waste products, dying cells or bacterial contamination. Aseptic 

technique was used throughout cell and reagent handling to prevent contamination from 

pathogens. 

 

MIN6 β-cells were grown as an adherent monolayer in 75cm2 Nunc™-treated flasks containing 

15mL DMEM with media changes every 3-4 days. Once 70-90% confluency was reached, 

MIN6 β-cells were sub-cultured, and a portion was used in experimental protocols. To do so, 

cell detachment from the flask surface and cell-cell separation were performed by 

trypsinisation using a mixture of trypsin (0.1%) and ethylenediaminetetraacetic acid (EDTA; 

0.02%). Trypsin is an endopeptidase which cleaves lysine and arginine residues within and 

between proteins to detach cells from the flask floor. EDTA is a chelator which sequesters 

metallic ions, such as calcium and magnesium, at the cell surface to enhance trypsin activity 

and weaken cell-cell interactions. Following aspiration of DMEM and washing with Dulbecco′s 

Phosphate Buffered Saline (PBS), MIN6 β-cells were exposed to trypsin-EDTA at 37°C and 

monitored carefully for 3-5 minutes to prevent over-digestion and cell death. Flasks were 

tapped against the palm to assist cell detachment prior to the addition of serum-containing 

DMEM to inactivate trypsin. The cell suspension was centrifuged at 200xg, 20°C for 5 minutes, 

the supernatant was removed, and the cell pellet was resuspended in an appropriate volume 

of DMEM to enable cell counting. 

 

2.4.2 Cell counting and viability 

 

At the time of subculturing, the number of MIN6 β-cells was calculated to seed the required 

numbers of cells into plates for each experiment. Two methods of cell counting were used in 

this project: 1) manual cell counting using a haemocytometer; and 2) automated cell counting 

using a Countess Automated Cell Counter. 

 

A haemocytometer is a specialised glass chamber laser-etched with 4 square grids, each of 

which consists of 12 smaller squares. A single grid has a surface area of 1mm2 and a depth 

of 0.1mm, giving a defined volume of 0.1mm3 or 10–4mL. Using the known dimensions of the 

chamber, the density of cells within suspension can be quantified. The azo dye, Trypan blue, 

is commonly used for the visualisation and quantification of viable cells as the blue-coloured 

solution cannot penetrate into live cells with intact membranes and can only cross damaged 

membranes of dead cells. Therefore, Trypan blue-stained non-viable cells can be 

distinguished from healthy viable cells. Each MIN6 β-cell suspension was mixed with an equal 
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volume of Trypan blue (0.2% w/v) and, by placing the Gilson pipette between the chamber 

and coverglass, 10μL of cell suspension was drawn up by capillary action to fill the chamber. 

The grids were then visualised under a light microscope for manual counting of cells within 

the defined areas of known volume (Figure 16). Given each grid has a volume of 0.1mm3 and 

considering the dilution of cells in Trypan blue, the following formula can be used to calculate 

total cell number per mL: mean cell number across 4 grids x 10,000 x 2. By following this 

Trypan blue exclusion protocol, cell viability can also be determined by calculating the 

proportions of viable and non-viable cells; dead cells are subsequently excluded from the final 

cell count. 

 

Figure 16. Counting cells with a haemocytometer and Trypan blue dye. (Zhang & Kuhn, 2018). 

 

Whilst manual counting with a haemocytometer is a simple, rapid, and cheap technique for 

quantifying cell number and viability, there are several disadvantages. For example, counting 

error may occur due to inaccurate cell dilution, poor cell dispersion and improper chamber 

filling (Aslantürk, 2018). Furthermore, variations in human perception can lead to significant 

variability in cell number and viability calculations. An alternative to manual cell counting is 

using an automated method which provides greater precision and reproducibility by avoiding 

human interference. The Countess Automated Cell Counter was used for automated counting 

of cells in suspension. Like manual counting, equal volumes of cell suspension and Trypan 

blue dye were mixed, but in this case 10μL of mixture was transferred to a disposable counting 

chamber slide closely resembling a haemocytometer chamber. The slide was then inserted 

into the instrument to visualise cells and for automated counting of cell number and viability. 

These values were used to calculate the volume of cell suspension required to seed cells for 

experiment protocols. The following formula was used: desired cell number per well x (total 

required volume/cell concentration). A range of MIN6 β-cell densities were used, depending 

on the protocol, as indicated below: between 15,000-300,000 cells per well were seeded into 

6-well or 96-well plates. 

 

2.4.3 Cryopreservation and thawing of MIN6 β-cells from frozen storage 

 

To maintain stocks of MIN6 β-cells for future experiments, healthy cells in the log growth phase 

must be frozen down for long-term storage and preservation. For this, MIN6 β-cells were 

trypsinised at 70-90% confluency and resuspended in fresh DMEM, as previously described 

in Section 2.4.1. To avoid cell damage and death caused by intracellular ice formation at low 

temperatures, the cells were resuspended in media containing 10% (v/v) dimethyl sulfoxide 

(DMSO), a cryoprotective agent, prior to freezing. Aliquots of 1mL cell suspension, containing 

2-3 million cells, were transferred to NuncTM cryogenic vials. The vials were placed into a Mr. 

Frosty™ Freezing Container which has 100% isopropanol filled within its outer compartment 
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to achieve an optimal cooling rate of -1°C/minute for cell preservation. The Mr. Frosty™ 

Freezing Container was kept at –70°C for 2 hours before the cell-containing vials were 

transferred to a liquid nitrogen vessel for long-term storage at –196°C. 

 

When required, frozen cells were retrieved from liquid nitrogen storage and reconstituted by 

thawing. Whilst cell freezing must occur at a slow and controlled rate to avoid ice crystal 

formation, cell thawing must be performed quickly as the prolonged stress can significantly 

reduce cell recovery. A vial containing frozen MIN6 β-cells was rapidly thawed in a 37°C water 

bath for 1 minute. The contents of the vial were transferred to a 15mL Falcon tube containing 

9mL of warmed DMEM. The MIN6 β-cells were centrifuged at 200xg, 20°C for 5 minutes and 

the cell pellet was resuspended in DMEM before transfer to a T25 flask. The cells were 

incubated overnight at 37°C, 5% CO2 and 95% humidity and the medium was changed to 

remove any non-adherent cells. The cells were maintained in culture, as described in Section 

2.4.1. 

 

2.5 Mouse islet isolation 

 

2.5.1 Mice 

 

For the isolation and purification of mouse islets used for functional experiments, 8-12-week-

old CD1 male mice (Charles River) had ad libitum access to standard laboratory chow and 

water. All animals were housed at 21-25°C with a 12-hour light-dark cycle. 

 

2.5.2 Preparation of experimental buffers and media 

 

For pancreas perfusion and digestion, collagenase solution (1mg/mL) was made up by 

dissolving collagenase type IX in non-supplemented, serum-free Minimum Essential Media 

(MEM). For islet isolation and purification, MEM was supplemented with 10% (v/v) newborn 

calf serum (NCS), 100U/mL penicillin, 100µg/mL streptomycin and 2mM L-glutamine. For islet 

culture, Roswell Park Memorial Institute (RPMI) cell culture medium containing 11mM glucose 

was supplemented with 10% (v/v) FBS, 100U/mL penicillin, 100µg/mL streptomycin and 2mM 

L-glutamine.  

 

2.5.3 Pancreas perfusion and digestion 

 

Mice were euthanised by cervical dislocation. The abdominal cavity was opened by 

laparotomy using dissecting scissors to cut through the peritoneal wall, firstly following the rib 

line before moving vertically. The ampulla of Vater, the small opening which connects the 

pancreatic and bile ducts to the duodenum (see Figure 3 in Section 1.2.1), was clamped and 

2.5mL of collagenase solution was injected into the common bile duct using a 2.5mL syringe 

and 32G needle. The distended pancreas was dissected out from the abdominal cavity and 

placed on ice into a 50mL Falcon tube. Samples were incubated at 37°C in a water bath for 

10 minutes to facilitate the enzymatic digestion of pancreatic exocrine tissue. To stop the 

reaction, ice cold 25mL supplemented MEM was added and the Falcon tubes were shaken 

vigorously by hand for 10 seconds. The samples were kept on ice for subsequent steps of the 

protocol. 
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2.5.4 Islet isolation, purification, and culture 

 

Digested pancreas samples went through a series of wash steps beginning with centrifugation 

at 180xg, 10⁰C for 1.5 minutes. The supernatant was decanted, fresh MEM was added to the 

pellets and the Falcon tubes were vortexed. This step was repeated a further two times. The 

resuspended pellet was passed through a sieve into new Falcon tubes to remove any 

undigested exocrine tissue. Samples were further purified by centrifugation at 210xg, 10⁰C for 

1.5 minutes. The supernatant was decanted and the Falcon tubes were thoroughly dried 

before the addition of 15mL Histopaque, a density gradient medium, which is used to optimise 

the separation and purification of mouse islets (McCall et al., 2011). Samples were vortexed 

and 10mL MEM was slowly added to the Falcon tubes to create gradient layers of media and 

Histopaque. Samples were centrifuged at 1170xg, 10⁰C for 24 minutes. Floating islets at the 

MEM-Histopaque interface were collected and transferred to new Falcon tubes. A final series 

of washes were performed using a gravity separation technique: islets were suspended in 

25mL MEM and, after 4-5 minutes, 10mL MEM was removed and replaced with fresh media; 

this step was repeated a further three times. Islets were hand-picked into Petri dishes 

containing supplemented RPMI and maintained in culture at 37°C, 5% CO2 and 95% humidity. 

 

2.6 Quantification of GPCR mRNA expression 

 

2.6.1 Total RNA extraction from MIN6 β-cells and mouse islets 

 

The extraction and purification of RNA from MIN6 β-cells was performed using the RNeasy 

Mini Kit and began with seeding of 250,000-300,000 cells/2mL/well into a 6-well plate. After 

2-3 days of incubation at 37°C, 5% CO2 and 95% humidity, MIN6 β-cells were washed with 

PBS, trypsinised and resuspended in DMEM then centrifuged at 200xg, 20°C for 5 minutes, 

as described in Section 2.4.1. DMEM was removed from each cell pellet followed by the 

addition of 700µL RLT, a lysis buffer which, like RWT buffer, contains a high concentration of 

guanidine isothiocycanate to support RNA binding to the spin column silica membrane. The 

RLT buffer was supplemented with 1% (v/v) of the reducing agent, β-ME, to inactivate RNases 

within the cell lysate. Samples were vortexed for 1 minute to disrupt the cell pellets and 1 

volume of 70% molecular biology grade ethanol was thoroughly mixed with the homogenised 

lysates. Samples were transferred to RNeasy Mini spin columns and centrifuged at 12,000xg, 

20°C for 30 seconds. The flow-through was discarded and 350µL RW1 buffer was added to 

each spin column followed by centrifugation at 12,000xg, 20°C for 30 seconds. The purpose 

of RW1, another stringent washing buffer, is to remove non-specifically bound biomolecules, 

such as fatty acids, proteins, etc., from the silica membrane. The flow-through was discarded 

and the spin columns were treated with 80μL DNase I for 15 minutes at room temperature to 

degrade any contaminating DNA. An additional 350μL of RW1 buffer was added and samples 

were centrifuged at 12,000xg, 20°C for 30 seconds. The flow-through was discarded. 500μL 

of RPE buffer were added and samples were centrifuged at 12,000xg, 20°C for 30 seconds. 

The flow-through was discarded. An additional 500μL of RPE buffer were added and samples 

were centrifuged at 12,000xg, 20°C for 2 minutes. The flow-through was discarded and a dry 

centrifuge performed at 12,000xg, 20°C for 1 minute to elute any residual ethanol-based 

buffers. The collection tube was discarded, and the RNeasy Mini spin columns were placed 

into new Eppendorf tubes. 30-50μL DNase-RNase-free water was directly added onto the 

RNeasy Mini spin column membrane and samples were centrifuged at 12,000xg, 20°C for 1 
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minute to elute the RNA. The elution was added onto the RNeasy Mini spin column and the 

centrifugation step was repeated to maximise the yield of RNA extracted from the samples. 

 

The extraction and purification of RNA from mouse islets used a modified version of the 

TRIzol® Reagent method whereby total RNA was precipitated using isopropanol. Following 

isolation and overnight incubation, groups of 150-200 mouse islets were transferred to 1.5mL 

Eppendorf tubes and centrifuged at 200xg, 20°C for 5 minutes. Using a Gilson pipette, RPMI 

was carefully removed without disruption of the islet pellets and a series of washes with PBS 

were performed. After the final wash, PBS was replaced with 1mL of TRIzol® Reagent. 200μL 

of chloroform were added and samples were vigorously shaken by hand for 15 seconds before 

incubation at room temperature for 2 minutes. Samples were centrifuged at 12,000xg, 4°C for 

15 minutes. Following centrifugation, the upper, colourless aqueous phase containing RNA 

was transferred to new 1.5mL Eppendorf tubes each containing 0.5μL of RNA grade glycogen 

(20μg/μL). Glycogen is a polysaccharide which is insoluble in ethanol and acts as an inert 

carrier during ethanol precipitation. When added to purified RNA or DNA, glycogen forms a 

precipitate which traps target nucleic acids present within a sample. Therefore, the addition of 

glycogen can increase the visibility of an RNA pellet and enhance recovery of nucleic acids. 

500μL of cooled 100% isopropanol (–20°C) was added to each sample, stored at –70°C for 1 

hour then samples were centrifuged at 12,000xg, 4°C for 15 minutes. Following centrifugation, 

all liquid was removed from the Eppendorf tubes with care taken to avoid disruption of RNA 

pellets. 1mL of 75% ethanol was added and samples were centrifuged at 7,500xg, 4°C for 10 

minutes. All liquid was removed, and Eppendorf tubes were placed in a heat block at 37°C 

with the lids open until the RNA pellets dried. The RNA was then dissolved in 25μL of DNase-

RNase-free water. 

 

2.6.2 Determination of RNA concentration and purity 

 

The concentration and purity of RNA extracted from MIN6 β-cells and mouse islets were 

quantified using a Nanodrop™ 1000 spectrophotometer, as previously described in Section 

2.2.8. Once measured, RNA samples were either stored at –70°C to await further processing 

or kept on ice for preparation of RT reactions. 

 

2.6.3 Reverse transcription for complementary DNA generation 

 

RT reactions of 20μL (including 50ng of RNA per μL) were prepared from RNA stock samples 

by dilution with the required volume of DNase-RNase free water and MasterMix solution and 

processed in a T100™ thermal cycler set at the previously described programme (Section 

2.2.9). cDNA samples were either stored at –20°C to await further processing or kept on ice 

to perform qPCR. 

 

2.6.4 Quantitative polymerase chain reaction 

 

The SYBR Green fluorescent dye-based qPCR protocol was performed to measure the 

expression level of GPCRs of interest in MIN6 β-cells and mouse islets. QuantiTect Primer 

Assays for Ccl4-activating receptors, Ackr2, Ccr1, Ccr2, Ccr5, Ccr9, Cxcr1 and Cxcr5 were 

used to determine whether islet cells express receptors through which Ccl4 signals. The 

housekeeping gene, β-actin (Actb), was used as an appropriate reference gene for qPCR 

using MIN6 β-cell and mouse islet cDNAs. A reaction mixture per cDNA sample was prepared 
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with SYBR Green, DNase-RNase free water and diluted cDNA sample (1:8) present in a 5:2:1 

ratio. 8μL reaction mix and 2μL primers per well were loaded into a 96-well white plate 

(individual samples tested in duplicate). The plate was centrifuged at 150xg, 4°C for 1 minute 

to ensure collection of samples at the base of the well. qPCR was performed on a LightCycler® 

96 following a standard programme outlined in Section 2.2.10. 

 

2.7 PRESTO-Tango β-arrestin GPCR reporter assay 

 

2.7.1 Background 

 

To facilitate the interrogation of the human GPCR-ome, the Roth group developed a method, 

known as PRESTO-Tango, which combines Parallel Receptor-ome Expression and Screening 

via Transcriptional Output (PRESTO) and transcriptional activation following arrestin 

translocation (Tango) approaches (Kroeze et al., 2015). The method takes advantage of 

ligand-induced β-arrestin2 recruitment to measure GPCR activity following exposure to 

potential agonists. It uses a novel HEK293 cell line, known as HTLA, which stably expresses 

a tTA-dependent luciferase reporter and a β-arrestin2-TEV fusion gene (Figure 17A). The 

assay requires transfection of HTLA cells with a recombinant GPCR plasmid of interest. Each 

GPCR in this system is linked to an exogenous transcription factor via a peptide cleavage site 

at the C-terminus (Figure 17B). Ligand binding to HTLA cells transfected with recombinant 

GPCRs triggers receptor desensitisation, which is mediated by the recruitment of a protease-

tagged β-arrestin that cleaves the linkage site, thereby liberating the transcription factor from 

the receptor. The transcription factor translocates to the nucleus where it drives expression of 

the β-lactamase reporter gene. The β-lactamase enzyme then catalyses cleavage of a 

substrate thus generating a luminescent signal that can be quantified. The resulting signal 

readouts correlate with the activity of the target GPCR when exposed to an experimental 

compound (Kroeze et al., 2015). 
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Figure 17.  The design and principle of the PRESTO-Tango β-arrestin GPCR reporter assay. (A) 

The components of a GPCR gene construct for transfection into HTLA cells: a HA signal encoding a 

cleavage sequence for membrane localisation; a Flag epitope tag to enable identification and 

quantification of cell surface receptor expression by immunohistochemistry; a sequence for a specific 

GPCR of interest; a V2 vasopressin receptor (V2 tail) to promote β-arrestin recruitment; a Tobacco Etch 

Virus (TEV) nuclear inclusion endopeptidase; and a tetracycline transactivator (tTA) transcription factor. 

Adapted from Kroeze et al. (2015). (B) A schematic illustrating the recruitment of a protease-tagged β-

arrestin to a specific GPCR upon ligand binding, followed by the liberation and translocation of the tTA 

transcription factor to the nucleus to drive β-lactamase expression. Adapted from Hanson et al. (2009). 

 

2.7.2 Maintenance of HTLA cells 

 

The PRESTO-Tango β-arrestin reporter assay used HTLA cells kindly provided by the Roth 

Lab (University of North Carolina, USA). Cells were maintained at 37°C, 5% CO2 and 95% 

humidity in DMEM containing 25mM glucose, 10% (v/v) FBS, 2µg/mL puromycin, 100µg/mL 

hygromycin B, 100U/mL penicillin, and 100µg/mL streptomycin.  

 

2.7.3 Ccl4-target GPCR screening using PRESTO-Tango technology 

 

96-well white clear-bottom plates were aseptically coated with poly-L-lysine hydrobromide, 

rinsed with sterile water, and left to dry for 1 hour. HTLA cells were subcultured and a portion 

harvested for experimental use, as previously described for the MIN6 β-cell line in Section 

2.4.1. Cells were plated at a density of 25,000 cells/100µL/well in DMEM supplemented with 

10% (v/v) dialysed FBS and incubated overnight at 37°C, 5% CO2 and 95% humidity. Medium 

was then replaced with fresh DMEM containing dialysed FBS and pre-prepared plasmids 

encoding Tango versions of Ackr2, Ccr1, Ccr2, Ccr5, Ccr9, Cxcr1, and positive control 

A 

B 
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plasmids A2ar and Chm3, were transfected individually into HTLA cells by the calcium 

phosphate precipitation method. Aiming for 200ng per well, DNAs were diluted in 1X Hanks’ 

Balanced Salt Solution (HBSS) containing 2.5M CaCl2. The documented Ccl4 targets, Ccr1 

and Ccr9, were not included in the GPCR screening as Tango versions of these plasmids 

were not available. The plasmid solution was vortexed, incubated at room temperature for 15 

minutes, and added dropwise to the corresponding wells. HTLA cells were then incubated 

overnight at 37°C, 5% CO2 and 95% humidity.  

 

After overnight incubation, transfected HTLA cells were incubated with FBS-free DMEM 

supplemented with 100U/mL penicillin, and 100µg/mL streptomycin for 1 hour. Subsequently, 

cells were incubated overnight (37°C, 5% CO2 and 95% humidity) in assay buffer (1X HBSS 

containing 20mM HEPES) in the absence or presence of 100ng/mL Ccl4. Positive control 

agonists, clonidine and carbachol, were also used to activate their cognate target receptors, 

α2-adrenoceptor, A2ar, and cholinergic receptor muscarinic 3 receptor, Chm3, respectively, to 

ensure that the reporter assay was operating appropriately. Agonists were then removed, and 

the cells were incubated for 15 minutes at room temperature with 70µL of Bright-Glo™ 

Reagent diluted 1:10 with assay buffer. The multifunctional microplate reader, PHERAstar 

FS®, was used to quantify luminescence which correlated to the degree of GPCR activation. 

 

2.8 Measurement of insulin secretion 

 

2.8.1 Insulin secretion 

 

The quantification of secreted insulin from MIN6 β-cells and mouse islets is an important 

assessment of β-cell function. The effects of exogenous Ccl4 on insulin secretion from MIN6 

β-cells and mouse islets were investigated using static incubation experiments in which 

supernatants were retrieved for the measurement of accumulated insulin content. 

 

2.8.1.1 Insulin secretion from MIN6 β-cells 

 

MIN6 β-cells (passage 25-40) were seeded into a 96-well plate at a density of 25,000 

cells/100µL/well using sterile-filtered DMEM containing 25mM glucose, 10% (v/v) FBS, 

100U/mL penicillin, 100µg/mL streptomycin, 2mM L-glutamine and 0.0005% (v/v) β-ME. 

Following overnight incubation at 37°C, 5% CO2 and 95% humidity, MIN6 β-cells were washed 

with PBS and the medium was replaced with DMEM containing 2.5mM glucose for 16 hours. 

Cells were then pre-incubated for 2 hours with a bicarbonate-buffered physiological salt 

solution (Gey & Gey, 1936) supplemented with 2mM glucose, 2mM CaCl2 and 0.5mg/mL BSA 

and pH was adjusted to 7.4 using carbon dioxide (Table 7 and 8). As the MIN6 β-cells used 

for these experiments did not show an appropriate glucose-stimulated insulin secretory 

response, insulin secretion was stimulated using α-ketoisocaproic acid (KIC), a metabolite of 

the amino acid, leucine, which has similar insulin-releasing potency to glucose (Panten et al., 

2023). MIN6 β-cells were incubated for 1 hour with Gey and Gey buffer containing 2mM 

glucose with or without 10mM KIC, in the absence or presence of recombinant Ccl4 

(100ng/mL) or the α2-adrenoceptor agonist, clonidine (10μM) which was used as a Gαi-

coupled receptor control agonist. The supernatants were retrieved and stored at –20°C until 

measurement of insulin content by radioimmunoassay (see Section 2.8.2 below). 
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Table 7. Preparation of 2X Gey and Gey stock solution in distilled water. 
 

Reagent 

 

Mass (g/L) 

 

Final Concentration (mM) 

NaCl 13.00 111 

KCl 0.74 5.00 

NaHCO3 4.54 27.0 

MgCl2-6H2O 0.42 1.00 

KH2PO4 0.06 0.22 

MgSO4-7H2O 0.14 0.28 

 

Table 8. Preparation of 1X Gey and Gey working solution containing 2mM glucose. To prepare 

1X Gey and Gey working solution containing 20mM glucose, an additional 0.648g glucose was added 

to 200mL of 2mM glucose solution. 
 

 

Reagent 

 

Volume (mL) or Mass (g) Final Concentration 

2X Gey and Gey stock 200mL 1X 

dH2O 200mL - 

Glucose powder 0.14g 2mM 

CaCl2 solution 0.80mL 2mM 

BSA powder 0.20g 0.05% (w/v) 

 

2.8.1.2 Insulin secretion from mouse islets 

 

Freshly isolated CD1 mouse islets (Section 2.5) were maintained in culture in RPMI 1640 

overnight then washed and pre-incubated with Gey and Gey buffer (2mM glucose) for 1 hour 

at 37°C, 5% CO2 and 95% humidity. Groups of 3 islets per replicate per condition were then 

transferred, on ice, to 1.5mL Eppendorf tubes containing 300µL buffer at 2mM or 20mM 

glucose in the absence or presence of recombinant mouse Ccl4 (5, 10, 50 and 100ng/mL). 

The muscarinic receptor agonist, carbachol (500μM), and the α2-adrenoceptor agonist, 

clonidine (10μM), were used as positive and negative controls, respectively. After incubation 

at 37°C for 1 hour, islets were centrifuged at 200xg, 4°C for 1 minute and 100μL of supernatant 

was diluted in 400μL borate buffer, with care taken not to dislodge islets. Diluted supernatant 

was stored at –20°C prior to measurement of insulin content by radioimmunoassay. 

 

2.8.2 Radioimmunoassay 

 

The concentration of insulin secreted from MIN6 β-cells and mouse islets was quantified by 

radioimmunoassay, a highly sensitive immunoassay that is based on competition between 

unlabelled insulin (antigen, AG) and radiolabelled insulin (tracer, AG*) for a limited number of 

anti-insulin antibody (AB) binding sites. The following equation summarises the equilibrium 

achieved when these three components react: 

 

AB + AG + AG* ↔ AB:AG + AB:AG* + AG + AG* 
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Whilst the concentrations of unlabelled AG are variable, the concentrations of AB and 

radiolabelled AG* remain fixed. As the concentration of AG increases, the number of AB:AG* 

complexes decline due to greater competition and the displacement of radiolabelled AG*. 

Using known concentrations of insulin (“standards”), the corresponding radioactivity AG* 

values can be used to generate a standard curve. The unknown concentrations of insulin 

within samples can then be extrapolated using this standard curve. 

 

Exogenous insulin was labelled with the most commonly used radioisotope: iodine-125 (I125) 

(Sharma et al., 2014). The I125 radioisotope has a half-life of 60 days and emits low energy γ 

radiation that is easily and efficiently detected by a crystal scintillation counter, thus making 

this a popular radiolabel for proteins of interest (Fitch et al., 1962). The iodination of insulin 

involves oxidation of I– ions using a strong oxidising agent, iodogen (1,3,4,6-tetrachloro-3α,6α-

diphenyl glycoluril), at a neutral pH to produce reactive I+ ions. The reactive I+ ions then 

covalently bind to tyrosine residues within the insulin protein. The iodinated insulin was purified 

from unincorporated I+ ions using Sephadex gel filtration chromatography. The radiolabelled 

insulin is recognised by the anti-insulin antibody, which was raised in-house in guinea pig. 

This host species was chosen due to the structural differences between guinea pig insulin and 

that of other mammalian species, therefore allowing for the generation of antibodies in guinea 

pigs following injection of bovine insulin.  

 

Borate-buffered saline (pH 8.0) was used in the radioimmunoassay protocol to dilute reagents 

and to maintain optimal pH for insulin-antibody binding to occur (Table 9). The anti-insulin 

antibody was diluted 1:60,000 and the iodinated insulin tracer was diluted to produce 

approximately 12,000 counts per minute (CPM)/100µL (the degree of dilution was dependent 

on the level of radioisotope decay). The stock of insulin standard (10ng/mL) was serially 

diluted to produce a range of insulin concentrations (0.08-10ng/mL) in triplicate. Reference 

tubes, also in triplicate, were prepared to measure non-specific antigen binding (NSB), 

maximum binding (MB) of iodinated insulin to the antibody and total γ-emission (Table 10). 

Following the addition of insulin tracer and anti-insulin antibody, where applicable, the sample, 

standard and reference tubes were incubated at 4°C for 48 hours for the binding to equilibrate. 

Subsequently, the antibody-antigen complexes were separated from free antigen by 

precipitation using γ-globulins (Table 11). Precipitant was added to all tubes, except for the 

Totals, and centrifuged at 2000xg, 4°C for 15 minutes. Following centrifugation, the free 

antigen in solution was aspirated and the pellet containing antibody-antigen complexes were 

placed into a Packard Cobra II γ counter to measure γ emissions. Insulin content within 

samples was determined by extrapolating sample CPM counts from standard curve CPM 

counts. 

 

Table 9. Preparation of borate-buffered saline using distilled water and adjusted to pH8 using 

12N HCl. 
 

 

Reagent 

 

Mass (g/L) Final Concentration (mM) 

Boric acid 8.25 133.4 

NaOH 2.70 7.5 

EDTA 3.70 12.7 
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Table 10. Preparation of insulin standards, reference tubes and samples. Totals (T): to determine 

the amount of radioactivity of iodinated insulin tracer; Non-specific binding (NSB): to determine 

background antigen binding in the absence of antibody; Maximum binding (MB): to determine 

radiolabelled tracer binding to antibody in the absence of unlabelled insulin. *Borate buffer is not added 

to the 10ng/mL insulin standard. †The 1:5 sample dilution in borate buffer is performed during the 

radioimmunoassay with MIN6 β-cell supernatant only; The 1:5 sample dilution of mouse islet 

supernatant is performed immediately after the insulin secretion experiment. 
 

 

 

Volume (μL) 

 

 

Reagent 

 

Borate Buffer 
Insulin 

Antibody 
Insulin Tracer Sample 

Non-specific 

binding (NSB) 
200 - 100 - 

Maximum 

binding (MB) 
100 100 100 - 

Totals (T) - - 100 - 

Insulin 

standards 
100* 100 100 - 

Samples 80† 100 100 20† 

 

Table 11. Preparation of precipitant for the separation of antibody-complexes and free antigen. 
 

 

Reagent 

 

Volume/Mass (per L) Final Concentration 

30% PEG 500mL 50% (v/v) 

γ-globulins 1000mg 1% (w/v) 

Tween 500µL - 

PBS 500mL - 

 

2.9 Islet cell apoptosis 

 

β-cell mass is dynamic, and it is regulated through a fine balance of cell proliferation, cell 

apoptosis, and islet neogenesis from pancreatic progenitor cells. Apoptosis, or programmed 

cell death, is coordinated by a family of cysteine proteases, known as caspases. In response 

to a variety of pro-apoptotic intrinsic and extrinsic stimuli, such as exposure to cytokines or 

saturated fatty acids, DNA damage or hypoxia, “initiator” caspases (caspase-2, -8, -9 and -10) 

become activated (Tomita, 2016). This triggers a chain of proteolytic cleavage and activation 

of downstream caspases (caspase-3, -6 and -7). These “effector” caspases degrade a range 

of protein substrates leading to typical morphological features of apoptosis, including cell 

shrinkage, nuclear fragmentation and eventual phagocytosis into neighbouring cells (Saraste 

& Pulkki, 2000; Tomita, 2016). As caspase-3 and -7 are integral mediators of cell apoptosis, 

commonly used in vitro functional assays measure caspase-3/7 activity as a marker for cell 

apoptosis.  
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2.9.1 Caspase-Glo 3/7 assay 

 

Islet and MIN6 β-cell apoptosis was detected using the Caspase-Glo® 3/7 Assay System. The 

kit contains a Caspase-Glo® Reagent consisting of a proluminescent DEVD-aminoluciferin 

substrate and the luciferase enzyme, Ultra-GloTM rLuciferase. Addition of the Caspase-Glo® 

Reagent to cells results in cell lysis and cleavage of the substrate by active caspase-3/7 

enzymes. The luciferase catalyses a light-producing reaction with liberated aminoluciferin. The 

resulting luminescent signal is proportionate to caspase-3/7 activity within apoptotic cells. 

 

2.9.2 Cytokine-induced and palmitate-induced islet cell apoptosis 

 

Apoptosis of MIN6 β-cells and mouse islets was induced by either the saturated fatty acid, 

palmitate (500µM, Table 12), or a cocktail of pro-apoptotic cytokines: IL-1β (0.05U/µL), TNF-

α (1U/µL) and IFN-γ (1U/µL). MIN6 β-cells were seeded into an opaque-walled 96-well plate 

at a density of 20,000 cells/100µL/well in DMEM containing 25mM glucose, 10% (v/v) FBS, 

100U/mL penicillin, 100µg/mL streptomycin, 2mM L-glutamine and 0.0005% (v/v) β-ME. 

Following overnight incubation, MIN6 β-cells were treated with fresh DMEM supplemented 

with 2% (v/v) FBS and in the presence or absence of an apoptotic inducer and/or peptide(s) 

of interest. MIN6 β-cells were incubated for 20 hours at 37°C, 5% CO2 and 95% humidity. For 

experiments with mouse islets, groups of 90 islets isolated from CD1 mice were incubated 

overnight with or without peptide(s) of interest diluted in RPMI containing 5.5mM glucose, 10% 

(v/v) FBS, 100U/mL penicillin, 100µg/mL streptomycin and 2mM L-glutamine. Thereafter, 

mouse islets were seeded into an opaque-walled 96-well plate at a density of 5 islets/40µL/well 

(6 wells per treatment group) in fresh RPMI supplemented with 2% (v/v) FBS and in the 

presence or absence of an apoptotic inducer and/or peptide(s) of interest. Mouse islets were 

further incubated for 20 hours at 37°C, 5% CO2 and 95% humidity. 

 

An equal volume of Caspase-Glo® 3/7 assay reagent, consisting of luciferase substrate and 

lysis buffer, was added to wells containing MIN6 β-cells or mouse islets and incubated for 1 

hour at room temperature. A Turner Biosystems Veritas Microplate Luminometer was used to 

detect and quantify relative luminescence units (RLUs), a measure of bioluminescence that 

correlated to the degree of apoptosis. 
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Table 12. Preparation of palmitate working solution to treat islet cells for the Caspase-Glo® 3/7 

assay. 13.9mg/mL sodium palmitate was dissolved in EtOH:dH2O (1:1) at 70°C for 10 minutes and 

diluted in medium containing 2% FBS and 10% fatty acid-free BSA. For control groups, EtOH:dH2O 

(1:1) was prepared without palmitate. Following a 1-hour incubation at 37°C, control or palmitate-

containing medium was further diluted in DMEM (MIN6 β-cells; 25mM glucose) or RPMI (mouse islets; 

11mM glucose) supplemented with 2% (v/v) FBS prior to the addition of peptide(s) of interest. 
 

 

Palmitate Concentration 

 

Palmitate Palmitate Control 

50mM 

 

 

13.9mg/mL palmitate + 

1:1 EtOH:dH2O 

 

Heat at 70°C for 10 minutes 

 

1:1 EtOH:dH2O only 

5mM 

Dilute 1:10 in sterile-filtered media supplemented with 2% 

FBS and 10% fatty acid-free BSA 

Incubate at 37°C for 1 hour 

500µM 
Dilute 1:10 in media supplemented with 2% FBS 

Add peptide(s) of interest and treat islet cells 

 

2.10 Islet cell proliferation 

 

As previously mentioned in Section 1.4, cell proliferation is a regulator of β-cell mass together 

with cell apoptosis and islet neogenesis. Given that β-cell damage and death are hallmarks of 

severe T2D progression, identification of agents that stimulate β-cell proliferation could lead 

to enhanced insulin secretion capacity to compensate for impaired β-cell function in diabetes. 

 

2.10.1 Proliferation of MIN6 β-cells 

 

MIN6 β-cell proliferation was assessed using a Cell Proliferation ELISA Kit. This is a 

colorimetric immunoassay which quantifies cell proliferation by measuring the incorporation of 

a synthetic thymidine analogue, 5-bromo-2′-deoxyuridine (BrdU), during DNA synthesis. MIN6 

β-cells were seeded into a 96-well plate at a density of 15,000 cells/100µL/well using DMEM 

containing 25mM glucose, 10% (v/v) FBS, 100U/mL penicillin, 100µg/mL streptomycin, 2mM 

L-glutamine and 0.0005% (v/v) β-ME. Following an overnight incubation, MIN6 β-cells were 

washed with PBS and replaced with FBS-free DMEM containing 5.5mM glucose. The 

overnight incubation with this ‘starving medium’ was to ensure that cells reached a quiescent 

state whereby cell growth was inhibited. MIN6 β-cells were then treated with DMEM containing 

either 2% or 10% FBS in the absence or presence of peptide(s) of interest for 48 hours. The 

supplementation of 10% FBS promotes cell survival and growth due to the presence of growth 

factors, and therefore this served as a positive control condition for the assessment of MIN6 

β-cell proliferation. After 48 hours, MIN6 β-cells were labelled with 100µM BrdU reagent and 

incubated for 2 hours at 37°C, 5% CO2 and 95% humidity. During this time, BrdU replaces 

endogenous thymidine and becomes incorporated into newly synthesised DNA within 

proliferating cells. Subsequently, MIN6 β-cells were fixed, and DNA was denatured with 
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FixDenat solution for 30 minutes at room temperature to improve the accessibility the anti-

BrdU antibody for detection of incorporated BrdU. Removal of the FixDenat solution was 

followed by incubation of MIN6 β-cells with the anti-BrdU-phosphodiesterase solution for 90 

minutes at room temperature. After several washes with washing buffer to remove the anti-

BrdU antibody solution, MIN6 β-cells were treated with TMB substrate solution for 10 minutes 

at room temperature to initiate a reaction for the detection of immune complexes. The reaction 

was stopped using 1M H2SO4 stopping solution and the absorbance was quantified at a 450nm 

wavelength using the multifunctional microplate reader, PHERAstar FS®. The degree of colour 

development and the corresponding absorbance directly correlated with the level of DNA 

synthesis and thus, the number of proliferating MIN6 β-cells. 

 

2.10.2 Immunofluorescence ex-vivo of whole mouse islets 

 

Primary islets have a very low proliferative capacity, so the BrdU ELISA is not appropriate for 

quantifying DNA replication, as it is for MIN6 cells. Therefore, mouse islets were subjected to 

immunofluorescence staining to identify and measure proliferating β-cells. Groups of 5-10 

mouse islets were transferred into wells of a 96-well plate and maintained in RPMI containing 

5.5mM glucose, 10% (v/v) FBS, 100U/mL penicillin, 100µg/mL streptomycin and 2mM L-

glutamine and in the absence or presence of Ccl4 (100ng/mL). Following a 72-hour incubation 

period at 37°C, 5% CO2 and 95% humidity, islets were fixed in 4% paraformaldehyde (PFA) 

for 45 minutes at room temperature. After washing three times in PBS, islets were 

permeabilised for 2 hours at room temperature on a plate shaker with 0.2% v/v Triton X-100 

in PBS supplemented with 0.8% FBS and 1% BSA. Islets were then incubated overnight with 

primary antibodies targeting insulin, glucagon, somatostatin, and the nuclear proliferation 

marker, Ki67 (Table 13) at room temperature on a plate shaker. Once primary antibody 

solutions were removed, islets were washed three times with PBS and subsequently treated 

with DAPI (1:500 dilution) and the corresponding secondary antibodies (Table 14). Incubation 

for 2 hours at room temperature on a plate shaker was followed by three washes with PBS. 

Islets were mounted on superfrost glass slides with DAPI-Fluoromount and topped with a 

coverslip. Slides were dried overnight at room temperature and either stored at 4°C for short-

term storage or at –20°C for long-term storage. Images were captured using a Nikon Eclipse 

Ti-E Inverted A1 inverted confocal microscope and analysed using ImageJ and Cell Profiler 

software. 

 

Table 13. List of primary antibodies used for immunofluorescence staining of mouse islets. 
 

 

Hormone/Protein 

 

Primary Antibody Dilution Supplier 

Insulin 
Guinea pig polyclonal 

anti-insulin 
1:200 

Abcam 

ab7842 

Glucagon 
Mouse monoclonal 

anti-glucagon 
1:1000 

Sigma Aldrich 

G2654  

Somatostatin 
Rat monoclonal 

anti-somatostatin 
1:65 

Abcam 

ab30788 

Ki67 
Rabbit polyclonal 

anti-Ki67 
1:200 

Abcam 

ab15580 
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Table 14. List of secondary antibodies used for immunofluorescence staining of mouse islets. 
 

 

Secondary Antibody 

 

Dilution 
Supplier/Catalogue 

Number 

Donkey anti-guinea pig 

Alexa Fluor 488 
1:200 

Jackson ImmunoResearch 

706-545-148 

Donkey anti-mouse 

Alexa Fluor 647 
1:500 

Invitrogen 

A31571 

Donkey anti-rat 

Alexa Fluor 647 
1:500 

Invitrogen 

A78947 

Donkey anti-rabbit 

Alexa Fluor 568 
1:500 

Invitrogen 

A10042 

 

2.11 Differentiation of 3T3-L1 preadipocyte cells 

 

The following work was carried out during a 3-month research stay at Le Centre de recherche 

du CHUM under the supervision of Dr Gareth Lim and funded by the Mitacs Globalinks 

Research Award in partnership with UK Research and Innovation (UKRI). 

 

2.11.1 Maintenance and subculture of 3T3-L1 preadipocyte cells 

 

Due to its capacity to differentiate into adipocytes, the established murine preadipocyte cell 

line, 3T3-L1, was used as a model of adipogenesis. Similar to endogenous preadipocytes, 

immortalised 3T3-L1 cells have a fibroblast-like morphology with few stored lipids (Cowherd 

et al., 1999). Exposure to a hormonal differentiation cocktail activates an adipogenic program 

which involves the expression and coordination of multiple cell cycle regulators and adipocyte-

specific transcription factors and genes at various stages. As triglyceride synthesis and lipid 

droplet accumulation increases, cells transform into a rounded morphology. Once terminally 

differentiated, 3T3-L1 adipocyte cells exhibit characteristics which resemble those of 

adipocytes found in vivo. This includes the expression of adipocyte genes, such as PPARγ, 

adipsin and leptin (Cowherd et al., 1999). 

 

3T3-L1 preadipocyte cells were grown as an adherent monolayer in 125cm2 flasks and 

maintained in sterile-filtered DMEM containing 25mM glucose, 10% (v/v) NCS, 100U/mL 

penicillin, 100µg/mL streptomycin and 2mM L-glutamine. Once 70-80% confluency was 

reached, cells were sub-cultured, and a portion were harvested for use in experimental 

protocols as previously described for MIN6 β-cells in Section 2.4.1. Care was taken to avoid 

100% confluency as 3T3-L1 preadipocyte cells lose their capacity to differentiate when they 

are overconfluent. Cells were maintained in culture at 37°C, 5% CO2 and 95% humidity. 

 

2.11.2 Induction of differentiation of 3T3-L1 preadipocyte cells 

 

Differentiation of 3T3-L1 preadipocyte cells to mature adipocytes was induced by a 

differentiation cocktail, referred to as MDi: DMEM containing 25mM glucose, 10% (v/v) FBS, 

100U/mL penicillin, 100µg/mL streptomycin, 2mM L-glutamine, 500μM 3-isobutyl-1-

methylxanthine (IBMX), 500nM dexamethasone (DEX) and 172nM insulin. Addition of MDi 

commits preadipocyte cells to adipogenesis by promoting the expression of adipogenic genes 
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(Stone & Bernlohr, 1990). 3T3-L1 preadipocyte cells (passage 8-16) were seeded into a 12-

well plate at a density of 90,000 cells/2mL/well in maintenance DMEM. Following a 48-hour 

incubation, cells were treated for a further 48 hours with DMEM or MDi in the absence or 

presence of recombinant mouse Ccl4 (100ng/mL). Cells were then washed with PBS and 

maintained in DMEM with 172nM insulin (committed cells) or without insulin (non-committed 

cells). Medium was replaced every 48 hours for a period of 6 days when differentiation of 3T3-

L1 cells was complete and ready for experimental protocols, as indicated below. 

 

2.11.3 RNA extraction and RT-qPCR in differentiated 3T3-L1 cells 

 

The extraction and purification of RNA from differentiated and non-differentiated 3T3-L1 cells 

were performed using the RNeasy Mini Kit, as described in Section 2.6.1, and RNA yield and 

purity were measured using a NanoDrop™ One spectrophotometer (Section 2.2.8). The 

synthesis of cDNA from the RNA template was performed using the High-Capacity cDNA 

Reverse Transcription Kit, as described in Section 2.2.9, and a Mastercycler® Nexus GX2. 

Expression of mRNAs encoding two key adipocyte proteins, PPARγ and adiponectin, was 

quantified using the SYBR Green-based qPCR protocol (Section 2.2.10), custom primers from 

Integrated DNA Technologies, and a QuantStudio™ 6 Flex Real-Time PCR System. 

Adiponectin expression significantly increases during adipogenesis (Trujillo & Scherer, 2005) 

which is induced by the master regulator, PPARγ (Yang et al., 2018), thus the expression of 

these two genes was used to determine adipocyte differentiation and maturity. The 

housekeeping gene, hypoxanthine phosphoribosyltransferase 1 (Hprt1), was used as an 

appropriate reference gene for 3T3-L1 adipocyte cells. 

 

2.11.4 Oil Red O staining and quantification 

 

Oil Red O (ORO) is a fat-soluble, hydrophobic diazo dye which stains lipids, fatty acids, and 

triglycerides with an orange-red tint (Du et al., 2023). As lipid droplet accumulation dramatically 

increases during adipocyte differentiation, visualisation and quantification of ORO 

incorporation into 3T3-L1 cells can be performed to assess adipogenesis. 0.7g ORO powder 

was dissolved overnight at room temperature in 100% isopropanol to generate a 0.7% (w/v) 

ORO stock solution. The solution was filtered through a 0.22µm membrane filter and stored 

at 4°C. 

 

At the end of the differentiation protocol (Section 1.5.1), 3T3-L1 cells were washed twice with 

PBS followed by exposure to 60% isopropanol for 10 minutes. All isopropanol was then 

removed to allow the cells to dry. ORO stock solution was diluted with dH2O (3:2 dilution), 

incubated at room temperature for 20 minutes, then filtered through a 0.22µm membrane filter. 

Cells were incubated with the ORO working solution at room temperature for 15 minutes, then 

washed four times with dH2O. During the final wash, images were captured using a light 

microscope to visualise ORO-stained stored lipid droplets within 3T3-L1 cells. The dH2O was 

removed, ORO was eluted from the cells by the addition of 100% isopropanol for 10 minutes 

at room temperature, then each sample was transferred, in duplicate, to a 96-well plate. Wells 

containing 100% isopropanol alone were used as a blank control. Absorbance was measured 

at a wavelength of 490-520nm using a Wallac 1420 Victor2™ microplate reader to quantify 

lipid content. 
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2.11.5 Western blotting 

 

Western blotting, also known as protein immunoblotting, is a widely used technique that 

involves antigen-antibody interactions to detect and identify specific proteins within a sample 

of tissue homogenate. The first step of the Western blot protocol is to separate proteins based 

on molecular weight using polyacrylamide gel electrophoresis. The separated proteins are 

then transferred to a membrane which is immunostained with primary and secondary 

antibodies to identify antigens of interest. In this thesis, Western blot experiments were 

performed using proteins extracted from 3T3-L1 cells to investigate the phosphorylation of key 

enzymes involved in insulin signalling and lipolysis. As described in Section 1.2.4, insulin 

action at IRs within the adipose tissue membrane stimulates the intracellular PI3K/AKT 

pathway. PI3K phosphorylates and activates AKT, a serine/threonine-specific protein kinase 

which mediates downstream insulin signalling. Consequently, the quantification of AKT 

phosphorylation is used as a measure of insulin transduction and sensitivity. As outlined in 

Section 1.2.3.2, stimulation of the HSL enzyme leads to FFA release from adipose tissue into 

the circulation. This is the result of its lipolytic action on stored triglycerides. HSL becomes 

activated when phosphorylated by PKA and is subsequently translocated to intracellular lipid 

droplets where it catalyses the first rate-limiting step in lipolysis (Anthonsen et al., 1998). 

Accordingly, the level of HSL phosphorylation can be quantified by western blotting to assess 

lipolysis within adipocyte cells. 

 

Western blot experiments began with the treatment of 3T3-L1 preadipocyte cells with either 

DMEM or MDi in the absence or presence of Ccl4 (100ng/mL), as described in Section 2.11.2. 

For the measurement of total AKT (t-AKT) and phosphorylated AKT (p-AKT), cells were 

incubated with 10nM or 100nM insulin for 15 minutes at 37°C, 5% CO2 and 95% humidity. For 

the measurement of total HSL (t-HSL) and phosphorylated HSL (p-HSL), cells were first 

incubated with starvation buffer consisting of KRBH and further supplemented with 5mM 

glucose and 0.2% BSA (pH 7.4 adjusted) for 2 hours at 37°C, 5% CO2 and 95% humidity. This 

was followed by a second incubation for an additional 2 hours with or without isoprenaline 

(1µM; also known as isoproterenol), a potent stimulator of lipolysis through activation of -

adrenergic receptors (Anthonsen et al., 1998). Proteins were extracted from 3T3-L1 cells using 

radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with phosphatase and 

protease inhibitors (Table 15). The buffer enables rapid and efficient lysis of cells for the 

extraction of whole-cell, membrane-bound and nuclear proteins (Jain et al., 2021), whilst 

phosphatase and protease inhibitors maintain protein phosphorylation and prevent 

proteolysis, respectively. Once 3T3-L1 cells were washed with PBS, 150µL/well of RIPA buffer 

was added and cells were incubated on ice for 15 minutes. A cell scraper was used to lift and 

transfer cell lysates into 1.5mL Eppendorf tubes for centrifugation at 18,500xg 4°C for 20 

minutes. The supernatants were collected, and protein concentration was determined using 

the Bradford method (Bradford, 1976). 
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Table 15. Preparation of RIPA lysis buffer for the extraction of proteins from 3T3-L1 cells. 
 

 

Reagent 

 

Volume/Mass (per L) Final Concentration 

β-glycerophosphate 10.8g 50mM 

HEPES 2.4g 10mM 

Triton X-100 10mL 1% (v/v) 

NaCl 4.1g 70mM 

 

Phosphatase inhibitors 

 

EGTA 20mL 2mM 

Na3VO4 5mL 1mM 

NaF 20mL 1mM 

 

Protease inhibitor cocktail 

 

Aprotinin 
10mL 

25µg/mL 

Leupeptin 10µg/mL 

 

The Bradford method is a protein determination method that uses Coomassie brilliant blue 

dye, which contains bicinchoninic acid (BCA). When exposed to cupric (Cu2+) ions within the 

reagent, sample proteins reduce these ions to cuprous (Cu+) ions to generate a blue protein-

dye complex that absorbs at a wavelength of 595nm (Bradford, 1976). The intensity of the 

blue colour is directly proportional to the protein content within a sample. The reagent used 

for the Western blot experiments described in this thesis was the Protein Assay Dye Reagent 

Concentrate. A standard curve was generated by performing a serial dilution of BSA using 

dH2O: 1.5, 3.0, 6.0 and 12.0µg/µL. 160µL of each standard concentration was transferred into 

a clear 96-well plate in duplicate with dH2O alone acting as a blank. Also in duplicate, by 

pipetting directly into the plate, 1µL of each supernatant sample containing unknown 

concentrations of protein was diluted in 159µL dH2O. Thereafter, 40µL/well of Protein Assay 

Dye Reagent Concentrate was mixed thoroughly with standard and sample volumes, and 

absorbance was measured at a wavelength of 595nm using a Wallac 1420 Victor2™ 

microplate reader. 

 

Once protein concentrations had been determined, 28µL of each sample were prepared: 7µL 

of a 1:10 mixture of 4X Laemmli Sample Buffer and β-ME were added to 60µg of protein 

supernatants and the remaining volume made up with RIPA lysis buffer. Samples were 

transferred to a heat block to denature proteins at 95°C for 15 minutes. 25µL of each 

denatured protein sample (2µg/µL) and 5µL of Precision Plus Protein Dual Color Standards 

were then loaded into previously prepared gels (Table 16) and subjected to sodium dodecyl-

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) using running buffer (Table 17) in 

a Mini-PROTEAN Tetra Vertical Electrophoresis Cell. The gel was run at 90V for 30 minutes 

immediately followed by 120V for 1-1.5 hours. Once proteins from 3T3-L1 cell lysates were 

separated by their molecular masses, the proteins were transferred onto a polyvinylidene 

fluoride (PDVF) membrane which was briefly submerged into 100% methanol. The gel, the 

membrane and stacking paper that was immersed in transfer buffer (Table 18) were locked 
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into a cassette and inserted into the Trans-Blot® Turbo™ Transfer System to run at 25V for 7 

minutes.  

 

Table 16. Preparation of resolving gel (10%) and stacking gel (4%) for the separation of proteins 

by sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE). SDS: sodium 

dodecyl-sulphate; AP: Ammonium persulphate; TEMED: Tetramethylethylenediamine. 
 

 

 

Resolving Gel 

 

Stacking Gel 

 

Reagent 

 

Volume (mL 

per 10mL) 
 

Volume (mL 

per 10mL) 

Final 

Concentration 

dH2O 7.2 - 5.84 - 

Acrylamide 4.9 20% (v/v) 0.96 4% (v/v) 

Bis solution 2.7 0.5% (v/v) 0.52 0.1% (v/v) 

Tris (pH 8.8) 5.0 750mM - - 

Tris (pH 6.8) - - 2.50 125mM 

SDS 0.2 0.2% (v/v) 0.10 0.1% (v/v) 

AP 0.1 0.1% (v/v) 0.05 0.05% (v/v) 

TEMED 0.01 0.01% (v/v) 0.01 0.01% (v/v) 

 

Table 17. Preparation of 1X running buffer for the separation of proteins by sodium dodecyl-

sulphate polyacrylamide gel electrophoresis (SDS-PAGE). SDS: sodium dodecyl-sulphate; DTT: 

dithiothreitol. 
 

 

Reagent 

 

Volume/Mass (per 1L) Final Concentration 

Tris-HCL 100mL 0.1M 

SDS 20.0g 2% (w/v) 

Glycerol 100mL 10% (v/v) 

DTT 7.7g 50mM 

 

Table 18. Preparation of 1X transfer buffer. 
 

 

Reagent 

 

Volume (per 100mL) Final Concentration 

H2O 60mL - 

EtOH 20mL 20% (v/v) 

Trans-Blot Turbo buffer 20mL 20% (v/v) 

 

The membrane was immediately washed with 1X PBS/Tween for 5 minutes then incubated in 

I-Block™ Protein-Based Blocking Reagent at room temperature for 1 hour to prevent non-

specific binding of primary and secondary antibodies. Thereafter, the membrane was 

incubated overnight at 4°C with the appropriate primary antibody (Table 19). The membrane 

was then washed five times with 1X PBS/Tween for 5 minutes each, followed by an incubation 

at room temperature for 1 hour with the corresponding horseradish HRP-conjugated 
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secondary antibody (Table 20). Once washed three times with 1X PBS/Tween for 5 minutes 

each, the membrane was exposed to a 1:1 mixture of Clarity Max Enhanced 

Chemiluminescence substrates which consisted of peroxide and luminol solutions. 

Immunoreactive proteins were then visualised and quantified using an iBright 1500 Imaging 

System. To immunostain with additional antibodies, the membrane was immersed in 

Restore™ Western Blot Stripping Buffer at room temperature for 15 minutes to remove 

primary and secondary antibodies. Following a wash with 1X PBS/Tween for 5 minutes and 

an hour incubation with I-Block™, the membrane was ready for re-probing. 

 

Table 19. List of primary antibodies used for Western blot experiments using proteins extracted 

from 3T3-L1 cells. Antibodies were prepared using I-Block™ as a diluent. 
 

 

Protein 

 

Primary Antibody Dilution Supplier 

p-AKT(Ser473) 
Rabbit monoclonal 

anti-phospho-AKT 
1:1000 

Cell Signalling 

4060 

t-AKT 
Mouse monoclonal 

anti-AKT 
1:1000 

Cell Signalling 

2920  

p-HSL(Ser660) 
Rabbit polyclonal 

anti-phospho-HSL 
1:1000 

Cell Signalling 

4126 

t-HSL 
Rabbit polyclonal 

anti-HSL 
1:1000 

Cell Signalling 

4107 

 

Table 20. List of HRP-conjugated secondary antibodies used for Western blot experiments using 

proteins extracted from 3T3-L1 cells. Antibodies were prepared using I-Block™ as a diluent. 
 

 

Secondary Antibody 

 

Dilution 
Supplier/Catalogue 

Number 

HRP-conjugated anti-mouse 1:5000 
Cell Signalling 

7076 

HRP-conjugated anti-rabbit 1:2000 
Cell Signalling 

7074 

 

2.12 Statistical analysis 

 

Numerical data are expressed as mean ± standard error of the mean (S.E.M). The number of 

biological replicates is indicated by the n-number (n). Statistical analyses were performed in 

GraphPad Prism 9 using an unpaired two-tailed t-test, an unpaired multiple t-test or a one-, 

two- or three-way ANOVA with the recommended multiple comparisons tests (Tukey’s or 

Holm-Šídák multiple comparisons tests) to determine the following significance levels for 

indicated comparisons: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Immunohistochemistry images were analysed using Cell Profiler (4.2.4) and ImageJ software. 

Melting profiles of PCR products were evaluated using LightCycler® software. Gene 

expression was relative to internal reference genes and was calculated using the ΔΔCt method 

(Pfaffl, 2001), where E = primer efficiency value; gioCt = Ct value of the gene of interest; hCt 

= Ct value of the housekeeping gene. 
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Chapter 3: Quantification of changes in isolated mature mouse adipocytes of 

islet GPCR peptide ligand mRNA expression with high-fat feeding 

 

3.1 Introduction 

 

Adipokines are secreted signalling peptides that have roles in a wide range of biological 

functions, including systemic lipid and glucose metabolism, local inflammation, and adipocyte 

differentiation and metabolism. The degree of adiposity profoundly affects the level of 

expression and secretion of multiple adipokines. In a healthy individual, tight regulation exists 

to maintain a balance between the release of anti-inflammatory, anti-diabetic adipokines and 

pro-inflammatory, pro-diabetic adipokines. The expansion of adipose tissue stores in obesity, 

particularly visceral adipose tissue, leads to an imbalance of these opposing groups of 

peptides, such that the level of pro-inflammatory and pro-diabetic adipokines, such as TNF-α 

and MCP-1/CCL2, supersedes (Gerst et al., 2019). It is unlikely that a single adipokine is 

responsible for the metabolic perturbations that accompany obesity, but multiple adipokines 

can operate cooperatively and/or synergistically to induce dysglycaemia. Not all adipokines 

are detrimental, however: adiponectin is an insulin-sensitising peptide that also increases 

insulin output (Gu et al., 2006), and adipsin also improves glucose homeostasis through 

stimulation of insulin secretion (Lo et al., 2014). It is readily accepted that enteroendocrine 

cells of the gastrointestinal tract secrete incretin peptides, such as GLP-1, that potentiate 

insulin secretion (Müller et al., 2019), but the concept of adipose tissue-islet crosstalk is not 

well-established. Given that GPCRs are a large receptor family that represent ~35% of all 

current drug targets for treatment across a wide range of diseases (Sriram & Insel, 2018), 

islets express mRNAs encoding nearly 300 GPCRs (Amisten et al., 2013) and adipose tissue 

is a source of signalling peptides (Khan & Joseph, 2014), it is hypothesised that adipokines 

crosstalk with islets, via GPCRs, and provide a mechanism through which functional β-cell 

mass is regulated in obesity. Therefore, the following chapters aimed to profile mRNA 

expression of adipokines that have been identified as ligands for islet GPCRs in visceral 

adipose tissue and to determine whether there were changes in expression with growing 

adiposity. 

 

Adipokines are secreted from mature adipocytes and from non-adipocyte cells, such as 

macrophages, that are found within the SVF of adipose tissue. To begin deciphering the 

contribution of adipocytes to overall adipokine secretion and their transcriptional dynamics in 

obesity, in this chapter, the expression levels of islet GPCR peptide ligand mRNAs were 

measured in mature adipocytes isolated from epididymal fat pads in lean and diet-induced 

obese mice. Previous comparisons between mouse and human islets revealed 189 GPCR 

mRNAs were shared between the two species (Amisten et al., 2017). The similarity in their 

expression profiles of GPCR mRNAs was deemed sufficient for results obtained using mouse 

tissue to be translated to humans (Amisten et al., 2017). Subsequently, the experiments 

described in this chapter screened a total of 155 peptide ligand mRNAs that target the 110 

peptide/protein-activated human islet GPCRs originally described by Amisten et al. (2013). 
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3.2 Methods 

 

3.2.1 Mature adipocyte isolation from mice 

 

Following rigorous troubleshooting and protocol optimisation, mature adipocytes were isolated 

from visceral epididymal adipose tissue retrieved from control diet-fed (10% fat) and high-fat 

diet-induced (60% fat) obese mice as described in Section 2.2. Due to a limited volume of 

adipose tissue in lean mice, epididymal fat pads from two mice were pooled to generate a 

single sample. Larger volumes of visceral adipose tissue present in diet-induced obese mice 

allowed sufficient adipocyte numbers to be isolated and processed per animal without the 

need for pooling. Isolated mature adipocytes were dissolved in TRIzol® Reagent, snap frozen 

in liquid nitrogen and stored at –70°C to await downstream processing. 

 

3.2.2 RNA extraction from mouse mature adipocytes 

 

The analysis of RNA quality and yield using differing methods of RNA extraction revealed a 

combination of the traditional TRIzol® Reagent method and the use of the commercial 

miRNeasy Mini Kit was superior in isolating sufficient high-quality RNA from isolated mature 

adipocytes (Section 2.2.6). The addition of chloroform and the separation of aqueous, 

interphase and organic phases were followed by several centrifugation cycles using spin 

columns and ethanol-based buffers. As outlined in Section 2.2.8, total RNA concentration and 

RNA purity, measured by 260/280 and 260/230 ratios, were assessed using the Nanodrop™ 

1000 spectrophotometer. Thereafter, RNA samples were either stored at –70°C or 

immediately processed for cDNA generation. 

 

3.2.3 RT-qPCR 

 

The High-Capacity cDNA Reverse Transcription Kit contained the necessary components for 

the conversion of mature adipocyte RNA to cDNA (40ng/µL) using a T100™ thermal cycler, 

as described in Section 2.2.9. Generated cDNA samples were subsequently used for the 

qPCR screening of 155 mRNAs encoding islet GPCR peptide ligands and positive control 

adipokine genes, adiponectin (AdipoQ) and leptin (Lep). The amplification of cDNA and 

quantification of mRNA expression followed a SYBR Green-based protocol and use of the 

LightCycler® 480 (Section 2.2.10). 

 

3.2.4 Agarose gel electrophoresis 

 

PCR products were subjected to validation by agarose gel electrophoresis to confirm that 

amplicons were of the predicted sizes and to determine the presence of adipocyte-exclusive 

genes following the isolation of mature adipocytes using newly optimised protocols. Section 

2.2.11 outlines the use of a GeneRuler™ 50bp DNA ladder as reference for products 

representing the positive control adipokine genes, AdipoQ and Lep, and islet GPCR peptide 

ligand genes. Amplicons were run using agarose gel electrophoresis and visualisation under 

UV light revealed investigative genes were expressed at varied levels in mature adipocytes. 
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3.3 Results 

 

3.3.1 Mouse characteristics and expression of islet GPCR peptide ligand mRNAs in mature 

adipocytes isolated from lean and diet-induced obese mice 

 

Mice fed a control diet of 10% fat had a mean terminal weight of 30.1±0.50g and a mean 

terminal non-fasting plasma glucose level of 8.9±0.47mM (Figure 18), indicating they were 

lean and had normoglycaemia at the time of tissue retrieval. On the other hand, mice fed a 

high-fat diet of 60% fat for 16 weeks were obese (45.6g±1.68g; p<0.0001) and hyperglycaemic 

(14.3±1.33mM glucose; p<0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Terminal weight (left) and non-fasting plasma glucose (right) measurements in 

C57BL/6 mice fed a control or high-fat diet for 16 weeks. Data are expressed as the mean ± S.E.M. 

Unpaired two-tailed t-test; n=4-8; ***p<0.001, ****p<0.0001 vs control. 

 

RT-qPCR was performed using RNA purified from isolated mature adipocytes from visceral 

epididymal adipose tissue retrieved from control-fed, lean mice and high-fat diet-fed, obese 

mice. Gene expression analysis showed 45 and 42 islet GPCR peptide ligand mRNAs were 

expressed in isolated mature adipocytes retrieved from lean and diet-induced obese mice, 

respectively (Figure 19). The remaining genes were either expressed at trace level (0.0001% 

to 0.001% relative to Actb expression) or absent (<0.0001% of Actb). Positive control 

genes, Lep and AdipoQ, confirmed amplification of PCR products from mature adipocyte 

cDNA. The Venn diagrams in Figure 19 illustrate these three categories of GPCR peptide 

ligand mRNA expression in isolated mature adipocytes from lean (blue) and obese (orange) 

mice with pink intersections representing the overlap in mRNA expression between lean and 

obese groups. Thus, 38 of the expressed genes were common to mature adipocytes isolated 

from both lean and diet-induced obese mice. Furthermore, of the 155 mRNAs quantified, 18 

and 92 were expressed at trace levels or absent in lean mice, while 21 and 92 were trace or 

absent in obese mice, with overlaps of 12 and 89 mRNAs in these categories.  
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Figure 19. Proportions of islet GPCR peptide ligand mRNAs classified as being expressed, at 

trace level, or absent in mature adipocytes isolated from visceral adipose tissue retrieved from 

lean and obese mice. Data were obtained by RT-qPCR quantifications of RNA isolated from 4 pooled 

samples from 8 lean mice (blue) and 4 samples from diet-induced obese mice (orange). Genes common 

to both lean and obese mice are shown by the pink intersections. Expressed >0.001% relative to Actb; 

trace = 0.0001% to 0.001% relative to Actb; absent < 0.0001% relative to Actb. 

 

3.3.2 Expression of islet GPCR peptide ligand mRNAs in mature adipocytes isolated from 

visceral adipose tissue retrieved from lean mice 

 

Of the 45 islet GPCR peptide ligand mRNAs expressed in isolated mature adipocytes retrieved 

from lean mice, Anxa1, encoding annexin A1, displayed the greatest level of mRNA 

expression (0.541±0.0618 relative to Actb) (Figure 20). There was also high expression of 

mRNAs encoding the complement peptide, C4a (0.373±0.0878 relative to Actb) and collagen 

type IV α-1 chain, Col4a1 (0.245±0.0351 relative to Actb). In contrast, mRNAs encoding 

neuropeptide Y, Npy (0.001±0.0002 relative to Actb), collagen type IV α-5 chain, Col4a5 

(0.001±0.0001 relative to Actb), and chemokine, Cxcl11 (0.001±0.0001 relative to Actb), were 

expressed at low levels in isolated mature adipocytes from lean mice. 
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Figure 20. Islet GPCR peptide ligand mRNA expression in mature adipocytes isolated from 

visceral adipose tissue retrieved from lean mice. Data were generated by RT-qPCR and are 

displayed relative to expression of the housekeeping gene, Actb (n=4 pooled samples from 8 lean mice). 

 

3.3.3 Expression of islet GPCR peptide ligand mRNAs in mature adipocytes isolated from 

visceral adipose tissue retrieved from diet-induced obese mice 

 

The quantification of islet GPCR peptide ligand mRNAs in mature adipocytes isolated from 

visceral adipose tissue retrieved from diet-induced obese mice revealed a similar profile of 

expression with Anxa1 (0.557±0.067 relative to Actb), Col4a1 (0.315±0.0563 relative to Actb), 

and C4a (0.300±0.0785 relative to Actb), also being the most abundant mRNAs quantified 

(Figure 21). mRNAs encoding Cxcl14 (0.002±0.0003 relative to Actb), Apln (0.001±0.0003 

relative to Actb) and Wnt5b (0.001±0.0003 relative to Actb) were expressed at low levels in 

isolated mature adipocytes from diet-induced obese mice. 
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Figure 21. Islet GPCR peptide ligand mRNA expression in mature adipocytes isolated from 

visceral adipose tissue retrieved from diet-induced obese mice. Data were generated by RT-qPCR 

and are displayed relative to expression of the housekeeping gene, Actb (n=4). 

 

3.3.4 Comparative analysis of islet GPCR peptide ligand mRNA expression in isolated 

mature adipocytes between lean and diet-induced obese mice 

 

The mRNA expression of islet GPCR peptide ligands in mature visceral adipocytes was 

significantly altered as a result of high-fat feeding. Figure 22 illustrates key adipokine genes 

whose expression is either upregulated or downregulated in obesity, with a focus on those 

mRNAs whose expression was above trace level in mature adipocytes isolated from lean 

and/or diet-induced obese mice. It can be seen that Ghrh and Ccl19 mRNAs exhibit the most 

marked upregulation with high-fat feeding (6810±1833.4% and 884±254.4% of control diet 

expression, respectively) which proved significant when data from mature adipocyte samples 

were compared between lean and diet-induced obese mice (Supplementary Table 21). In 

contrast, mRNAs encoding Cxcl3 and Agt were markedly decreased in expression with high-

fat feeding, however, only reduction in Agt mRNA was statistically significant (17.2±2.9% of 

control diet expression) (Supplementary Table 21). A cluster of adipokines showed no 

significant changes in their mRNA expression with high-fat feeding, including Anxa1 

(103±12.4% of control diet expression), Ccl4 (119±30.6% of control diet expression) and Calca 

(96.9±8.8% of control diet expression). 

 

Adiponectin and leptin were used as positive control genes based on their exclusive 

production and secretion from adipose tissue which changes in magnitude with growing 

adiposity (Arita et al., 1999; Considine et al., 1996). As expected, Lep and AdipoQ mRNAs 

were readily detectable in mature adipocytes isolated from visceral fat depots, with a 

significant increase in Lep (457±112.3% of control diet expression) and a decrease in AdipoQ 

(53.8±6.0% of control diet expression) in obesity (Supplementary Table 21). Supplementary 
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Table 21 also indicates that some GPCR peptide ligand mRNAs that were considered to be 

absent, because they were expressed at <0.0001% relative to Actb, or expressed at trace 

levels (0.0001% to 0.001% relative to Actb expression) in adipose tissue from lean mice were 

significantly downregulated in obesity: Qrfp (92.3±3.7% decrease), Rln1 (92.1±4.8% 

decrease), Rspo3 (88.6±8.3% decrease), Wnt4 (84.8±8.8% decrease), Col4a6 (59.6±14.6% 

decrease), Wnt10b (54.8±16.2% decrease), and Ppbp (42.9±8.5% decrease). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Upregulated and downregulated islet GPCR peptide ligand mRNAs in mature 

adipocytes isolated from visceral adipose tissue from lean and diet-induced obese mice. Data 

were generated by RT-qPCR and are displayed as fold change of mean expression values in obese vs 

lean mice (upregulated: >1; downregulated: <1), relative to the housekeeping gene, Actb (n=4 per 

group). 

 

3.3.5 Confirmation of amplicons from isolated mature adipocyte qPCR screening 

 

The amplification of target DNA sequences during qPCR screenings was validated by agarose 

gel electrophoresis. Figure 23 shows a representative agarose gel whereby PCR products 

from isolated mature adipocytes were run. Following RT-qPCR experiments, Lep, AdipoQ and 

Anxa1 were found to be highly expressed, whilst Aldh1a2 and Aldh1a3 were expressed at 

trace level. This was reflected in the greater intensity of representative bands for Lep (134 bp), 

AdipoQ (135 bp) and Anxa1 (170 bp) genes compared to bands representing Aldh1a2 (86 bp) 

and Aldh1a3 (72 bp). Adcyap1 (92 bp) was identified as absent within isolated mature 

adipocytes; this was supported by the absence of amplicon bands in the agarose gel. Based 

on expected amplicon sizes, the amplification of target DNA sequences from isolated mature 

adipocytes was successfully validated. 
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Figure 23. Agarose gel electrophoresis (1% agarose) of amplified PCR products from isolated 

mature adipocytes. Lanes: (1-2) Lep; (3-4) Aldh1a2; (5-6) AdipoQ; (7-8) Aldh1a3; (9-10) Adcyap1; 

(11-12) Anxa1. Lane M: GeneRuler 50bp DNA ladder. 

 

3.4 Discussion 

 

The present chapter described quantification of islet GPCR peptide ligand genes in cDNAs 

from high triglyceride-containing mature adipocytes. The success of the adipocyte isolation 

protocol and RNA isolation was measured by both RNA yield and purity (see Section 2.2.8), 

and later confirmed by the presence and quantification of the adipocyte-exclusive genes, 

adiponectin and leptin, by qPCR and gel electrophoresis. Protocol optimisation facilitated the 

generation of sufficient, high-quality RNA to characterise the mRNA profiles of 155 islet GPCR 

peptide ligands in epididymal fat depots retrieved from mice fed a control diet (10% fat) or a 

high-fat diet (60%). A deeper understanding of the genotypic changes within visceral 

adipocytes under normal and abhorrent metabolic states was subsequently gained. 

 

In lean and obese mice, Anxa1, which encodes the phospholipid-binding protein annexin A1, 

was the most highly expressed islet GPCR ligand mRNA in mature adipocytes and its 

expression was not significantly changed with high-fat feeding. This is inconsistent with a 

recent high throughput screening study of alterations in mouse adipocyte transcriptional 

profiles which identified Anxa1 expression in epididymal adipocytes isolated from mice 

maintained on a 60% fat diet for 12 weeks was 364±26.4% of that quantified in adipocytes of 

mice fed a 10% fat diet (GEO Accession Viewer, 2022; Zapata et al., 2022). When comparing 

with the experimental design described here, this study used C57BL/6 mice that were 6-7 

weeks younger at the time of adipocyte isolation, and the duration of high-fat feeding was 4 

weeks shorter. Thus, the differences in methodology may explain the discrepancy between 

the data presented here and the recent study that reported upregulation of adipocyte Anxa1 

mRNA expression in obesity. Annexin A1 is known to have beneficial effects in islets by 

potentiating glucose-stimulated insulin release and protecting against apoptosis via binding to 

the formylpeptide receptor, FPR2 (Kreutter et al., 2017; Rackham et al., 2018). 

 

In addition to the Anxa1 gene, C4a and Col4a1 mRNAs encoding complement factor 4A and 

collagen type IV α-1 chain, respectively, are shared in lean and obese mature adipocytes as 

the most abundantly expressed adipokines which target islet GPCRs. 
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C4a is an integral protein in the complement system with a role in immune surveillance and 

defence, but its role in glucose homeostasis is not well-defined. C3AR1, C5AR1 and C5AR2 

receptors are thought to be activated by C4a, and while these receptors are expressed by 

human islets, the effect of C4a on islet hormone secretion is unknown (Amisten et al., 2013). 

Similarly, little is known about its effects on peripheral insulin sensitivity although loose 

associations between C4a and glucose regulation in T1D and T2D have been reported 

(Kingery et al., 2012). Higher gene copy-number and plasma protein levels of C4a appear to 

correlate with higher C-peptide levels and the preservation of residual β-cell function in new-

onset T1D (Kingery et al., 2012). Circulating C4 levels are also associated with an occurrence 

of metabolic syndrome and several risk factors for cardiovascular disease, including BMI, 

waist circumference, fasting plasma glucose levels and insulin resistance (Bratti et al., 2017; 

Nilsson et al., 2014). Serum C4 concentrations are significantly greater in obese individuals 

than lean subjects (Bratti et al., 2017). However, given C4a mRNA expression is unchanged 

in isolated mature adipocytes with high-fat feeding, it is unlikely that the increased circulating 

C4 observed in obesity originates from adipocytes. 

 

Positive effects of collagen type IV α1 (Col4a1) and its associated gene, Col4a2, encoding 

collagen type IV α2, on insulin secretion have been reported. Both Col4a1 and Col4a2 form 

collagen type IV heterotrimers (α1α1α2) which polymerise into protein complexes that are the 

main component of basement membranes (Kuo et al., 2012). Accordingly, the two peptides 

are abundantly expressed in almost all tissues. Collagen type IV is also an agonist for the 

GPCR, GPR126, expressed within mouse and human islet membranes (Olaniru et al., 2015). 

Short-term treatment with collagen type IV augmented basal and glucose-stimulated insulin 

secretion and enhanced viability of MIN6 β-cells (Olaniru et al., 2015). In contrast, long-term 

treatment significantly reduced insulin mRNA expression and insulin content within human β-

cells (Kaido et al., 2006), indicating that collagen IV peptides are not a suitable treatment for 

chronic human diseases like T2D. 

 

The mRNA expression of several islet GPCR peptide ligands in mature adipocytes were 

altered in obesity and the most upregulated was Ghrh encoding growth hormone-releasing 

hormone. This is consistent with findings of upregulated Ghrh mRNA in mature adipocytes 

isolated from morbidly obese humans (Rodríguez-Pacheco et al., 2017). GHRH is secreted 

from a variety of tissues, and it binds to the Gαs-coupled receptor, GHRH-R, to stimulate the 

release of growth hormone (GH) from the anterior pituitary. GH targets adipocytes to induce 

lipolysis whilst inhibiting lipogenesis to dampen adipose tissue growth. In obesity, however, a 

reduction in GH secretion is consistently observed (Ghigo et al., 1992; Iranmanesh et al., 

1991; Riedel et al., 1995; Veldhuis et al., 1991) which promotes further visceral fat 

accumulation, thereby feeding into a vicious cycle. Increased Ghrh expression in isolated 

mature adipocytes may be compensatory for impaired responses to GH in obese patients 

(Williams et al., 1984). GHRH-R has also been detected in the INS-1 cell line, and in rat and 

human islets (Amisten et al., 2013; Atanes et al., 2021; Ludwig et al., 2010), and when 

stimulated, leads to increased islet cell proliferation and glucose-stimulated insulin secretion, 

and decreased apoptosis (Ludwig et al., 2010). The metabolic actions of GHRH and GH have 

motivated the development of tesamorelin, a GHRH analogue (Makimura et al., 2012; Stanley, 

Chen, et al., 2011; Stanley et al., 2012, 2014; Stanley, Falutz, et al., 2011). Visceral fat mass 

and circulating triglycerides are significantly diminished in tesamorelin-treated individuals with 

excessive adiposity and it is currently prescribed for human immunodeficiency virus (HIV)-

associated lipodystrophy. The translation to improved glucose regulation, however, has been 
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inconsistent as indicated by reports of unchanged, negative and positive effects on fasting and 

2-hour plasma glucose, HbA1c and insulin sensitivity measures (Falutz et al., 2010; Makimura 

et al., 2012; Stanley et al., 2012, 2014).  

 

Downregulated mRNAs within obese mouse mature adipocytes include Cxcl3 which encodes 

chemokine (C-X-C motif) ligand 3 and this mRNA showed the largest reduction in expression 

with high-fat feeding. Cxcl3 is a chemotaxis peptide that promotes the movement of 

neutrophils to sites of inflammation and injury. It is one of many ligands that target Cxcr2, a 

GPCR whose expression in islet membranes is negatively associated with transplanted islet 

survival due to immune cell recruitment (Citro et al., 2012). In addition, the expression of Cxcl3 

mRNA within adipocytes is stimulated during adipogenesis and Cxcl3 is thought to be a 

promoting factor of the process (Kusuyama et al., 2016). Therefore, reduced Cxcl3 mRNA 

may contribute to severe impairment in adipocyte differentiation in obesity (Sánchez-Ceinos 

et al., 2021).  

 

In summary, the optimisation of adipocyte isolation protocols led to the quantification of 

mRNAs encoding islet GPCR peptide ligand mRNAs in mature adipocytes from lean and 

obese mice. Significant alterations in expression of some genes were revealed in obesity. This 

study alone cannot determine the contribution of mature adipocytes to the overall secretome 

of adipose tissue. Parallel quantification of obesity-induced changes in mRNA expression in 

whole adipose tissue will shine a light on the source of upregulated or downregulated 

adipokines, i.e. from mature adipocytes or from cells within the non-adipocyte SVF fraction. 

This was examined in Chapter 4. 
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Chapter 4: Quantification of changes in whole mouse adipose tissue of islet 

GPCR peptide ligand mRNA expression with high-fat feeding 

 

4.1 Introduction 

 

The previous chapter, which determined the expression level of islet GPCR peptide ligand 

mRNAs in isolated mature adipocytes from lean and diet-induced obese mice, emphasises 

the dynamics of the adipocyte secretome and its dependence on metabolic conditions. 

However, as previously described in Section 1.5.1, adipose tissue consists of mature 

adipocytes and several other peptide-secreting cell types present in inconsistently reported 

proportions. If mature adipocytes are present in a minority proportion, their contribution of 

expressed and secreted islet GPCR peptide ligands and/or their influence on islet function 

may be marginal compared to the contributions from other cell types within the tissue. In 

consequence, the use of isolated mature adipocytes may not be appropriate to assess 

changes in the expression of adipose tissue-derived islet GPCR peptide ligand mRNAs 

between lean and obese states.  

 

The current chapter reports a parallel qPCR screening using whole visceral adipose tissue 

which allowed the comparison of mRNA expression profiles between isolated mature 

adipocytes and whole adipose tissue. This provided insight into the contribution of mature 

adipocyte cells to adipokine production in adipose tissue. The comparison also assisted in 

deciding whether isolated mature adipocytes or whole adipose tissue was the optimal starting 

material for future experiments using additional models of obesity. It is important to note the 

requirement to age-match mouse models when making comparisons at whole organ-level and 

at the cellular level due to potential changes in mRNA expression of islet GPCR peptide 

ligands with increasing age. Ageing accompanies a change in the gene expression profiles of 

all tissues and can cause alterations in adipose tissue function and composition (Mancuso & 

Bouchard, 2019). Moreover, with age comes a redistribution of lipids from subcutaneous to 

visceral adipose tissue compartments and the deposition of ectopic fat into non-adipose tissue 

organs. This is, in part, the result of reductions in hormone levels, particularly sex hormones, 

and in the cellularity and function of subcutaneous fat depots. In turn, the expression and 

secretion of adipokines become altered, and the physiological processes within fat and other 

tissues which they regulate become affected. Such processes include inflammation (Mancuso 

& Bouchard, 2019) with current evidence showing elevated pro-inflammatory markers and 

chronic inflammation in ageing, a phenomenon known as “inflammageing” (Ferrucci & Fabbri, 

2018). These age-associated changes are supported by an analysis of gene expression within 

subcutaneous adipose tissue retrieved from 856 female twins aged 39-85 years (Glass et al., 

2013). Use of a linear mixed model revealed 188 genes were differentially expressed within 

adipose tissue with increasing age. Of these 188 age-related genes, 50.8% declined in their 

level of expression (Glass et al., 2013). 

 

Consequently, in this chapter, a qPCR screening of islet GPCR peptide ligand mRNAs was 

performed in whole epididymal adipose tissue retrieved from lean and diet-induced obese 

mice of similar age to those used for the analysis of isolated epididymal mature adipocytes to 

rule out any influence of ageing on the level of mRNA expression. Identical methodology 

concerning mouse strain, diet composition, duration of feeding and data analysis was also 

adopted. Furthermore, consistent with the qPCR screening of mature adipocytes, the same 
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155 peptide ligand mRNAs that target the 110 peptide/protein-activated human islet GPCRs 

originally described by Amisten et al. (2013) were quantified in whole adipose tissue. 

 

4.2 Methods 

 

4.2.1 Total RNA extraction from mouse epididymal adipose tissue 

 

Total RNA was isolated from whole epididymal adipose tissue retrieved from control diet-fed 

(10% fat) and high-fat diet-fed (60% fat) obese mice using the optimised standardised protocol 

outlined in Section 2.2. Fat pads were homogenised in TRIzol® using a TissueLyser II and 

stainless-steel beads prior to centrifugation and the retrieval of the RNA-containing phenol 

phase. Once the phenol phase was topped up with TRIzol® Reagent to 1mL total volume, the 

remaining steps followed the RNA isolation protocol outlined in Section 2.2.6 at the point of 

chloroform addition. The aqueous, interphase and organic phases were separated, and total 

RNA was extracted and purified by several centrifugation cycles using spin columns and 

ethanol-based buffers. RNA yield and purity were measured by the NanoDrop™ 1000 

spectrophotometer. Samples were either stored at –70°C or immediately processed for the 

generation of cDNA. 

 

There were several advantages of using whole adipose tissue without the separation of the 

mature adipocyte and non-adipocyte fractions: 1) an entire step of mature adipocyte isolation 

was bypassed making the protocol far less labour intensive and complex; 2) the pooling of fat 

pads from two animals is only necessary to increase the yield of mature adipocytes during 

their isolation, therefore, fewer mice were required when processing whole adipose tissue; 

and 3) the use of fewer animals, reagents and equipment rendered the analysis of whole 

adipose tissue less expensive overall, and thus fits with 3Rs requirements. 

 

4.2.2 RT-qPCR 

 

The generation of cDNA and the screening of islet GPCR peptide ligand mRNAs by qPCR in 

whole fat followed identical protocols to those performed in isolated mature adipocytes. 

Conversion of adipose RNA to cDNA (40ng/µL) used components of the High-Capacity cDNA 

Reverse Transcription Kit and a T100™ thermal cycler, as described in Section 2.2.8. The 

expression of 155 islet GPCR peptide ligand mRNAs were quantified using a SYBR Green-

based qPCR protocol and the LightCycler® 480. Again, the adipokines, AdipoQ and Lep, were 

included in the screen as positive control genes (Section 2.2.10). 

 

4.2.3 Ccl4 ELISA using mouse plasma 

 

Blood samples were collected from control diet-fed (10% fat) and high-fat diet-fed (60% fat) 

obese mice by cardiac puncture at the end of the diet interventions (Sections 2.3.1 and 2.3.2). 

Samples were then processed to extract cell-free plasma and colorimetric quantification of 

Ccl4 concentrations was determined using a Mouse MIP-1 beta/CCL4 ELISA Kit, as described 

in Section 2.3.3. 
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4.3 Results 

 

4.3.1 Mouse characteristics and expression of islet GPCR peptide ligand mRNAs in visceral 

whole adipose tissue from lean and diet-induced obese mice 

 

The five mice fed on the 10% fat diet had a mean weight of 29.8±0.15g at the time of tissue 

retrieval, while those maintained on the 60% fat diet weighed 51.1±0.59g (p<0.0001) and the 

fasting blood glucose levels were 5.3±0.77mM and 8.3±0.47mM (p<0.05), respectively (Figure 

24).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Terminal weight (left) and fasting plasma glucose (right) measurements in C57BL/6 

mice fed a control or high-fat diet for 16 weeks. Data are expressed as the mean ± S.E.M. Unpaired 

two-tailed t-test; n=5 per group; *p<0.05, ****p<0.0001 vs control. 

 

RT-qPCR screening of islet GPCR peptide ligands indicated that 45 and 40 mRNAs were 

expressed in visceral adipose tissue retrieved from control diet-fed (lean) and high fat diet-fed 

(obese) mice, respectively (Figure 25) following the RT-qPCR screening of 155 genes that 

encode ligands for islet GPCRs. The remaining mRNAs were either expressed at trace level 

(0.0001% to 0.001% relative to Actb expression) or absent (<0.0001% of Actb). The Venn 

diagrams in Figure 25 show these three categories of GPCR peptide ligand mRNA expression 

in adipose tissue from lean (blue) and obese (orange) mice and the overlap in expression of 

mRNAs is shown in the pink intersection. Thus, 35 of the expressed genes were common to 

the adipose tissue from both lean and obese mice. In addition, of the 155 mRNAs quantified 

28 and 82 were expressed at trace levels or absent or in lean mice, while 25 and 90 were 

trace or absent in obese mice, with overlaps of 12 and 75 mRNAs in these categories (Figure 

25). 
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Figure 25. Proportions of islet GPCR peptide ligand mRNAs classified as being expressed, at 

trace level, or absent in visceral adipose tissue retrieved from lean and diet-induced obese mice. 

Data were obtained by RT-qPCR quantifications of RNA isolated from 5 lean (blue) and 5 obese 

(orange) mice. Genes common to both lean and obese mice are shown by the pink intersections. 

Expressed >0.001% relative to Actb; trace = 0.0001% to 0.001% relative to Actb; absent < 0.0001% 

relative to Actb. 

 

4.3.2 Expression of islet GPCR peptide ligand mRNAs in whole adipose tissue retrieved from 

lean mice 

 

Of the 45 islet GPCR peptide ligand mRNAs expressed in whole adipose tissue retrieved from 

lean mice, Agt, encoding angiotensinogen, displayed the greatest level of mRNA expression 

(0.254±0.0620 relative to Actb) (Figure 26). There was also high expression of mRNAs 

encoding the complement peptide, C3 (0.238± 0.0715 relative to Actb) and for collagen type 

III α-1 chain, Col3a1 (0.205±0.1095 relative to Actb). In contrast, mRNAs encoding calcitonin-

related polypeptide α, Calca (0.001±0.0002 relative to Actb), the Wnt ligand, Wnt9a 

(0.001±0.0002 relative to Actb), and osteocalcin, Bglap (0.001± 0.0011 relative to Actb) were 

expressed at low levels in whole adipose tissue from lean mice. 
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Figure 26. Islet GPCR peptide ligand mRNA expression in visceral adipose tissue retrieved from 

lean mice. Data were generated by RT-qPCR and are displayed relative to expression of the 

housekeeping gene, Actb (n=5). 

 

4.3.3 Expression of islet GPCR peptide ligand mRNAs in whole adipose tissue retrieved from 

diet-induced obese mice 

 

The quantification of islet GPCR peptide ligand mRNAs in whole adipose tissue from diet-

induced obese mice revealed Anxa1 (0.423±0.0688 relative to Actb), C3 (0.145± 0.0287 

relative to Actb), and Col4a1 (0.126± 0.0215 relative to Actb) were the most abundant mRNAs 

quantified while mRNAs encoding Col4a6 (0.001±0.0006 relative to Actb), Npy (0.001±0.0003 

relative to Actb) and Rdh10 (0.001±0.0002 relative to Actb) were expressed at low levels in 

whole adipose tissue from diet-induced obese mice (Figure 27). 
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Figure 27. Islet GPCR peptide ligand mRNA expression in visceral adipose tissue retrieved from 

diet-induced obese mice. Data were generated by RT-qPCR and are displayed relative to expression 

of the housekeeping gene, Actb (n=5). 

 

4.3.4 Comparative analysis of islet GPCR peptide ligand mRNA expression in whole adipose 

tissue between lean and diet-induced obese mice 

 

The dynamics of visceral adipose tissue mRNA expression between lean and obese 

conditions can be clearly shown by Figure 28 in which islet GPCR peptide ligand mRNAs were 

upregulated or downregulated in whole fat depots with high-fat feeding. It can be seen that 

Npy, Ccl4, Ccl3, Ccl5 and Anxa1 mRNAs exhibit the most marked upregulation with high-fat 

feeding (2502±610%, 1112±167%, 820±200%, 342±130% and 329±54% of control diet 

expression, respectively) and all of these, except Ccl5, showed significant upregulation when 

data from the five lean and five obese adipose tissue samples were compared (Supplementary 

Table 22). Figure 28 also shows that mRNAs encoding Agt (96.9±0.8% decrease), Ccl17 

(96.3±0.8% decrease) and Ccl24 (87.9±0.5% decrease) were markedly downregulated with 

high-fat feeding, although of these, only changes in Agt were statistically significant 

(Supplementary Table 22). 

 

As expected, Lep and AdipoQ were readily detectable in epididymal adipose tissue and there 

was a significant increase in Lep (286±33% of control diet expression) and a decrease in 

AdipoQ (37.7±7.3% of control diet expression) in obesity (Supplementary Table 22). Like data 

retrieved from isolated mature adipocytes, several islet GPCR peptide ligand mRNAs 

considered to be absent (<0.0001% of Actb) or expressed at trace levels (0.0001% to 0.001% 

relative to Actb expression) in adipose tissue from lean mice were significantly upregulated or 

downregulated as a result of high-fat feeding. Thus, Ghrh, Cck, C5 and Ccl2 were upregulated 

(1759±618%, 1408±314%, 1119±370% and 955±104% of control diet expression, 

respectively) in epididymal adipose tissue isolated from obese mice, whereas there were 
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significant reductions in several non-abundant mRNAs including Cxcl3 (94.7±3.0% decrease) 

Wnt4 (94.5±1.3% decrease), Wnt7b 84.6±3.4% decrease) and Col4a4 (81.5±5.0% decrease) 

(Supplementary Table 22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Upregulated and downregulated islet GPCR peptide ligand mRNAs in visceral adipose 

tissue retrieved from lean and obese mice. Data were generated by RT-qPCR and are displayed as 

fold change of mean expression values in obese vs lean mice (upregulated: >1; downregulated: <1), 

relative to the housekeeping gene, Actb (n=5 samples per group). 

 

4.3.5 Quantification of plasma Ccl4 levels in lean and diet-induced obese mice 

 

There have been several studies investigating the effects of NPY, the product of the most 

upregulated mRNA in adipose tissue in obesity, on islet function (Bennet et al., 1996; Franklin 

et al., 2018; Imai et al., 2007; Yang et al., 2022), but nothing is known about the chemokine 

Ccl4, encoded by the second most highly upregulated mRNA, Ccl4. For Ccl4 to have 

functional effects on islets, it must be translated and secreted from adipose tissue. Therefore, 

to determine whether the alterations in Ccl4 mRNA expression in visceral adipose tissue were 

accompanied by alterations in circulating peptide levels, plasma samples were extracted from 

control diet-fed (10% fat) and high-fat diet-fed (60% fat) mice and circulating Ccl4 levels were 

quantified using a solid-phase sandwich ELISA. Lean mice had a mean plasma Ccl4 

concentration of 5.6±1.0pg/mL whereas circulating Ccl4 levels in diet-induced obese mice 

were markedly higher at 11.2±2.1pg/mL (p=0.054) (Figure 29). 
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Figure 29. Terminal plasma Ccl4 levels in C57BL/6 mice fed a control or high-fat diet for 16-

weeks. Data are expressed as the mean ± S.E.M. Unpaired two-tailed t-test; n=5-6 per group. 

 

4.4 Discussion 

 

Experiments described in the present chapter characterised the mRNA profiles of islet GPCR 

peptide ligands in whole visceral adipose tissue from lean and diet-induced obese mice, and 

subsequently provided insight into the dynamics of adipokine mRNAs under healthy and 

abnormal metabolic states. The most abundant islet GPCR peptide ligand mRNA in adipose 

tissue isolated from lean mice was angiotensinogen, encoded by Agt, and its expression was 

significantly downregulated over 32-fold in obese mice. Angiotensinogen is a precursor for all 

angiotensin peptides, the most prominent being angiotensin II – a major regulator of water, 

sodium, and blood pressure within the renin-angiotensin system (RAS) (Lu et al., 2016). 

Although islets express AT1 receptors and exogenous angiotensin stimulates insulin secretion 

(Ramracheya et al., 2006), the systemic hypertensive effects of angiotensin preclude its use 

therapeutically in diabetes. In fat pads retrieved from obese mice, Anxa1 was the most highly 

expressed ligand mRNA. As discussed in the previous chapter in which Anxa1 was identified 

as being the most abundant islet GPCR peptide ligand mRNA in lean and obese mature 

adipocytes, annexin A1 has been shown to improve islet function by enhancing glucose-

stimulated insulin secretion and protecting against β-cell apoptosis via FPR2 binding (Kreutter 

et al., 2017; Rackham et al., 2018). 

 

Neuropeptide Y, encoded by Npy, was upregulated over 25-fold in adipose tissue from obese 

mice and previous studies have detected elevated plasma Npy levels in obese mice (Kuo et 

al., 2007), and humans (Baranowska et al., 1997). Interestingly, the increase in circulating Npy 

in obese humans coincided with a pronounced upregulation in Npy expression within 

subcutaneous fat depots, suggestive of an adipose tissue source (Baranowska et al., 1997). 

Furthermore, Npy has autocrine effects to stimulate preadipocyte proliferation and 

adipogenesis, leading to significant adipose tissue expansion and enhanced Npy secretion 

(Kuo et al., 2007). Npy inhibits glucose-stimulated insulin secretion (Bennet et al., 1996) and 

islet-specific Npy deletion in mice enhanced basal and glucose-stimulated insulin secretion, 

which was attributed to a significantly greater islet area compared to their wild-type littermates 

(Imai et al., 2007). However, despite its negative regulation of insulin secretory function, there 
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is evidence of Npy promoting β-cell proliferation and protecting against cytokine- and 

streptozotocin-induced islet apoptosis (Franklin et al., 2018). 

 

While Npy has established effects on islet function, the >11-fold upregulation of mRNA 

encoding chemokine (C-C motif) ligand 4 (Ccl4), identifies this as a candidate of interest for 

investigations into a potential role in regulating insulin secretion and functional β-cell mass. 

Ccl4, also known as macrophage inflammatory protein-1β (MIP-1β), is a chemoattractant 

protein produced by endothelial and epithelial cells, fibroblasts, neutrophils, monocytes and 

lymphocytes, and it has an established role in promoting leukocyte activation and recruitment 

to sites of inflammation (Estevao et al., 2021). The observations here of significant 

upregulation of Ccl4 mRNA epididymal adipose tissue from diet-induced obese mice are 

consistent with an earlier report of a significant rise in Ccl4 mRNA expression in epididymal 

fat depots from mice fed a high-fat diet for 10 weeks (Kitade et al., 2012), therefore suggesting 

the involvement of adipose-derived Ccl4 from the early stages of obesity. Upregulated Ccl4 

has been recently implicated in obesity-induced metabolic dysfunction, as Ccl4 inhibition in 

high-fat diet-fed mice was associated with improved insulin sensitivity, delayed 

hyperglycaemia progression, and reduced serum triglycerides and systemic inflammation 

(Chang et al., 2021; Chang & Chen, 2021). In terms of islet function, microscopic imaging 

showed enlarged pancreatic volume and insulin-positive areas with Ccl4 inhibition, although, 

these data were not quantified. One study also characterised anti-apoptotic effects of Ccl4 

antibodies in NIT-1 β-cells (Chang et al., 2021), however, this insulinoma cell line is derived 

from a non-obese diabetic (NOD)/Lt mouse model (Hamaguchi et al., 1991) and cells were 

treated with the β-cell-specific cytotoxin, streptozotocin (STZ), to induce rapid β-cell loss 

resembling T1D pathology. Thus, measures of β-cell function following Ccl4 treatment and/or 

inhibition in the context obesity and metabolic syndrome remain undetermined. 

 

Quantification of plasma Ccl4 indicated that upregulated Ccl4 mRNA in visceral fat depots was 

accompanied by increased circulating Ccl4 peptide levels in obese mice compared to their 

lean counterparts. It is possible that Ccl4 is one of the many chemokines that are secreted 

into the circulation from adipose tissue and travel to the islets where the β-cell is a target of 

inflammatory responses in diabetes and obesity. Indeed, a meta-analysis revealed CCL4 

levels are significantly higher in patients with T2D, while no differences were observed 

between healthy controls and patients with prediabetes, suggesting an association between 

CCL4 levels and diabetes progression (Pan et al., 2021). Similar elevations are observed in 

patients with T1D (Maier et al., 2008) and islet autoantibody-positive individuals at high risk of 

developing of T1D (Hanifi-Moghaddam et al., 2006; Rydén & Faresjö, 2013), indicating a 

common participation of Ccl4 in different diabetes types. 

 

The qPCR screening data presented in this chapter allowed comparisons between mature 

adipocytes and whole adipose tissue regarding the adipokines secreted from each and the 

magnitude of their contributions (Supplementary Figure 61 & Supplementary Table 26). For 

example, whilst the expression of Ccl4 mRNA is elevated in whole adipose tissue, 

quantification of islet GPCR peptide ligand mRNAs in isolated mature adipocytes revealed no 

significant change in the expression of Ccl4 mRNA. This indicates that the majority of 

increased Ccl4 mRNA in obesity was sourced from the non-adipocyte SVF which is consistent 

with the production of Ccl4 from the above mentioned cell types, including immune cells which 

accumulate within obesogenic adipose tissue and contribute to local inflammation (Weisberg 

et al., 2003). Removal of the heterogeneous SVF allows a focused molecular analysis of 
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specialised adipocyte cells without interference from other cell types that can also be found in 

other tissues. However, much like β-cells within an islet, adipocyte cells do not function alone. 

Instead, they interact with non-adipocyte cells to alter the metabolic and immune properties of 

adipose tissue (Zhao & Saltiel, 2020). Additionally, the composition of the SVF is dependent 

on several factors, including metabolic status (Cousin et al., 2006; Silva et al., 2015). 

Therefore, eliminating the SVF from investigations into adipokine dynamics in obesity is likely 

to hide important information and key factors with therapeutic potential. Furthermore, there 

are practical and economic benefits of using whole adipose tissue vs isolated mature 

adipocytes, as described in Section 4.2.1. Based on these arguments, it was decided that 

future qPCR screenings in additional obese models used whole adipose tissue as the starting 

material. 

 

In summary, quantification of mRNAs encoding islet GPCR peptide ligand mRNAs in adipose 

tissue from lean and obese mice revealed significant alterations in gene expression in obesity. 

The data generated in this chapter pointed to ligands of interest for future research on adipose-

islet crosstalk via secreted ligands acting at islet GPCRs. The chemokine, Ccl4, could be a 

potential novel candidate for functional characterisation in islet cells given the correlation 

between its mRNA expression, circulating peptide levels, and growing adiposity, as well as 

the relatively limited availability of data investigating its action on β-cells. The experiments 

described in Chapters 5 and 6 investigated whether the same upregulation in adipose tissue-

derived Ccl4 mRNA observed in high-fat diet-fed mice is recapitulated in a genetic mouse 

model of obesity (db/db) and in visceral adipose tissue from obese humans, which would 

suggest a consistent trend of increased Ccl4 mRNA expression in obesity. 
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Chapter 5: Quantification of changes in the expression of islet GPCR peptide 

ligand mRNAs in whole adipose tissue from the db/db obese mouse model 

 

5.1 Introduction 

 

The previous chapters characterised the mRNA expression profiles of islet GPCR peptide 

ligands in whole adipose tissue and mature adipocytes harvested from the commonly used 

diet-induced obese mouse model. The high-fat diet mimics a human Western diet on a 

C57BL/6 background which is susceptible to weight gain and insulin resistance. Since obesity 

and T2D have a polygenic nature in humans, the diet-induced obese mouse model is a 

suitable representative of the human disease progression. Alternatively, mice carrying a 

mutation in the leptin receptor (db) also serve as an effective and reliable mouse model of 

obesity and T2D. The mutation, in what was initially referred to as the “diabetes” gene, was 

first identified in an inbred C57BL/Ks mouse strain which displayed abnormal fat deposition 

from 3 weeks of age shortly followed by hyperglycaemia, polyuria and glycosuria (Coleman & 

Hummel, 1967; Hummel et al., 1966). The mutated gene responsible for this severe obese 

phenotype was later discovered to encode the leptin receptor (Chen et al., 1996; Tartaglia et 

al., 1995) and was found to be present in patients experiencing hyperphagia and other 

complications associated with leptin’s role in puberty and immunity (Farooqi et al., 2007). The 

monogenic db/db model exhibits comparable weight gain, adaptative islet growth, elevated 

serum insulin levels, and adipose tissue inflammation to their diet-induced obese equivalents 

(Burke et al., 2017). Indeed, several features of obesity in the db/db mouse resemble those in 

human obesity: morphological islet adaptations to compensate for increased insulin demand 

occur during the early stages, but fail at the late stage resulting in insulin resistance, insulin 

secretory defects and hyperglycaemia (Coleman & Hummel, 1967; Hummel et al., 1966). 

Furthermore, certain features of human T2D, such as hyperglucagonaemia, are observed in 

the db/db model that are not observed in weight-matched mice fed a Western-style diet (Burke 

et al., 2017). For these reasons, the db/db mouse model is widely utilised in research studies 

and, when included alongside diet-induced obese models, can enhance the understanding 

and the development of treatments for obesity and T2D. 

 

Consequently, in this chapter, a qPCR screening of islet GPCR peptide ligand mRNAs was 

performed in whole epididymal adipose tissue retrieved from db/+ and db/db mice. Whilst 

severe obesity and hyperglycaemia is caused by complete leptin receptor deficiency in db/db 

mice, their heterozygous counterparts (db/+) carry a normal functional leptin receptor allele 

and therefore have normal body weights and do not develop T2D. Age-related differences 

were avoided by using mice of a similar age to those used for the analysis of isolated mature 

adipocytes and whole adipose tissue from lean and diet-induced obese mice, the results of 

which were described in Chapters 3 and 4. Moreover, consistent with these previous qPCR 

screenings, the same 155 peptide ligand mRNAs that target the 110 peptide/protein-activated 

human islet GPCRs originally described by Amisten et al. (2013) were quantified here. 

 

5.2 Methods 

 

5.2.1 Total RNA extraction from mouse epididymal adipose tissue 
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The method for isolating and purifying RNA from whole epididymal adipose tissue retrieved 

from lean db/+ and obese db/db mice was identical to that performed using fat pads from 

control and high-fat diet-fed mice. As described in Section 2.2.7, whole adipose tissue was 

dissolved in TRIzol®, then homogenised using a TissueLyser II and stainless-steel beads. 

Thereafter, a centrifuge cycle allowed separation of lipids from the RNA-containing phenol 

phase which was transferred to a fresh Eppendorf tube and topped up to 1mL total volume 

with TRIzol®. The addition of chloroform marked the continuation of the RNA isolation protocol 

described in Section 2.2.6 which used spin columns and ethanol-based buffers from an 

miRNeasy Kit. Once the yield and purity of isolated RNA was determined using a NanoDrop™ 

1000 spectrophotometer, samples were stored at –70°C or immediately converted to cDNA. 

 

5.2.2 RT-qPCR 

 

The High-Capacity cDNA Reverse Transcription Kit and a T100™ thermal cycler were used 

to generate cDNA (40ng/µL) from adipose RNA sample templates, as described in Section 

2.2.9. The expression of 155 islet GPCR peptide ligand mRNAs, and positive control adipokine 

genes, AdipoQ and Lep, were quantified using a SYBR Green-based qPCR protocol and the 

LightCycler® 96 (Section 2.2.10). 

 

5.3 Results 

 

5.3.1 Mouse characteristics and expression of islet GPCR peptide ligand mRNAs in visceral 

whole adipose tissue from lean db/+ and obese db/db mice 

 

Lean db/+ mice, each of which possessed one functioning allele encoding the leptin receptor, 

had a mean weight of 31.5±1.06g at the time of tissue retrieval whilst obese db/db mice that 

lacked leptin receptors weighed 55.5±2.97g (p<0.001) and the fasting blood glucose levels 

were 7.8±0.32mM and 32.6±0.37mM (p<0.0001), respectively (Figure 30).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Terminal weight (left) and fasting plasma glucose (right) measurements in db/+ and 

db/db mice. Data are expressed as the mean ± S.E.M. Unpaired two-tailed t-test; n=3 per group; 

**p<0.01, ****p<0.0001 vs db/+ control. 
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The RT-qPCR screening of 155 genes that encode ligands for islet GPCRs revealed 49 and 

38 were expressed in visceral adipose tissue retrieved from lean db/+ and obese db/db mice, 

respectively (Figure 31). The remaining mRNAs were either expressed at trace level (0.0001% 

to 0.001% relative to Actb expression) or absent (<0.0001% of Actb). The Venn diagrams in 

Figure 31 show these three categories of GPCR peptide ligand mRNA expression in adipose 

tissue from lean db/+ (blue) and obese db/db (orange) mice and the overlap in expression of 

mRNAs is shown in the pink intersection. Thus, 36 of the expressed genes were common to 

the adipose tissue from both lean and obese mice. In addition, of the 155 mRNAs quantified 

33 and 73 were expressed at trace levels or absent in lean mice, while 33 and 84 were trace 

or absent in obese mice, with overlaps of 18 and 70 mRNAs in these categories (Figure 31). 

 

Figure 31. Proportions of islet GPCR peptide ligand mRNAs classified as being expressed, at 

trace level, or absent in visceral adipose tissue retrieved from lean db/+ and obese db/db mice. 

Data were obtained by RT-qPCR quantifications of RNA isolated from 3 lean db/+ (blue) and 3 db/db 

obese (orange) mice. Genes common to both lean and obese mice are shown by the pink intersections. 

Expressed >0.001% relative to Actb; trace = 0.0001% to 0.001% relative to Actb; absent < 0.0001% 

relative to Actb. 

 

5.3.2 Expression of islet GPCR peptide ligand mRNAs in whole adipose tissue retrieved 

from lean db/+ mice 

 

Of the 49 islet GPCR peptide ligand mRNAs expressed in whole adipose tissue retrieved from 

lean db/+ mice, Col3a1, encoding the collagen type III α-1 chain, displayed the greatest level 

of mRNA expression (0.335±0.0339 relative to Actb) (Figure 32). There was also high 

expression of mRNAs encoding the complement peptide, C4a (0.257±0.0357 relative to Actb) 

and collagen type IV α-1 chain, Col4a1 (0.245±0.0254 relative to Actb). In contrast, mRNAs 

encoding chemokines, Ccl28 (0.001±0.0001 relative to Actb), Cx3cl1 (0.001±0.0001 relative 

to Actb), and Cxcl1 (0.001± 0.0004 relative to Actb) were expressed at low levels in whole 

adipose tissue from lean db/+ mice. 
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Figure 32. Islet GPCR peptide ligand mRNA expression in visceral adipose tissue retrieved from 

lean db/+ mice. Data were generated by RT-qPCR and are displayed relative to expression of the 

housekeeping gene, Actb (n=3). 

 

5.3.3 Expression of islet GPCR peptide ligand mRNAs in whole adipose tissue retrieved 

from obese db/db mice 

 

The quantification of islet GPCR peptide ligand mRNAs in whole adipose tissue from obese 

db/db mice revealed similar expression profiles to those from lean db/+ mice, with Col3a1 

(0.473±0.0241 relative to Actb) being the most abundant mRNA quantified, following by Anxa1 

(0.194±0.0271 relative to Actb) and Col4a1 (0.170±0.0184 relative to Actb) (Figure 33). 

Conversely, mRNAs encoding Ccl5 (0.001±0.0002 relative to Actb), Wnt11 (0.001±0.0003 

relative to Actb) and Npff (0.001±0.0002 relative to Actb) were expressed at low levels in whole 

adipose tissue from obese db/db mice. 
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Figure 33. Islet GPCR peptide ligand mRNA expression in visceral adipose tissue retrieved from 

obese db/db mice. Data were generated by RT-qPCR and are displayed relative to expression of the 

housekeeping gene, Actb (n=3). 

 

5.3.4 Comparative analysis of islet GPCR peptide ligand mRNA expression in whole adipose 

tissue between db/+ and db/db mice 

 

Excessive adiposity caused by disrupted leptin signalling resulted in alterations in the 

expression of key adipokines which target islet GPCRs (Figure 34). With a focus on those 

mRNAs whose expression was above trace level in adipose tissue from lean db/+ and/or 

obese db/db mice, several genes were upregulated or downregulated in obesity. It can be 

seen that Ccl2, Ccl4, Ccl7, Cxcl14 and Col3a1 mRNAs exhibit the most marked and significant 

upregulation (1191±111%, 674±137%, 316±15%, 230±16% and 141±7% of lean expression, 

respectively) when data from the three lean db/+ and three obese db/db adipose tissue 

samples were compared (Supplementary Table 23). In contrast, deletion of leptin receptors 

was associated with significant downregulation in the expression of mRNAs encoding Ccl28 

(95.9±4.1% decrease), Cxcl11 (94.9±1.4% decrease) and Agt (92.8±1.1% decrease) (Figure 

34 & Supplementary Table 23).  

 

As expected, Lep and AdipoQ were readily detectable in visceral adipose tissue and their 

mRNA expression levels were upregulated and downregulated, respectively in obesity 

(Supplementary Table 23). However, whilst  the observed reduction in AdipoQ mRNA 

expression level was significant following leptin receptor deletion (86.3±3.4% decrease, 

p<0.001), the increased in Lep mRNA expression was not statistically significant (158±53% of 

lean expression, p=0.334). Disturbed leptin signalling also altered the expression of multiple 

adipose tissue-derived GPCR peptide ligand mRNAs that were considered absent (<0.0001% 

of Actb) or expressed at trace levels (0.0001% to 0.001% relative to Actb expression). Thus, 



Tanyel Ashik 

 

 
107 

 

C5, Kng, Cxcl3, and Ndp were upregulated (4399±111%, 3237±137%, 1882±15% and 

470±7% of lean expression, respectively) in epididymal adipose tissue isolated from obese 

db/db mice, whereas there were significant reductions in several non-abundant mRNAs 

including Rspo2 (96.0±2.4% decrease), Rln1 (94.7±5.3% decrease), Col4a4 (93.2±1.1% 

decrease) and Lhb (90.7±5.1% decrease) (Supplementary Table 23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Upregulated and downregulated islet GPCR peptide ligand mRNAs in visceral adipose 

tissue retrieved from lean db/+ and obese db/db mice. Data were generated by RT-qPCR and are 

displayed as fold change of mean expression values in lean db/+ vs obese db/db mice (upregulated: 

>1; downregulated: <1), relative to the housekeeping gene, Actb (n=3 samples per group). 

 

5.4 Discussion 

 

The present chapter determined the differential expression of adipose tissue-derived islet 

GPCR peptide ligand mRNAs between lean db/+ and obese db/db mice. This monogenic 

model of obesity – the product of a leptin receptor-deficiency – provided an alternative to the 

diet-induced obese model. Gene candidates both distinct and common to environmental and 

genetic forms of obesity could therefore be identified (Supplementary Figure 62 & 

Supplementary Table 27). 

 

Collagen type III α1, encoded by Col3a1, was the most highly expressed islet GPCR ligand 

mRNA in lean and genetically obese epididymal fat pads. Furthermore, Col3a1 mRNA 

expression was significantly elevated in obese db/db mice compared to their lean equivalents 

which retained leptin receptor activity (141±7% of lean expression). In vivo collagen type III 

α1 peptide chains aggregate in triplicate to generate collage type III homotrimers which, due 

to their fibrillar structure and tensile strength, are abundant in the ECM of hollow organs that 

undergo significant stretch, such as large vessels, the uterus and bowel (see Section 1.6.1.1) 

(Kuivaniemi & Tromp, 2019). Accordingly, collagen III is a structural component of the 
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interstitial matrix within adipose tissue (Marcelin et al., 2017). It is also secreted from 

mesenchymal cell types (Casey & MacDonald, 1996) and acts as a ligand at GPR56, the most 

abundantly expressed GPCR in human islets (Dunér et al., 2016). Anti-apoptotic and 

potentiating insulin secretory properties of collagen III treatment have been observed in islet 

cells (Olaniru et al., 2018), and the significant rise in adipose Col3a1 mRNA in the db/db 

genetic obese model may indicate compensation for reduced islet GPR56 expression seen in 

diabetic mice and patients (Dunér et al., 2016). Significant upregulated expression of other 

collagen types, including collagen I, V and VI, in epididymal fat depots from db/db mice 

indicates a widespread increase in ECM components that could contribute to adipose tissue 

fibrosis in obesity (Khan et al., 2009). The rise in Col3a1 mRNA is also comparable to a recent 

publication in which 12 weeks of high-fat feeding in male mice induced significant upregulation 

in epididymal Col3a1 expression and other fibrotic markers (Marcelin et al., 2017), indicating 

obesity-induced fibrogenesis regardless of the obesogenic driver. However, elevated collagen 

III expression seen here and in previous publications are in contrast to the data generated in 

Chapter 4 whereby Col3a1 mRNA expression decreased in whole epididymal adipose tissue 

following 16 weeks of high-fat feeding (49±14.0% of lean expression). Quantitative proteomic 

studies of differentiating adipocytes (Ojima et al., 2016) and the small interfering RNA (siRNA)-

mediated reduction in Col3a1 mRNA in 3T3-L1 adipocyte cells (Al Hasan et al., 2021) have 

shown collagen III is required for adipogenesis. Thus, impaired adipocyte differentiation may 

predominate in a diet-induced obese model with a more severe phenotype, although, the 

expression of Col3a1 mRNA is more concentrated in the SVF vs the adipocyte fraction (Divoux 

et al., 2010) suggesting that additional mechanisms account for the ~50% reduction in adipose 

Col3a1 mRNA with high-fat feeding. As collagen III is localised to perivascular adipose tissue, 

it is possible that the discrepancies may be due to a variation in blood vessel supply within fat 

pad samples as opposed to changes in mRNA expression. It is also unclear as to whether 

observations of collagen III expression in the data presented here and in the above mentioned 

studies represent the deposition of insoluble fibrous collagen or the secretion of the soluble 

form into the circulation where it can travel and interact with the GPR56 receptor in peripheral 

tissues.  

 

The most significantly upregulated islet GPCR peptide ligand mRNA in db/db fat pads was the 

chemokine, Ccl2, and was closely followed by Ccl4 and Ccl7 mRNAs. Similar increases in 

Ccl2 mRNA in epididymal adipose tissue expansion have been reported for diet-induced 

obese mice (Chen et al., 2005), as well as db/db and ob/ob obese mice (Kanda et al., 2006; 

Xu et al., 2003) which, due to leptin deficiency, are also characterised by defective leptin 

signalling pathways. This coincided with elevated expression of the GPCR, Ccr5, and the 

macrophage markers, Cd68, CD11b, CD45 and F4/80, within the SVF of db/db, ob/ob and 

diet-induced obese mice  (Kanda et al., 2006; Kitade et al., 2012; Xu et al., 2003). Furthermore, 

CCL2, also known as monocyte chemoattractant protein-1 (MCP-1), and CD68 mRNAs are 

upregulated in human adipose tissue (Christiansen et al., 2005; Di Gregorio et al., 2005). 

Together, these observations support a common pathology of chemokine-mediated migration 

and infiltration of macrophages into adipose tissue across several models of obesity.  

 

As for the observations made in visceral adipose tissue of diet-induced obese mice reported 

in Chapter 4, the expression of Ccl4 mRNA was significantly upregulated in obese murine 

adipose tissue with leptin receptor deficiency being the driving force for excessive weight gain 

instead of an environmental cue. The beneficial outcomes of Ccl4 inhibition initially described 

in high-fat diet-fed mice (Chang et al., 2021) have been replicated in Leprdb/JNarl (db/db) 
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diabetic mice: administration of anti-Ccl4 antibodies delayed hyperglycaemia progression by 

improving hepatic and muscle insulin sensitivity, as evidenced by decreased serine 

phosphorylation of IRS-1 (Chang et al., 2021). Reduced serum TNF-α and IL-6 levels were 

also indicative of dampened systemic inflammation with Ccl4 inhibition. As for diet-induced 

obese mice, microscopic images showed an increased in insulin-positive areas within the 

pancreas of Ccl4-treated mice, but these observations were not quantified (Chang et al., 

2021). Thus, the current data indicate mutual involvement of adipose tissue-derived Ccl4 in 

environmental and genetic obesity that is supported by previous publications (Kanda et al., 

2006; Xu et al., 2003). Ccl4 antagonism may be beneficial for improved glucose regulation in 

obesity and diabetes, however, there is no published information on the contribution of Ccl4 

to overall β-cell function. 

 

Of the above chemokines, Ccl2 has been studied the most extensively in relation to obesity, 

insulin resistance, inflammation, and insulitis. Adipocyte-specific overexpression of Ccl2 

caused significant macrophage infiltration into adipose tissue depots, insulin resistance and 

glucose intolerance accompanied by increased hepatic glucose production and triglyceride 

content (Kanda et al., 2006). In contrast, both Ccr2-knockout mice (Boring et al., 1997), Ccr5-

knockout mice (Kitade et al., 2012), and Ccl2-deficient mice (Kanda et al., 2006; Lu et al., 

1998) display blunted monocyte/macrophage recruitment and immune responses. Ccl2-

deficient mice are also protected against high-fat diet-induced metabolic disturbances (Kanda 

et al., 2006). Ccr2 blockade has also been associated with improvements in T2D-related renal 

complications, as oral administration of a Ccr2 antagonist to db/db mice reduced 

glomerulosclerosis and improved glomerular filtration rate (Sayyed et al., 2011). The negative 

implications of elevated Ccl2 levels are also seen within the islets, as evidenced by the 

spontaneous development of diabetes resulting from insulitis (Martin et al., 2008). 

Furthermore, high levels of secreted islet CCL2 are associated with islet graft loss and poor 

clinical outcomes for human islet transplantations (Melzi et al., 2010; Piemonti et al., 2002). 

Abrogation of islet macrophage accumulation following CCR2 deletion supports a role for the 

CCL2/CCR2 axis in T1D (Martin et al., 2008). β-cells produce and secrete Ccl2, but it does 

not directly modulate basal and glucose-stimulated insulin secretion, nor does it induce 

elevations in intracellular calcium from β-cells (Piemonti et al., 2002). This lack of effect of 

Ccl2 on β-cell function is not surprising given that CCR2 mRNA is not expressed by human 

islets (Amisten et al., 2013). 

 

In summary, quantification of mRNAs encoding islet GPCR peptide ligand mRNAs in adipose 

tissue from lean db/+ and obese db/db mice revealed significant alterations in gene 

expression. mRNA encoding the chemokine, Ccl4, was significantly upregulated in monogenic 

obesity, an observation also made in polygenic, diet-induced obesity described in the previous 

chapter. Whether Ccl4 expansion within visceral fat depots also occurs in human obesity was 

investigated in Chapter 6. Additionally, whilst previous publications which studied Ccl4 

antagonism in various diabetes mouse models have shed some light on the activity of this 

chemokine in vivo, details of its direct functional effects on β-cells are largely undetermined. 

Therefore, if data in murine obesity are translated in humans, Ccl4 could be a potential novel 

candidate for functional characterisation in islet cells. 
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Chapter 6: Quantification of changes in the expression of islet GPCR peptide 

ligand mRNAs in whole adipose tissue from lean and obese human donors 

 

6.1 Introduction 

 

Thus far, the experiments described in this thesis on differential expression of adipose tissue-

derived islet GPCR peptide ligand mRNAs between lean and obese states were investigated 

in mouse models only. The use of mice as animal models is considered an essential tool in 

biomedical research, and there are several advantages of doing so. The anatomy and 

physiology of mice and humans are comparable with genome sequencing revealing 

similarities between the two species (Chinwalla et al., 2002). Consequently, knowledge gained 

from mouse studies, such as the identification and characterisation of genes involved in 

physiological function and disease pathology, can be extrapolated and applied to humans. 

There are also economic benefits to using rodent models in research: mice are relatively 

inexpensive to maintain compared to other animal models as they require less space and 

fewer resources; short gestation and postnatal development periods facilitate a rapid 

generation of animals for studies; and large numbers of offspring broadens the availability of 

mice and tissue samples to assure adequate power for statistical analysis. Overall, the 

translation of physiological functions and pathological processes from mice to humans forms 

the fundamental basis of biomedical research and comparative medicine. However, there are 

challenges and limitations when using animal models of human disease. Whilst similarities do 

exist, mice do not fully recapitulate the physiology, disease progression and symptoms, and 

responses to clinical interventions seen in humans. In consequence, results obtained from 

mouse experiments cannot always be replicated in human trials. Variation between different 

mouse strains, models, and laboratory techniques can also influence outcomes in animal 

experiments. This can create difficulties in interpretating data and how they relate to humans. 

Although the use of mouse models is valuable and often necessary, for these reasons, it is 

important to perform investigations using human tissue, where possible, to ensure relevance 

to human systems. 

 

Accordingly, in this chapter, qPCR screening of islet GPCR peptide ligand mRNAs was 

performed in visceral omental adipose tissue retrieved from lean, overweight, and obese 

patients who underwent elective surgeries at Princess Grace Hospital, London. Some murine 

genes screened in the previous chapters of this thesis have human orthologs or homologs: 

human CCL21 is orthologous to murine Ccl21a and Ccl21b; human CCL27 is orthologous to 

murine Ccl27a and Ccl27b; and human TAC3 is homologous to murine Tac2. Thus, a total of 

154 peptide ligand mRNAs that target the 110 peptide/protein-activated human islet GPCRs 

originally described by Amisten et al. (2013) were quantified. 

 

6.2 Methods 

 

6.2.1 Total RNA extraction from human omental adipose tissue 

 

The experiments in this chapter were carried out with appropriate ethical approval (REC ref: 

21/NW/0100; IRAS project ID: 293789) that allowed the acquisition, handling, and processing 

of omental adipose tissue samples from lean, overweight, and obese human donors in 

accordance with the Human Tissue Act 2004. Patient samples were stratified according to 
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BMI (kg/m2): lean: 18.5-24.9; overweight: 25.0-29.9; and obese: 30.0-39.9, as described in 

Section 2.2.3. As for the processing of samples from obese mouse models, human fat pads 

were dissolved in TRIzol® Reagent, efficiently disrupted with a TissueLyser system II and 

stainless-steel magnetic beads, and then centrifuged (Section 2.2.7). The red phenol phase 

containing RNA was removed from the upper lipid layer and topped up to 1mL total volume 

with TRIzol® Reagent. The remaining steps followed the RNA isolation protocol described in 

Section 2.2.6 which began with the addition of chloroform, and the separation of aqueous, 

interphase and organic phases. Several centrifugation cycles using spin columns and ethanol-

based buffers led to the isolation and purification of RNA from human omental fat depots, the 

yield and purity of which was assessed by the NanoDrop™ 1000 spectrophotometer. Samples 

that were not immediately stored at –70°C were converted to cDNA for downstream 

processing. 

 

6.2.2 RT-qPCR 

 

The generation of cDNA from RNA (40ng/µL) used reagents from the High-Capacity cDNA 

Reverse Transcription Kit and a T100™ thermal cycler (Section 2.2.9). The same positive 

control adipokine genes, ADIPOQ and LEP, that were included in qPCR screenings using 

mouse cDNA were also used in the human qPCR screening. However, due to slight 

differences between mouse and human peptide isoforms, the expression of 154, not 155, islet 

GPCR peptide ligand mRNAs were quantified using human adipose cDNA and followed the 

SYBR Green-based qPCR protocol described in Section 2.2.10. 

 

6.3 Results 

 

6.3.1 Patient characteristics and expression of islet GPCR peptide ligand mRNAs in adipose 

tissue from lean and obese human donors 

 

As described in Section 2.2.3, samples from human donors were stratified according to BMI, 

with mean BMI of lean, overweight, and obese patients being 21.4±0.74kg/m2, 27.9±1.08kg/m2 

and 34.1±2.34 kg/m2, respectively (Figure 35). 
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Figure 35. BMI measurements of lean, overweight, and obese human adipose tissue donors. 

Data are expressed as the mean ± S.E.M. One-way ANOVA; n=3-5 samples per group; *p<0.05, 

***p<0.001, ns: non-significant vs overweight. 

 

45 and 38 islet GPCR peptide ligand mRNAs were expressed in omental adipose tissue 

retrieved from lean and obese human donors, respectively (Figure 36) following an RT-qPCR 

screening of 154 candidate genes. The remaining mRNAs were either expressed at trace level 

(0.0001% to 0.001% relative to ACTB expression) or absent (<0.0001% of ACTB). The Venn 

diagrams in Figure 36 show these three categories of islet GPCR peptide ligand mRNA 

expression in adipose tissue from lean (blue) and obese (orange) patients and the overlap in 

expression of mRNAs is shown in the pink intersection. Thus, 35 of the expressed genes were 

common to the adipose tissue from both lean and obese humans. In addition, of the 154 

mRNAs quantified, 29 and 32 were expressed at trace levels in lean and obese individuals 

with an overlap of 22 mRNAs, whereas almost all absent mRNAs were shared between the 

two patient groups with only 4 genes exclusive in obesity (Figure 36). 
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Figure 36. Proportions of islet GPCR peptide ligand mRNAs classified as being expressed, at 

trace level, or absent in visceral adipose tissue retrieved from lean and obese human patients. 

Data were obtained by RT-qPCR quantifications of RNA isolated from 5 lean (blue) and 5 obese 

(orange) donors. Genes common to both lean and obese donors are shown by the pink intersections. 

Expressed >0.001% relative to ACTB; trace = 0.0001% to 0.001% relative to ACTB; absent < 0.0001% 

relative to ACTB. 

 

6.3.2 Expression of islet GPCR peptide ligand mRNAs in whole adipose tissue retrieved 

from lean human donors 

 

Of the 45 islet GPCR peptide ligand mRNAs expressed in whole visceral adipose tissue 

retrieved from lean human subjects, C3, displayed the greatest level of mRNA expression 

(0.646±0.1603 relative to ACTB) (Figure 37). There was also high expression of mRNAs 

encoding for collagen type III α-1 chain, COL3A1 (0.191±0.0260 relative to ACTB), for 

chemerin, RARRES2 (0.164±0.0283 relative to ACTB), for annexin A1, ANXA1 (0.136±0.0166 

relative to Actb) and for the chemokine, CXCL12 (0.127±0.0229 relative to ACTB). In contrast, 

mRNAs encoding BGLAP (0.001±0.0002 relative to ACTB), PTHLH (0.001±0.0003 relative to 

ACTB), COL4A5 (0.001± 0.0003 relative to ACTB) and WNT10A (0.001± 0.0004 relative to 

ACTB) were expressed at low levels in whole adipose tissue from lean individuals. 
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Figure 37. Islet GPCR peptide ligand mRNA expression in visceral adipose tissue retrieved from 

lean human donors. Data were generated by RT-qPCR and are displayed relative to expression of 

the housekeeping gene, ACTB (n=5). 

 

6.3.3 Expression of islet GPCR peptide ligand mRNAs in whole adipose tissue retrieved 

from overweight human donors 

 

The expression profile of islet GPCR peptide ligand mRNAs in whole adipose tissue from 

overweight human donors was markedly similar to the expression profile in lean individuals 

(Figure 38). C3 (0.704±0.3228 relative to ACTB), ANXA1 (0.179±0.0565 relative to ACTB), 

COL3A1 (0.131±0.0275 relative to ACTB), RARRES2 (0.119±0.0083 relative to ACTB) and 

CXCL12 (0.103±0.0334 relative to ACTB) were also the most abundant mRNAs quantified. 

Adipose tissue-derived mRNAs which were expressed at low levels in overweight patients 

included those encoding PTHLH (0.001±0.0004 relative to ACTB), CXCL9 (0.001±0.0006 

relative to ACTB), CCL19 (0.001±0.0006 relative to ACTB) and RSPO1 (0.001±0.0006 relative 

to ACTB). 
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Figure 38. Islet GPCR peptide ligand mRNA expression in visceral adipose tissue retrieved from 

overweight human donors. Data were generated by RT-qPCR and are displayed relative to 

expression of the housekeeping gene, ACTB (n=3). 

 

6.3.4 Expression of islet GPCR peptide ligand mRNAs in whole adipose tissue retrieved 

from obese human donors 

 

Similarities can also be observed in the expression of islet GPCR peptide ligand mRNAs in 

whole adipose tissue when comparing obese donors to lean and overweight patient categories 

(Figure 39). Once again, the most highly expressed mRNAs in obese fat depots were C3 

(0.512±0.1305 relative to ACTB), ANXA1 (0.203±0.0296 relative to ACTB), COL3A1 

(0.190±0.0255 relative to ACTB) and RARRES2 (0.100±0.0168 relative to ACTB), but the 

aldehyde dehydrogenase enzyme, ALDH1A1, was also highly abundant (0.083±0.0040 

relative to ACTB). Similar to adipose tissue retrieved from overweight patients, mRNAs 

encoding the parathyroid hormone like hormone, PTHLH (0.001±0.0002 relative to ACTB) and 

the R-spondin peptide, RSPO1 (0.001±0.0004 relative to ACTB) were expressed at low levels 

in obese patients in addition to the prokineticin protein, PROK2 (0.001±0.0004 relative to 

ACTB). 
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Figure 39. Islet GPCR peptide ligand mRNA expression in visceral adipose tissue retrieved from 

obese human donors. Data were generated by RT-qPCR and are displayed relative to expression of 

the housekeeping gene, ACTB (n=4). 

 

6.3.5 Comparative analysis of islet GPCR peptide ligand mRNA expression in in whole 

adipose tissue between lean and obese human donors 

 

The mRNA expression of islet GPCR peptide ligands in omental adipose tissue was 

significantly altered in obesity. Figure 40 illustrates key adipokine genes whose expression is 

either upregulated or downregulated as a result of excessive adiposity, with a focus on those 

mRNAs whose expression was above trace level in adipose tissue isolated from lean and 

obese human donors. It can be seen that CCL3 and PROK2 mRNAs exhibit the most marked 

upregulation in obesity (482±120.3% and 430±160.0% of lean expression, respectively), but 

only changes in CCL3 mRNA expression were significant (p<0.05). (Supplementary Table 24). 

Similarly, the expression of CXCL1 and CCL4 mRNAs were also upregulated (262±104.6% 

and 260±28.2% of lean expression, respectively) and the increased CCL4 mRNA expression 

was statistically significant (p<0.05) when data in omental adipose tissue were compared 

between lean and obese individuals. mRNAs which were markedly decreased in obesity 

include CCL11 (69.7±10.1% decrease), CCL21 (67.2±7.6% decrease) and C5 (58.4±7.1% 

decrease), but only reductions in C5  mRNA were statistically significant (p<0.05) 

(Supplementary Table 24).  

 

In line with the previously described qPCR screenings in chapters 3-5, which used mouse 

models of obesity, the adipose tissue-exclusive genes, adiponectin and leptin, were used as 

positive controls for qPCR screenings using human omental fat. LEP and ADIPOQ mRNAs 

were readily detectable in visceral adipose tissue, and both displayed the expected trend of 

expression in obesity, with an increase in LEP (294±86.8% of lean expression) and a decrease 
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in ADIPOQ (66.4± 8.2% of lean expression) (Supplementary Table 24). However, due to 

variation in mRNA expression between individuals in each BMI group, these changes failed to 

achieve statistical significance. Supplementary Table 24 also indicates the expression of islet 

GPCR peptide ligand mRNAs, ADCYAP1 and C1QL4, which were considered to be absent 

(<0.0001% relative to ACTB) or expressed at trace levels (0.0001% to 0.001% relative to 

ACTB expression) in adipose tissue, were significantly altered in obesity (411±104.9% and 

41.0±12.4% of lean expression, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. Upregulated and downregulated islet GPCR peptide ligand mRNAs in visceral adipose 

tissue retrieved from lean and obese human donors. Data were generated by RT-qPCR and are 

displayed as fold change of mean expression values in lean vs obese human patients (upregulated: >1; 

downregulated: <1), relative to the housekeeping gene, ACTB (n=4-5 samples per group). 

 

6.4 Discussion 

 

The present chapter established the expression of islet GPCR peptide ligand mRNAs in 

omental adipose tissue donated by lean, overweight and obese patients. Subsequently, 

differentially expressed adipokine mRNAs were identified in individuals with obesity and in 

lean individuals with a normal metabolic profile. Furthermore, together with qPCR screenings 

outlined in previous chapters, comparisons of the adipose tissue secretome between human 

and murine models of obesity were made possible (Supplementary Figure 63 & 

Supplementary Table 28). Of the 154 mRNAs quantified, the following adipokines were 

consistently identified as the top four most abundantly expressed in visceral adipose tissue 

across all BMI categories: complement component 3 (C3), annexin A1 (ANXA1), chemerin 

(RARRES2) and collagen type III α1 (COL3A1). Annexin A1 and chemerin are well-known to 

be expressed by adipose tissue, and their actions, as well as that of collagen III, at islet cells 

have been discussed in previous chapters. C3 is a key player in the complement cascade, a 
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vital pathway for the detection and defence against pathogens and foreign material 

(Copenhaver et al., 2020). Its peptide fragment, C3a, is the product of catalytic conversion by 

the adipokine, adipsin. Both C3 and C3a peptides are implicated in lipid metabolism and 

glucose regulation with documented positive correlations with circulating triglycerides, insulin 

resistance and diabetes incidence (Engström et al., 2005; Koistinen et al., 2001; Muscari et 

al., 2007). Several studies have detected C3 mRNA in visceral and subcutaneous adipose 

tissue, but the contribution of adipose tissue to C3 plasma levels in obesity remains unclear 

(Clemente-Postigo et al., 2011; Dusserre et al., 2000; Koistinen et al., 2001; MacLaren et al., 

2010). There have been reports of significantly greater serum C3 levels in obese subjects 

compared to lean individuals (Bratti et al., 2017), with BMI rather than metabolic status playing 

a more relevant role in changes in circulating C3 levels as both lean and obese patients with 

T2D display similar significant increases compared to non-diabetic controls (Yang et al., 2006). 

Treatment of mouse (Atanes et al., 2018; Lo et al., 2014) and human islets (Atanes et al., 

2018) with C3/C3a stimulated the activity of its target GPCRs, C3AR1 and C5AR1, and led to 

the potentiation of glucose-stimulated insulin secretion. This was linked to anti-apoptotic 

effects, and elevated ATP generation and intracellular calcium. Similar observations in islets 

were made following treatment with the C3AR1/C5AR1 ligand, complement component 5 (C5) 

(Atanes et al., 2018). Despite the downregulation of multiple islet GPCR peptide ligand 

mRNAs in obese omental adipose tissue, only C5 mRNA was significantly decreased. This is 

in contrast to C3, its related complement peptide, whose expression is not significantly altered 

between lean and obese states (79±20.2% of lean expression). The above mentioned 

improvements in β-cell function following C3AR1/C5AR1 stimulation are observed in islets 

from lean, non-diabetic mice and humans. The activity of C3/C5 target GPCRs may have 

detrimental effects in an obesogenic environment, as receptor antagonism abrogated insulin 

and glucose intolerance, visceral fat accumulation and inflammation caused by a high-

carbohydrate, high-fat diet (Lim et al., 2013). This is further supported by data obtained with 

C3aR−/− and C5aR−/− mice, which were protected against high-fat diet-induced insulin 

resistance (Mamane et al., 2009; Phieler et al., 2013). β-cell mass was unaltered in these mice 

(Phieler et al., 2013), and the mechanisms by which C5 and its receptors influence islet 

function in obesity requires further investigation. 

 

Comparative analysis of islet GPCR peptide ligand mRNAs in adipose tissue retrieved from 

lean and obese individuals revealed significant upregulation of only two genes: CCL3 (MIP-

1α) and CCL4 (MIP-1β). The increase in CCL3 mRNA expression observed here corroborated 

similar studies which measured the same elevation in CCL3 in omental adipose tissue from 

obese subjects compared to lean individuals (Huber et al., 2008; Keophiphath et al., 2010). It 

has been reported that its expression is more concentrated in macrophages compared to other 

cell types of adipose tissue, which is consistent with the production and secretion of 

chemokines from immune cells. Furthermore, CCL3 mRNA expression was positively 

correlated with several inflammatory markers in visceral fat depots, including TNF-α, and was 

linked to macrophage recruitment and survival (Chan et al., 2022; Keophiphath et al., 2010). 

The GPCRs CCR1, CCR3, CCR5 and GPR75 are targets of CCL3 action (Ignatov et al., 2006; 

Sarvaiya et al., 2013); CCR1 and GPR75 are expressed in human islets, and only CCR1 

mRNA expression was significantly increased in obesity, although this observation may be 

derived from CCR1-expressing immune cell infiltration rather than upregulation within 

endocrine cells (Atanes et al., 2021). CCR1 and CCR5 are mutual target receptors of both 

CCL3 and CCL4. In addition to existing as monomeric peptides, mass spectrometry of cell 

contents and supernatants from human monocytes and lymphocytes indicated that CCL3 and 
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CCL4 also aggregate with each other and are secreted as heterodimers (Guan et al., 2001). 

CCL3/CCL4 aggregation may protect against protease-mediated degradation and clearance 

to enhance chemokine activity, although changes in configuration and high molecular weight 

may have implications on ligand-receptor binding (Liang et al., 2015; Ren et al., 2010). 

Potential interactions between the two chemokines are further indicated by an association 

between the intrapancreatic CCL3:CCL4 ratio and inflammatory processes in T1D: an 

increased ratio correlated with Th1-cell infiltration, the progression of destructive insulitis and 

diabetes development in the NOD mouse model; in contrast, a reduced ratio was observed in 

non-obese diabetes-resistant (NOR) mice and was associated with a Th2-cell-like profile of 

cytokine production, such as the anti-inflammatory IL-4 (Bergerot et al., 1999; Cameron et al., 

2000). Since circulating CCL3 is correlated with circulating CCL4 throughout early T1D 

progression (Pfleger et al., 2008), the increase in CCL4 may represent a counter mechanism 

against the inflammatory processes induced by CCL3. More robust data implicating the 

negative impact of CCL3 in T1D comes from a reduction of destructive insulitis in NOD.CCL3−/− 

(Cameron et al., 2000). Additionally, co-administration of diabetogenic T-cells and an anti-

CCL3 monoclonal antibody into NOD.Scid mice, which do not harbour functional T- or B-cells, 

delayed the onset of diabetes (Cameron et al., 2000). CCL4, on the other hand, is associated 

with reduced β-cell stress and dampened islet inflammatory responses in mouse models and 

patients with T1D (Meagher et al., 2007, 2010; Pfleger et al., 2008). Despite sharing some 

target receptors, evidence points towards CCL3 as a contributor of T1D development whereas 

CCL4 may confer protection. 

 

Several limitations should be considered in the interpretation of these data. The first caveat of 

this human study was the unavailability of plasma glucose data which prevented further 

characterisation of metabolic status beyond BMI. Certain adipokines may be differently 

expressed in a hyperglycaemic vs normoglycaemic environment regardless of the presence 

of obesity, thus, this information would be valuable. In addition, due to a limited supply of 

adipose tissue samples, it was not possible to match patient characteristics between 

categories. Several factors influence genetic profiles, such as age, gender, race, current 

medications, comorbidities, and medical history. These variables could not be controlled and 

therefore contributed to significant variability when adipokine mRNA expression in lean and 

obese individuals was compared. A greater number of samples are required to reduce 

variation and increase the chance of finding significant differences in mRNA expression. 

 

In summary, the mRNA expression of a handful of islet GPCR peptide ligands within omental 

adipose tissue were significantly altered in human obesity. CCL4 mRNA was significantly 

upregulated, an observation consistent with those in environmental and genetic mouse 

models of obesity. Whether the previously published protection of CCL4 seen in T1D extends 

to obesity and T2D pathophysiology remains unclear. Therefore, the aim of the following 

chapters was to characterise the effects of Ccl4 on islet cell and adipocyte function to help 

define its role in obesity. 
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Chapter 7: Investigating the direct functional effects of Ccl4 on MIN6 β-cells 

 

7.1 Introduction 

 

A dramatic decline in β-cell function and survival fuels diabetes progression, yet there is a 

deficit in islet-targeting pharmacotherapies which aim to expand β-cell mass or recover the 

activity of existing β-cells. Despite the availability of numerous diabetes medications (see 

Section 1.1.2.4), a significant proportion of patients still fail to achieve adequate glycaemic 

control. Thus, there is a growing need to develop more effective therapies which improve β-

cell function and/or promote β-cell mass expansion. The β-cell is the target of adipokine action 

leading to acute changes to insulin secretion and/or longer-term regulation of the expression 

of genes that maintain overall β-cell function. Some of these adipokines mediate their effects 

via GPCRs which are highly druggable entities. The identification of an adipose tissue-derived 

islet GPCR peptide ligand which has favourable actions at the β-cell has the potential to meet 

the above therapeutic demand. 

 

The previous chapters in this thesis described qPCR screens of islet GPCR peptide ligand 

mRNAs in visceral adipose tissue retrieved from multiple models of obesity. Several mRNAs 

were differentially expressed between lean and obese states, and of these, the expression of 

Ccl4 mRNA was significantly upregulated in all models of obesity. There is limited data 

regarding the effects of Ccl4 on β-cell function with the available publications investigating the 

role of Ccl4 in T1D pathology (Hanifi-Moghaddam et al., 2006; Meagher et al., 2007, 2010; 

Pfleger et al., 2008; Rydén & Faresjö, 2013; Thorsen et al., 2014).  

 

Therefore, Ccl4 was selected for islet cell experiments which aimed to functionally 

characterise this adipokine. Previous publications which assessed the migration of several cell 

types exposed to Ccl4, which acts as a chemotaxis peptide, used a range of concentrations 

from 1ng/mL to 1000ng/mL (Grindstaff & Baer, 2020; Hannan et al., 2006; Lee et al., 2018; 

Lien et al., 2018; Quandt & Dorovini-Zis, 2004; Reinart et al., 2013). The biological activity of 

recombinant Ccl4 was shown to be 20-100ng/mL as determined by chemotaxis bioassays 

using immune cells. Based on these reports, concentrations between 5-100ng/mL of 

recombinant Ccl4 peptide were used in the functional experiments described in this chapter. 

 

The MIN6 β-cell line provides a preliminary model to assess the effects, if any, of peptides of 

interest on β-cell function prior to the use of primary mouse islets which require time-

consuming protocols using animal models. This is possible due to functional similarities 

between MIN6 β-cells and mouse islets, such as GLUT2 expression, glucokinase activity and 

insulin secretory capacity (Miyazaki et al., 1990; Persaud et al., 2014). Therefore, in the 

current chapter, experiments were performed using MIN6 β-cells to investigate the influence 

of Ccl4 treatment on multiple cellular functions, including apoptosis, proliferation, and insulin 

secretion. Potential GPCRs which mediate the actions of Ccl4 were also interrogated and their 

mRNAs were quantified in MIN6 β-cells. 
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7.2 Methods 

 

7.2.1 Cell viability 

 

The viability of MIN6 β-cells treated with Ccl4 was assessed using the Trypan blue exclusion 

test. Unlike the intact membranes of viable cells, the Trypan blue azo dye can penetrate 

through the damaged membranes of dying and dead cells. Thus, Trypan blue-stained non-

viable cells can be identified, and the viability of a cell suspension can be measured. MIN6 β-

cells were seeded into 6-well plates at a density of 250,000-300,000 cells/2mL/well and 

incubated at 37°C, 5% CO2 and 95% humidity in DMEM containing 25mM glucose, 10% (v/v) 

FBS, 100U/mL penicillin, 100µg/mL streptomycin, 2mM L-glutamine and 0.0005% (v/v) β-ME 

in the absence or presence of recombinant mouse Ccl4 (5-100ng/mL). Following a 48-hour 

exposure to Ccl4, Trypan blue uptake into MIN6 β-cells was assessed by their incubation in 

Trypan blue (0.2% w/v) for 15 minutes. Trypan blue-stained non-viable cells and non-stained 

healthy cells were visualised by light microscopy. 

 

7.2.2 Cytokine- and palmitate-induced apoptosis 

 

Apoptosis of MIN6 β-cells was detected using the Caspase-Glo® 3/7 Assay. MIN6 β-cells were 

seeded into 96-well plates at a density of 20,000 cells/100µL/well and incubated overnight at 

37°C, 5% CO2 and 95% humidity in DMEM containing 25mM glucose, 10% (v/v) FBS, 

100U/mL penicillin, 100µg/mL streptomycin, 2mM L-glutamine and 0.0005% (v/v) β-ME. Cells 

were exposed to either medium supplemented with 500µM palmitate or a cocktail of pro-

apoptotic cytokines (0.05U/µL IL-1β, 1U/µL TNF-α and 1U/µL IFN-γ) in the presence or 

absence of Ccl4 (5-100ng/mL) for 20 hours. Incubation with Caspase-Glo® Reagent for 1 hour 

was followed by the measurement of luminescence, as described in Sections 2.9.1 and 2.9.2, 

which correlated with caspase-3/7 activity. 

 

7.2.3 BrdU ELISA proliferation 

 

Proliferation of MIN6 β-cells was measured using the Cell Proliferation ELISA Kit which allows 

quantification of BrdU incorporation into the DNA of replicating. MIN6 β-cells were seeded into 

96-well plates at a density of 15,000 cells/100µL/well and incubated overnight at 37°C, 5% 

CO2 and 95% humidity in DMEM containing 25mM glucose, 10% (v/v) FBS, 100U/mL 

penicillin, 100µg/mL streptomycin, 2mM L-glutamine and 0.0005% (v/v) β-ME. Following a 24-

hour starvation period in 0% (v/v) DMEM, cells were exposed to DMEM containing either 2% 

or 10% (v/v) FBS in the absence or presence of recombinant mouse Ccl4 (5-100ng/mL) for 

48 hours. Thereafter, β-cells were labelled with 100µM BrdU reagent for 2 hours at 37°C, 5% 

CO2 and 95% humidity, and proliferation was determined by colorimetric quantification of Brdu 

incorporation into newly synthesised DNA, as described in Section 2.10.1. 

 

7.2.4 Insulin secretion 

 

Static incubation experiments were performed to assess insulin secretion from Ccl4-treated 

MIN6 β-cells that were stimulated by the amino acid metabolite, KIC (Section 2.8.1.1). Cells 

were seeded into a 96-well plate at a density of 25,000 cells/100µL/well using sterile-filtered 

DMEM containing 25mM glucose, 10% (v/v) FBS, 100U/mL penicillin, 100µg/mL streptomycin, 

2mM L-glutamine and 0.0005% (v/v) β-ME. Following overnight incubation at 37°C, 5% CO2 
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and 95% humidity, medium was replaced with DMEM containing 2.5mM glucose. After 16 

hours, MIN6 β-cells were incubated for 1 hour with Gey and Gey buffer containing 2mM 

glucose with or without 10mM KIC, in the absence or presence of recombinant Ccl4 

(100ng/mL). The α2-adrenoceptor agonist, clonidine (10μM), was used as a Gαi-coupled 

receptor control agonist. The supernatants were retrieved and stored at –20°C until 

measurement of insulin content by radioimmunoassay (Section 2.8.2). 

 

7.2.5 PRESTO-Tango β-arrestin reporter assays 

 

The PRESTO-Tango β-arrestin reporter assay measures the activation of target GPCRs by a 

ligand of interest (see Section 2.7.1). Thus, the assay was performed to determine which 

GPCRs are the target of CCL4 action. HTLA cells were seeded into a 96-well plate at a density 

of 25,000 cells/100µL/well and incubated overnight at 37°C, 5% CO2 and 95% humidity in 

DMEM containing 10% (v/v) dialysed FBS. Individual plasmids encoding Tango versions of 

ACKR2, CCR1, CCR2, CCR5, CCR9, CXCR1, and positive control plasmids A2AR and 

CHM3, were transfected into HTLA cells. Due to a limited selection of GPCR-expressing 

plasmids, the documented CCL4 targets, CCR1 and CCR9, could not be included in the GPCR 

screening. Cells were incubated in assay buffer with or without 100ng/mL recombinant human 

CCL4 for 1 hour at 37°C. Positive control GPCRs, α2-adrenoceptor, A2AR, and cholinergic 

receptor muscarinic 3 receptor, CHM3, were also activated by agonists, clonidine and 

carbachol, respectively. Bright-Glo™ Reagent was added to wells for 15 minutes and 

luminescence was measured as described in Section 2.7.3. 

 

7.2.6 Ccl4-targeted GPCR qPCR screening 

 

Standardised RNA extraction and RT-qPCR protocols were performed to quantify the 

expression of Ccl4-targeted GPCR mRNAs in MIN6 β-cells. The RNeasy Mini Kit was used to 

extract and purify RNA from MIN6 β-cells. Cells were seeded into 6-well plates at a density of 

250,000-300,000 cells/2mL/well and incubated in DMEM containing 25mM glucose, 10% (v/v) 

FBS, 100U/mL penicillin, 100µg/mL streptomycin, 2mM L-glutamine and 0.0005% (v/v) β-ME 

for 2-3 days at 37°C, 5% CO2 and 95% humidity. MIN6 β-cells were washed with PBS, 

trypsinised and pelleted by centrifugation. Samples were then processed using ethanol-based 

buffers, spin columns and multiple centrifuge steps to isolate high-quality RNA, as described 

in Section 2.6.1. A Nanodrop™ 1000 spectrophotometer was used to measure the 

concentration and purity of RNA extracted from MIN6 β-cells. RT reactions (50ng/μL) were 

prepared using the High-Capacity cDNA Reverse Transcription Kit and RT was performed in 

a T100™ thermal cycler (Section 2.2.9). The mRNA expression of Ccl4-activating receptors, 

Ackr2, Ccr1, Ccr2, Ccr5, Ccr9, Cxcr1 and Cxcr5, were then quantified in MIN6 β-cells using a 

SYBR Green fluorescent dye-based qPCR protocol and a LightCycler® 96 (Section 2.2.10). 

 

7.3 Results 

 

7.3.1 The effects of Ccl4 on MIN6 β-cell viability 

 

To determine whether exposure to Ccl4 affects viability, MIN6 β-cells were treated with 5-

100ng/mL Ccl4 for 48 hours and cell viability was measured by assessing the extent of Trypan 

blue uptake. Whilst no significant changes in MIN6 β-cell viability were observed following 

treatment with Ccl4 at all concentrations compared to control media (% relative to control: 
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control: 100.0±1.21; +5ng/mL: 99.3±1.39; +10ng/mL: 93.1±3.85; +50ng/mL: 91.4±6.29; 

+100ng/mL: 87.7±6.18; n=4; ns vs control) (Figure 41), there appears to be a concentration-

dependent downward trend.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41. The effect of 48-hour treatment with Ccl4 on MIN6 β-cell viability. Data are expressed 

as the mean ± S.E.M. One-way ANOVA; n=4. 

 

7.3.2 The effects of Ccl4 on cytokine- and palmitate-induced MIN6 β-cell apoptosis 

 

To determine whether Ccl4 affects apoptosis, MIN6 β-cells were treated with 5-100ng/mL Ccl4 

for 24 hours in the presence or absence of either mixed cytokines or the saturated fatty acid, 

palmitate. Caspase 3/7 activity, representative of the degree of cell apoptosis, was quantified 

using a proluminescent assay. 

 

A mixed cytokine cocktail of IL-1β, TNF-α and IFN-γ induced a significant increase in MIN6 β-

cell apoptosis (% relative to control: 595.2±37.02 vs 100.0±7.88; n=3 independent 

experiments; p<0.0001) (Figure 42, left). The addition of 100ng/mL Ccl4 significantly reduced 

the apoptotic effect of mixed cytokines (% relative to control: +100ng/mL: 469.1±24.54; p<0.01 

vs control), but lower concentrations of Ccl4 had no affect (% relative to control: +5ng/mL: 

532.8±25.02; +10ng/mL: 502.8±18.06; +50ng/mL: 497.8±19.54; ns vs control). 

 

Similar to mixed cytokines, the saturated fatty acid, palmitate, significantly upregulated MIN6 

β-cell apoptosis compared to control media (% relative to control: 291.5±14.25 vs 100.0±6.24; 

n=3 independent experiments; p<0.0001) (Figure 42, right). All concentrations of Ccl4 

significantly protected against palmitate-induced MIN6 β-cell apoptosis in a concentration 

dependent manner (% relative to control: +5ng/mL: 232.2±17.74; +10ng/mL: 222.7±13.59; 

+50ng/mL: 197.5±12.65; +100ng/mL: 195.1±9.69; p<0.0001 vs control). 
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Figure 42. The effect of 24-hour treatment with Ccl4 on cytokine-induced (left) and palmitate-

induced (right) apoptosis in MIN6 β-cells. Data are expressed as the mean ± S.E.M relative to control 

without cytokines or without palmitate. One-way ANOVA; n=3 independent experiments; *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001 vs control. 

 

7.3.3 The effects of Ccl4 on MIN6 β-cell proliferation 

 

To determine whether Ccl4 affects proliferation, MIN6 β-cells were exposed to 5-100ng/mL 

Ccl4 for 48 hours and BrdU incorporation was quantified by ELISA. 10% FBS significantly 

increased MIN6 β-cell proliferation compared to 2% FBS (% BrdU incorporation relative to 2% 

FBS control: 176.1±6.49 vs 100.0±4.90; n=3 independent experiments; p<0.0001) (Figure 43). 

100ng/mL Ccl4 significantly attenuated serum-stimulated MIN6 β-cell proliferation (% BrdU 

incorporation relative to 2% FBS control: +100ng/mL: 129.8±5.32; p<0.001 vs control) whilst 

no differences were observed with 5, 10 and 50ng/mL Ccl4 (% BrdU incorporation relative to 

2% FBS control: +5ng/mL: 169.2±7.99; +10ng/mL: 162.0±7.89; +50ng/mL: 156.7±9,51; ns vs 

control). 
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Figure 43. The effect of 48-hour treatment with Ccl4 on MIN6 β-cell proliferation. Data are 

expressed as the mean ± S.E.M relative to 2% FBS control. One-way ANOVA; n=3 independent 

experiments; ***p<0.001, ****p<0.0001 vs control. 

 

7.3.4 The effects of Ccl4 on insulin secretion from MIN6 β-cells 

 

The MIN6 β-cells used in the functional experiments described in this chapter were relatively 

late passage and did not show reproducible elevations in insulin secretion in response to 

elevation in glucose concentration. Therefore, to determine whether Ccl4 affects nutrient-

stimulated insulin secretion, MIN6 β-cells were exposed to Ccl4 (100ng/mL) in the presence 

of the leucine metabolite, KIC (10mM), and insulin levels in harvested supernatant were 

quantified using radioimmunoassay. Incubation with KIC significantly increased insulin 

secretion vs control buffer (% relative to control: 225.8±43.71 vs 100.0±12.57; n=3 

independent experiments; p<0.01 vs control buffer) (Figure 44). Treatment with 100ng/mL 

Ccl4 failed to induce any significant changes in KIC-stimulated insulin secretion (% relative to 

control: +100ng/mL: 189.1±24.29; ns vs KIC-treated control). As expected, clonidine 

significantly attenuated KIC-induced insulin secretion due to its action at the inhibitory Gαi-

coupled α2-adrenoceptor (% relative to control: +10µM clonidine: 19.9±4.69; p<0.0001 vs KIC-

treated control). 
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Figure 44. The effect of 1-hour treatment with Ccl4 on KIC-induced insulin secretion from MIN6 

β-cells. Clonidine acted as a negative control to inhibit KIC-stimulated insulin secretion. Data are 

expressed as the mean ± S.E.M. relative to 2mM glucose control (grey bar). One-way ANOVA; n=3 

independent experiments; **p<0.01, ****p<0.0001, ns: non-significant vs control. 

 

7.3.5 Identification of Ccl4-activated GPCRs using PRESTO-Tango β-arrestin reporter assay 

technology 

 

17 chemokine GPCRs were screened to interrogate potential receptors activated by CCL4. Of 

these, CCL4 (100ng/mL) significantly activated CXCR1 (relative luminescence units: control: 

5953±876.1; +100ng/mL CCL4: 9223±697.0; n=3 independent experiments; p<0.05 vs control 

assay buffer) and CXCR5 (relative luminescence units: control: 33700±389.6; +100ng/mL 

CCL4: 53556±5328.0; p<0.05 vs control) (Figure 45). The remaining receptors displayed no 

significant increase or decrease in activity with treatment of CCL4. As expected, the positive 

controls, clonidine and carbachol, significantly activated their respective target GPCRs, A2AR 

(relative luminescence units: control: 19033±6662.0; +10µM clonidine: 1897537±203463; 

p<0.0001 vs control) and CHM3 (relative luminescence units: control: 29627±3410; + 500µM 

carbachol: 3487811±123380; p<0.0001 vs control). 
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Figure 45. Quantification of GPCR activity in transfected HTLA cells using the PRESTO-Tango 

β-arrestin reporter assay. Relative luminescence corresponds to the activation level of GPCRs of 

interest. Clonidine and carbachol acted as positive controls acting at Gα i- and Gαq/11-coupled GPCRs, 

respectively. Data are expressed as the mean ± S.E.M. Multiple unpaired two-tailed t-tests; n=3 

independent experiments; *p<0.05, ****p<0.0001 vs control. 

 

7.3.6 Expression of Ccl4-targeted GPCR mRNAs in MIN6 β-cells 

 

Results from the PRESTO-Tango β-arrestin reporter experiments revealed CXCR1 and 

CXCR5 are activated by CCL4. Due to the limited availability of plasmids expressing potential 

chemokine-activated GPCRs of interest, additional Ccl4-targeted GPCRs, if any, were 

searched for in the literature, which indicated that Acrk2, Ccr1, Ccr2, Ccr5 and Ccr9 are Ccl4-

activated (Bonecchi et al., 2004; Civatte et al., 2005; Guan et al., 2002; Nibbs et al., 1997). To 

determine the target GPCR(s) which mediated the functional effects of Ccl4 on MIN6 β-cells, 

a qPCR screening was performed to quantify the mRNA expression levels of Acrk2, Ccr1, 

Ccr2, Ccr5, Ccr9, Cxcr1 and Cxcr5 in MIN6 β-cells relative to the housekeeping gene, Actb. 

Although most mRNAs encoding putative Ccl4 receptors were quantifiable, the expression 

levels of all mRNAs were extremely low (<0.0001% of Actb) (Figure 46, Supplementary Table 

25).  
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Figure 46. The expression of Ccl4-target GPCR mRNAs in MIN6 β-cells. Data are expressed as the 

mean ± S.E.M. n=4. 

 

7.4 Discussion 

 

The present chapter investigated a potential endocrine function for Ccl4 at β-cells. 

Experiments measured the effects of recombinant mouse Ccl4 on MIN6 β-cell viability, 

apoptosis, proliferation, and insulin secretion, and aimed to identify potential Ccl4-target 

GPCRs which mediated these effects. 

 

Ccl4 over the range of 5-100ng/mL was well-tolerated by MIN6 β-cells, so this concentration 

range was used in functional experiments, although it is important to consider the downward 

trend in MIN6 β-cell viability and the possibility that the lack of significance was due to low 

power (n=4) and type 2 error. This is particularly relevant when interpreting Ccl4-mediated 

protective effects of  MIN6 β-cells against apoptosis induced by both a mixed cytokine cocktail 

and the saturated fatty acid, palmitate. No significant changes to basal MIN6 β-cell apoptosis 

in the presence of Ccl4 (not shown) supported observations made during Trypan Blue 

exclusion testing, therefore indicating that cell loss did not contribute to reduced caspase-3/7 

activity readouts. Nevertheless, increases in n-number and subsequent power, as well as 

performance of additional cell viability and cytotoxicity assays, e.g. tetrazolium reduction and 

lactate dehydrogenase release assays, should be implemented to confirm tolerance of Ccl4 

by β-cells. Although there is limited data on the effects of Ccl4 on β-cell apoptosis, there are 

a handful of in vitro and in vivo studies suggesting an anti-apoptotic function of Ccl4 in other 

cell types. For example, incubation of preosteoclast cells with 10ng/mL Ccl4 decreased 

expression of the pro-apoptotic regulator, Bax, and protected against apoptosis induced by 

hydrogen peroxide (Lee et al., 2018). Neutralising Ccl4 antibodies increased apoptosis in 

lymphoblastoid cell lines (Tsai et al., 2013) and short hairpin RNA (shRNA) against CCL4 

expression raised cell apoptosis in HEC-1B and AN3CA cells (Hua & Tian, 2017). Similarly, 

siRNA-induced silencing of Ccl4 enhanced chondrocyte apoptosis and led to a significant 

reduction in chondrocyte viability (Yang et al., 2019). In the latter study, Ccl4 was identified as 

a target gene of the microRNA, miR-495, whose activity decreased Ccl4 expression. 

Interestingly, miR-495 also regulates the expression of TP53INP1, a β-cell apoptotic factor 

which is upregulated in T2D islets (Kameswaran et al., 2014; Okamura et al., 2001). A role for 
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miR-125b in regulating CCL4 expression in human immune cells has also been reported, as 

shRNA-induced knockdown increased CCL4 protein production in monocytes and naïve CD8 

T-cells, whereas overexpression reduced CCL4 mRNA and protein expression (Cheng et al., 

2015). Thus, microRNAs may be involved in modulating Ccl4 levels within stressed islets 

through epigenetic mechanisms in vivo. Previous publications which have investigated 

inflammatory mediators in T1D showed IL-4-induced protection against insulitis in NOD mice 

was associated with a 6-fold increase in intrapancreatic Ccl4 (Cameron et al., 1997, 2000). A 

later investigation on the influence of Ccl4 action showed intradermal delivery of Ccl4-

expressing plasmids suppressed the recruitment of CD8+ T-cells and preserved insulin 

expression within islets (Meagher et al., 2007). Moreover, islet T-cells retrieved from Ccl4-

administered mice displayed a greater anti-inflammatory secretory profile than control-treated 

mice, as indicated by diminished IFN-γ but augmented IL-4 and IL-10 production (Meagher et 

al., 2007). Further antagonism of pro-inflammatory pathways is shown by Ccl4-mediated 

blockage of CD4/IL-16 interactions at the surface of human T-cells to decrease their migration 

(Mashikian et al., 1999). Overall, Ccl4 appears to hinder the recruitment of diabetogenic 

immune cells into the islets whilst simultaneously promoting anti-inflammatory mediators. The 

apoptotic phase and the presence of pro-apoptotic factors can also affect chemokine signalling 

by regulating cell-surface receptor expression. TNF-, for example, reduced CCR5 expression 

in late apoptotic human polymorphonuclear (PMN) cells whereas anti-inflammatory mediators, 

such as lipoxin A4, increased it (Ariel et al., 2006). The observation that Ccl4 expression is 

induced by TNF-α in human neutrophils (Glennon-Alty et al., 2021) but repressed by IFN-γ in 

mouse macrophages (Rapisarda et al., 2002) highlights the complexity of chemokine 

dynamics in immune cell responses to inflammatory signals. Interestingly, CCR5 receptors 

present on late apoptotic cells were reported to have significantly greater affinity for CCL4 

compared to receptors on early apoptotic and live cells, as evidenced by elevated CCR5/CCL4 

binding (Ariel et al., 2006). Treatment with zVAD-fmk, a general caspase inhibitor which 

prevents apoptosis, abrogated CCR5/CCL4 binding, indicating a caspase-dependent 

regulation of chemokine signalling (Ariel et al., 2006).  

 

In contrast to the earlier studies described above and the observations here that Ccl4-induced 

protection of MIN6 β-cells against pro-inflammatory stimuli, other studies have suggested that 

Ccl4 promotes inflammation. For example, Ccl4 was co-secreted with IFN-γ from natural killer 

(NK) cells and CD8+ T-cells, and acted synergistically to stimulate the release of TNF-α, IL-

12 and nitric oxide from macrophages (Dorner et al., 2002). In support, Ccl4 treatment was 

also shown to increase the cytotoxicity of CD56+ NK cells (Maghazachi et al., 1996). In β-

cells, Ccl4 blockade has been linked to a reduction in Ccl4-induced inflammation as the 

expression of inflammatory cytokines, IL-6 and TNF-α, was reduced in the NIT-1 β-cell line by 

siRNA-mediated knockdown of Ccr2 and Ccr5, GPCRs for which Ccl4 is a reported ligand 

(Chang et al., 2021). Many studies, such as those described above, focus largely on the well-

characterised GPCR, CCR5. This is particularly due to the role of CCR5 as a co-receptor for 

HIV-1 infection with CCL4 acting as a suppressive factor (Petkov et al., 2022). The data in this 

chapter described qPCR experiments which quantified the full range of proposed Ccl4 GCPRs 

(Ackr2, Ccr1, Ccr2, Ccr5, Ccr9, Cxcr1 and Cxcr5) and deemed all receptors absent (<0.0001% 

of Actb expression) in unstressed MIN6 β-cells. Other studies have also reported undetectable 

levels of Ccr1, Ccr2 and Ccr5 mRNAs in MIN6 β-cells (Cai et al., 2011; Liu et al., 2013). It is 

important to note that the thresholds for expressed, trace and absent categories for gene 

expression are arbitrary. Furthermore, GPCR mRNA expression does not always correlate 
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with protein expression at the cell surface (Michel et al., 2009). Some receptor mRNAs, 

especially that encoding Cxcr5, were quantifiable in this current chapter, therefore, translation 

to functional proteins cannot be completely ruled out. GPCR expression is also dynamically 

regulated and receptor density is influenced by various physiological conditions and 

pharmacological treatments (Insel et al., 2007). Ariel et al. (2006) provide an example of how 

chemokine receptor expression and activity become altered by the presence of pro-

inflammatory factors. It would be interesting to see whether the expression of Ccl4-target 

GPCR mRNAs are altered in MIN6 β-cells exposed to Ccl4 and/or apoptotic stimuli, and how 

receptor-ligand binding kinetics may be affected. Conversely, while some receptor mRNAs 

were quantifiable in MIN6 β-cells, Ccl4 action is potentially mediated through one or more 

unknown receptor(s) present within MIN6 β-cell membranes. To investigate this possibility, 

future PRESTO-Tango β-arrestin reporter experiments will require the generation of Tango 

plasmids expressing additional chemokine receptor targets. Unexpectedly, data generated 

from the PRESTO-Tango experiments disputed CCR2 and CCR5 as established CCL4 

targets, as 100ng/mL CCL4 did not significantly activate these receptors in HTLA cells. Human 

CCL4 exists in two forms – full length and truncated – and each exhibits differential receptor 

specificity. Both forms induce CCR5 signalling, but, unlike full length CCL4, truncated CCL4, 

which lacks two N-terminal amino acids, is reported to also activate CCR1 and CCR2B (Guan 

et al., 2001, 2002). Full length recombinant human CCL4 peptide was used for the PRESTO-

Tango β-arrestin reporter assays and therefore this may explain the lack of observed CCR2 

activation. The reason for the absence in CCR5 activation by CCL4 is unclear and would 

prompt using fresh CCR5 plasmids and positive control ligands such as CCL3 in future repeat 

experiments. CCL4 treatment significantly activated CXCR1 and CXCR5 which have not been 

previously reported as receptors for CCL4. They therefore represent potential new CCL4 

targets for further investigation. Studies of CXCR5 and its established ligand, CXCL13, in T1D 

development were initiated in transgenic mice whereby Cxcl13-expressing islets attracted 

Cxcr5-expressing B-cells (Luther et al., 2000), although subsequent studies have yielded 

equivocal results. CXCR1/2 inhibitors are currently undergoing clinical trials in patients with 

T1D and islet transplant recipients following the successful suppression of IL-8-induced 

neutrophil recruitment into islets and improved glycaemic control in diabetic NOD mice (Citro 

et al., 2012; Maffi et al., 2020; Piemonti et al., 2022; Witkowski et al., 2021). These benefits, 

however, were not the result of improved insulin secretion from β-cells (Maffi et al., 2020). 

 

Ccl4 had no effect on KIC-induced insulin secretion from MIN6 β-cells. As explained in Section 

1.2.3.1, insulin secretion is a Ca2+-dependent process. Ccl4-target chemokine receptors are 

Gαi/o-coupled receptor, therefore, ligand binding and subsequent activation of the Gαi/o subunit 

suppresses AC activity, cAMP production, and PKA and EPAC activity (Section 1.6.1.1). 

Whilst this pathway in isolation decreases intracellular calcium levels, chemokine action is 

largely mediated through Gβγ subunits leading to PLC activation, PIP2 hydrolysis and IP3 

generation, and increased cytosolic Ca2+ (Mueller et al., 2002; Oppermann, 2004; Upadhyaya 

et al., 2020). Accordingly, CCL4 has previously increased intracellular calcium concentrations 

in human smooth muscle cells in a CCR5-dependent manner (Schecter et al., 2000), in human 

NK cells (Loetscher et al., 1996), and in Ccr5-transfected Chinese hamster ovary (CHO) cells 

(Mueller et al., 2002). Thus, the lack of Ca2+-dependent insulin secretory effects may reflect 

that it does not induce Gβγ signalling in MIN6 β-cells and the absence of an inhibitory effect 

on insulin release also indicates an absence of Gαi/o
 coupling. The anti-proliferative effects of 

Ccl4 observed here in MIN6 β-cells are consistent with observations that treatment of STZ-

induced diabetic mice with anti-Ccl4 antibodies increased islet cell proliferation and serum 
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insulin levels, leading to improved plasma glucose control (Chang et al., 2021). It is important 

to note the caveat in the Ccl4 treatment periods between insulin secretion (1 hour) and 

proliferation (48 hours) experiments described here. Future experiments in which insulin 

secretion is measured from MIN6 β-cells exposed to Ccl4 for 48 hours will help determine 

whether the reduction in β-cell proliferation translates to a decrease in insulin secretory 

capacity. Unlike the enhanced islet cell proliferation following Ccl4 inhibition seen in Chang et 

al. (2021), other studies have shown that Ccl4 promotes cell proliferation: 10ng/mL Ccl4 

increased the proliferation of NK cells (Maghazachi et al., 1996); neutralising Ccl4 antibodies 

diminished cell proliferation in lymphoblastoid cell lines (Tsai et al., 2013); silencing of CCL4 

gene expression using shRNA significantly impaired human endometrial cancer (EC) cell 

growth (Hua & Tian, 2017). This proliferative role may be mediated via CCR5 whose additional 

PI3K pathway has been linked to cell survival, growth and proliferation (Upadhyaya et al., 

2020), and this receptor is absent in MIN6 β-cells. 

 

In summary, Ccl4 has anti-apoptotic and anti-proliferative effects on MIN6 β-cells that are 

potentially mediated through unidentified receptor(s), while acute treatment of MIN6 β-cells 

with Ccl4 had no effect on insulin secretion. PRESTO-Tango β-arrestin reporter assays have 

identified two previously unknown GPCR targets of CCL4 whose roles in β-cell function have 

yet to be determined. There is much disparity between published studies regarding Ccl4 

function, and data in β-cells and/or islets are extremely limited. The effects of Ccl4 observed 

in MIN6 β-cells will need to be investigated in primary islets to determine whether they are of 

physiological relevance, and this was carried out in the following chapter. 
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Chapter 8: Investigating the direct functional effects of Ccl4 on primary mouse 

islets 

 

8.1 Introduction 

 

Immortalised insulin-secreting cell lines provide a valuable tool for obtaining preliminary data 

regarding the functional effects of candidate peptides on β-cell function. Indeed, the previous 

chapter in which MIN6 β-cells were treated with recombinant Ccl4 revealed anti-apoptotic and 

anti-proliferative actions without effects on insulin secretory capacity. The similarities in 

physiological functions to primary β-cells allow predictions to be made from MIN6 β-cell 

experiments. However, there are no guarantees that results will be replicated as the 

characteristics of cell lines can deviate from those of the original tissue. With serial passaging, 

cell lines also tend to undergo genotypic and phenotypic changes that lead to further variation. 

Moreover, cell lines do not mimic an in vivo environment as MIN6 β-cells are maintained as a 

2-dimensional (2D) monolayer in the absence of other islet cells; this differs greatly from the 

3D islet structure in which hetero- and homotypic contacts between cell types support the 

proper functioning of β-cells in islets. Taken together, it is possible that findings in MIN6 β-

cells may not be replicated in primary islets. 

 

Consequently, in this chapter, the functional effects of Ccl4 were investigated in mouse islets. 

Based on previously reported experimental Ccl4 concentrations and the biological activity of 

recombinant Ccl4 being 20-100ng/mL, concentrations of 5-100ng/mL of recombinant mouse 

Ccl4 peptide were used in the functional experiments described in this chapter. As for 

experiments conducted in MIN6 β-cells, apoptotic, proliferative and insulin secretory effects in 

mouse islets were assessed, and the expression of previously identified Ccl4-target GPCR 

mRNAs were measured. 

 

8.2 Methods 

 

8.2.1 Cytokine- and palmitate-induced apoptosis 

 

Apoptosis of primary mouse islets induced by either 500µM palmitate or a cocktail of pro-

apoptotic cytokines (0.05U/µL IL-1β, 1U/µL TNF-α and 1U/µL IFN-γ) was detected using the 

Caspase-Glo® 3/7 Assay. Isolated islets were incubated overnight with or without Ccl4 (5-

100ng/mL) in RPMI containing 5.5mM glucose, 10% (v/v) FBS, 100U/mL penicillin, 100µg/mL 

streptomycin and 2mM L-glutamine. Thereafter, 5 islets/40µL/well (6 wells per treatment 

group) were incubated in fresh RPMI supplemented with 2% (v/v) FBS and in the presence or 

absence of an apoptotic inducer and/or Ccl4 (5-100ng/mL) for 20 hours. Incubation with 

Caspase-Glo® Reagent for 1 hour was followed by the measurement of luminescence, as 

described in Sections 2.9.1 and 2.9.2, which correlated with caspase-3/7 activity. 

 

8.2.2 Proliferation of mouse islets 

 

Immunofluorescence staining of ex vivo mouse islets was performed to assess islet cell 

number and β-cell proliferation. Groups of 5-10 mouse islets were maintained in RPMI 

containing 5.5mM glucose, 10% (v/v) FBS, 100U/mL penicillin, 100µg/mL streptomycin and 

2mM L-glutamine and in the absence or presence of 100ng/mL Ccl4. Following a 72-hour 
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incubation period at 37°C, 5% CO2 and 95% humidity, islets were fixed in 4% PFA for 45 

minutes at room temperature. After washing three times in PBS, islets were then 

permeabilised for 2 hours at room temperature with 0.2% v/v Triton X-100 in PBS, 0.8% FBS 

and 1% BSA. Subsequently, islets were treated with primary antibodies targeting insulin, 

glucagon, somatostatin, and the nuclear proliferation marker, Ki67 (Section 2.10.2). After an 

overnight incubation at room temperature, islets were treated with DAPI and the corresponding 

secondary antibodies for 2 hours at room temperature. Once islets were mounted onto 

coverslips, images were captured using a Nikon Eclipse Ti-E Inverted A1 inverted confocal 

microscope and analysed using ImageJ and Cell Profiler software.  

 

8.2.3 Insulin secretion 

 

Static incubation experiments were performed to assess the effect of Ccl4 on glucose-

stimulated insulin secretion from mouse islets. Groups of 3 islets per replicate per condition 

were incubated for 1 hour with Gey and Gey buffer containing 2mM or 20mM glucose with or 

without recombinant Ccl4 (5-100ng/mL) as described in Section 2.8.1.2. The muscarinic 

receptor agonist, carbachol (500μM), and the α2-adrenoceptor agonist, clonidine (10μM), were 

used as positive and negative controls, respectively. The supernatants were retrieved, pre-

diluted in borate buffer, and stored at –20°C until measurement of insulin content by 

radioimmunoassay (Section 2.8.2). 

 

8.3.4 Expression of Ccl4-targeted GPCR mRNAs in mouse islets 

 

Standardised RNA extraction and RT-qPCR protocols were performed to quantify the 

expression of Ccl4-targeted GPCR mRNAs in islets isolated from CD1 mice. Following 

isolation and overnight incubation, groups of 150-200 mouse islets were dissolved in TRIzol® 

Reagent. The addition of chloroform and a subsequent centrifugation cycle led to the 

separation of an upper aqueous phase containing RNA which was transferred to a mixture of 

cooled 100% isopropanol and glycogen (Section 2.6.1). After a 1-hour incubation at –70°C, 

samples were centrifuged to form RNA pellets. Isopropanol was replaced with 75% ethanol, 

samples underwent a final centrifuge step, and all ethanol was removed to facilitate the drying 

of RNA pellets at 37°C. Once reconstituted in DNase-RNase-free water, the yield and purity 

of RNA was determined by a Nanodrop™ 1000 spectrophotometer. RT reactions (50ng/μL) 

were prepared using the High-Capacity cDNA Reverse Transcription Kit and RT was 

performed in a T100™ thermal cycler (Section 2.2.9). The mRNA expression of Ccl4-activating 

receptors, Ackr2, Ccr1, Ccr2, Ccr5, Ccr9, Cxcr1 and Cxcr5, were then quantified in mouse 

islets using a SYBR Green fluorescent dye-based qPCR protocol and a LightCycler® 96 as 

described in Section 2.2.10. 

 

8.3 Results 

 

8.3.1 The effects of Ccl4 on cytokine- and palmitate-induced apoptosis in mouse islets 

 

To determine whether Ccl4 affects apoptosis in primary tissue, mouse islets were treated with 

5-100ng/mL Ccl4 for 48 hours and exposed to either Ccl4 alone, mixed cytokines or palmitate 

in the final 20 hours. Similar to experiments using MIN6 β-cells, Caspase 3/7 activity was 

quantified using a proluminescent assay to measure the degree of apoptosis. 
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A mixed cytokine cocktail of IL-1β, TNF-α and IFN-γ induced a significant increase in mouse 

islet apoptosis (% relative to control: 210.0±21.72 vs 100.0±11.07; n=3 independent 

experiments; p<0.001) (Figure 47, left). The addition of Ccl4 at all concentrations resulted in 

no changes to the apoptotic effect of mixed cytokines (% relative to control: +5ng/mL: 

231.3±20.07; +10ng/mL: 278.3±21.23; +50ng/mL: 231.3±19.07; +100ng/mL: 242.9±15.88; ns 

vs control). 

 

As for mixed cytokines, the saturated fatty acid, palmitate, significantly increased mouse islet 

apoptosis compared to control media (% relative to control: 126.9±10.01 vs 100.0±6.23; n=5 

independent experiments; p<0.05) (Figure 47, right). No significant differences in mouse islet 

apoptosis were observed with treatment of Ccl4 at all concentrations (% relative to control: 

+5ng/mL: 101.5±4.92; +10ng/mL: 110.1±4.27; +50ng/mL: 116.6±6.38; 

+100ng/mL:105.7±4.90; ns vs control). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47. The effect of 48-hour treatment with Ccl4 on cytokine-induced (left) and palmitate-

induced (right) apoptosis in mouse islets. Data are expressed as the mean ± S.E.M relative to 

control without cytokines or without palmitate. One-way ANOVA; n=3-5 independent experiments; 

*p<0.05, ***p<0.001 vs control. 

 

8.3.2 The effects of Ccl4 on β-cell proliferation in mouse islets 

 

To determine whether Ccl4 treatment affects islet cell proliferation and number, mouse islets 

were treated with 100ng/mL Ccl4 for 72 hours and co-stained with DAPI, a blue-fluorescent 

DNA stain, and either antibodies directed against Ki67, insulin, glucagon, or somatostatin. β-

cells were identified by DAPI-positive, insulin-positive cells; α-cells were identified by DAPI-

positive, glucagon-positive cells; and δ-cells were identified by DAPI-positive, somatostatin-

positive cells (Figure 48). The percentage proportions of β-, α- and δ-cells within individual 

mouse islets were unchanged by exposure to 100ng/mL Ccl4 (% DAPI-positive cells: control 

vs +100ng/mL: insulin: 69.2±2.70 vs 66.4±2.03; glucagon: 16.9±3.15 vs 8.6±1.97; 
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somatostatin: 10.7±0.82 vs 13.4±3.05; n=14-18 single mouse islets; ns vs control) (Figure 

49A). The number of β-cells (% relative to control: control: 100.0±3.89; +100ng/mL: 95.7±2.93; 

ns vs control) and δ-cells (% relative to control: control: 100.0±7.67; +100ng/mL: 124.9±28.57; 

ns vs control) were also not significantly different between mouse islets treated with control 

media and 100ng/mL Ccl4 (Figure 49B, D), but the number of α-cells was significantly reduced 

when islets were treated with 100ng/mL Ccl4 (% relative to control: control: 100.0±18.60; Ccl4: 

+100ng/mL: 50.8±11.60) (Figure 49C). 
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Figure 48. Representative confocal images of immunostained ex vivo mouse islets. Mouse islets 

were treated with either control media (A), Ccl4 (100ng/mL; B) or the positive control, Ex4 (20nM; C) 

prior to immunofluorescence staining. Proliferating β-cells were identified by the co-localisation of the 

nuclear stain, DAPI (blue), and the nuclear proliferation marker, Ki67 (red) within the nucleus of insulin-

containing (green) cells. α-cells and δ-cells were identified by glucagon and somatostatin (magenta) 

staining. Scale bar = 50µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 49. The effect of 72-hour treatment with Ccl4 on mouse islet cell number. β-cells, α-cells 

and δ-cells were identified by the co-localisation of DAPI and either insulin, glucagon, or somatostatin, 

respectively. (A) Quantification of the relative proportion of insulin-, glucagon- and somatostatin-positive 

cells in control and 100ng/mL Ccl4-treated islets. Data are expressed as mean ± S.E.M. One-way 

ANOVA; n=14-18 single mouse islets; ns vs control. (B-D) Quantification of β-cell, α-cell, and δ-cell 

number. Data are expressed as the mean ± S.E.M relative to control media. Unpaired two-tailed t-test; 

n=14-18 single mouse islets; *p<0.05, ns: non-significant vs control. 

 

The level of β-cell proliferation was quantified through the identification of Ki67-, an 

endogenous cell proliferation marker localised to the nucleus, and insulin-positive staining 

(Figure 48). The GLP-1 receptor agonist analogue, Ex4, was used as a positive control due to 

its reported effects as a stimulator of β-cell proliferation (Xu et al., 1999). Single mouse islets 

A 

B D C 
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treated with 100ng/mL Ccl4 showed no changes in β-cell proliferation (% relative to control: 

control: 100.0±29.51; +100ng/mL Ccl4: 70.4±22.90; ns vs control) but, as expected, 20nM Ex4 

induced a significant increase in β-cell proliferation (% relative to control: 374.4±40.84; 

p<0.0001 vs control) (Figure 50). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50. The effect of 72-hour treatment with Ccl4 on β-cell proliferation. Proliferating β-cells 

were identified by the co-localisation of Ki67 and insulin. Ex4 treatment was used as positive control. 

Data are expressed as the mean ± S.E.M relative to control media. One-way ANOVA; n=14-18 single 

mouse islets; ****p<0.0001, ns: non-significant vs control. 

 

8.3.3 The effects of Ccl4 on insulin secretion from mouse islets 

 

To determine whether Ccl4 affects glucose-stimulated insulin secretion in primary tissue, 

mouse islets were exposed to 5-100ng/mL Ccl4 in the presence of 20mM glucose and insulin 

levels in harvested supernatant were quantified using radioimmunoassay. Incubation with 

20mM glucose significantly increased insulin secretion vs 2mM glucose (% relative to control: 

337.7±34.64 vs 100.0±14.91; n=5 independent experiments; p<0.0001 vs control) (Figure 51). 

All concentrations of Ccl4 failed to potentiate or attenuate glucose-stimulated insulin secretion 

(% relative to control: +5ng/mL: 315.1±32.19; +10ng/mL: 308.8±27.08; +50ng/mL: 

338.6±28.02; +100ng/mL: 365.3±29.79; ns vs control). 
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Figure 51. The effect of treatment with Ccl4 (5-100ng/mL) on glucose-stimulated insulin 

secretion from mouse islets. Data are expressed as the mean ± S.E.M relative to 2mM glucose 

control (grey bar). One-way ANOVA; n=5 independent experiments; ****p<0.0001 vs control. 

 

8.3.4 Expression of Ccl4-targeted GPCR mRNAs in mouse islets 

 

Results from the PRESTO-Tango β-arrestin reporter experiments revealed CXCR1 and 

CXCR5 are the targets of CCL4 action (Section 7.3.5). Acrk2, Ccr1, Ccr2, Ccr5 and Ccr9 are 

also reported to be Ccl4-activated (Bonecchi et al., 2004; Civatte et al., 2005; Guan et al., 

2002; Nibbs et al., 1997). To gain better understanding of the lack of observed functional 

effects of Ccl4 in mouse islets, a qPCR screening was performed to quantify the mRNA 

expression levels of Acrk2, Ccr1, Ccr2, Ccr5, Ccr9, Cxcr1 and Cxcr5 in mouse islets relative 

to the housekeeping gene, Actb. Cxcr5 mRNA was expressed in mouse islets (0.0017±0.0003 

relative to Actb) (Figure 52) thereby confirming the presence of a Ccl4-activating GPCR. The 

remaining putative Ccl4 receptors were absent (<0.0001% of Actb) or present at trace level 

(0.0001% to 0.001% relative to Actb expression) (Supplementary Table 25). 
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Figure 52. The expression of Ccl4-target GPCR mRNAs in mouse islets. Data are expressed as 

the mean ± S.E.M. n=4. 

 

8.4 Discussion 

 

The present chapter investigated a potential function for Ccl4 at primary mouse islets. To 

assess whether observations in MIN6 β-cells were recapitulated in primary tissue, similar 

experiments measured the effects of recombinant mouse Ccl4 on islet apoptosis, proliferation, 

and insulin secretion, and aimed to identify GPCRs through which Ccl4 potentially acts. 

 

In accordance with data obtained using MIN6 β-cells, glucose-stimulated insulin secretion 

from islet β-cells was unchanged following incubation with Ccl4. However, unlike the anti-

proliferative and anti-apoptotic effects seen in MIN6 β-cells, Ccl4 treatment did not alter 

cytokine- or palmitate-induced islet apoptosis, nor did it affect β-cell proliferation within islets. 

Despite a lack of effect at the β-cell, immunofluorescence staining revealed a significant 50% 

reduction in the number of glucagon-producing α-cells when islets were exposed to Ccl4 for 

72 hours. Together with β-cells, α-cells have a key role in regulating glycaemia, yet they have 

been less extensively studied. A recent paper compared α-cell vs β-cell expressomes in 

diabetic NOD mice and T1D patients and found that α-cells were subjected to a higher rate of 

inflammatory stress (Nigi et al., 2020). These data suggest that α-cells may be more 

vulnerable to environmental stressors than β-cells. On the other hand, a study which retrieved 

α-cells and β-cells from humans and rats revealed α-cells, but not β-cells, were resistant to 

palmitate-induced apoptosis (Marroqui et al., 2015). These findings fit with a report in which 

α-cell mass was similar in non-diabetic humans and T2D subjects, whilst β-cell was decreased 

in T2D (Henquin & Rahier, 2011). Several publications have also documented increases in 

the absolute number and proportion of α-cells relative to β-cells. For example, increased α-

cell but reduced β-cell volume led to an imbalanced α/β-cell ratio in baboons with 

hyperglycaemic and islet amyloidosis (Guardado-Mendoza et al., 2009). Similar increases in 

the proportion of α-cells to β-cells was observed in cadaveric pancreas samples from patients 

with T2D compared to non-diabetic individuals (Henquin & Rahier, 2011; Kilimnik et al., 2011). 

Taken together, α-cell defence mechanisms may differ between T1D (immunological) and T2D 

(metabolic). 
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Interestingly, the substantial decrease in α-cell number with Ccl4 treatment was not evident in 

results from islet apoptosis experiments. The disagreement between apoptotic levels and α-

cell loss may be due to differences in Ccl4 incubation times (48 vs 72 hours). Increasing the 

treatment period in apoptosis experiments to match that in immunofluorescence experiments 

may resolve this. A more likely explanation could be that α-cells are a minority cell type, 

therefore, the magnitude of α-cell loss was insufficient to alter overall apoptotic levels within 

the whole islet. Another explanation could be the fact that assays which quantify caspase-3/7 

activity, like the assay used here, only detect apoptosis and not necrosis or necroptosis. These 

alternate mechanisms of cell death, which involve separate regulators from apoptosis, could 

be occurring within the α-cells, especially in the event of prolonged apoptosis which leads to 

secondary necrosis (Butterick et al., 2014). Other techniques, such as cytofluorometry which 

detects morphological modifications, or luminometry which quantifies intracellular energy 

stores, could help discriminate apoptotic cells from necrotic ones (Galluzzi et al., 2009). The 

depletion of α-cells may have been mediated through the activation of Cxcr5, the only Ccl4-

target GPCR mRNA found expressed within mouse islets and triggering potential NF-κB 

pathways. Unfortunately, qPCR experiments alone cannot distinguish Cxcr5 mRNA 

expression between the different islet cell populations. Cxcr5 mRNA expression in specific 

islet cells from control- and high-fat diet-fed mice could not be determined from a recently 

published single cell RNA sequencing (scRNAseq) dataset (GEO Accession Viewer, 2022; 

Rubio-Navarro et al., 2023), although, filtering of low-expressed genes which improves the 

detection of differentially expressed genes means detectable Cxcr5 mRNA expression may 

have been removed. Compared to bulk RNAseq and qPCR techniques, scRNAseq generates 

more variable data with greater technical noise that requires several quality control steps to 

eliminate (Chen et al., 2019). As a result, true signals representing low expressed genes may 

be removed, making scRNAseq a less reliable approach for identifying such genes, including 

those that encode GPCRs. Additional immunofluorescence staining experiments could be 

performed to detect receptor expression by specific islet cells, but there is insufficient antibody 

selectivity against GPCRs, rendering this technique unreliable and inaccurate (Michel et al., 

2009). Use of cell sorting techniques, such as fluorescence-activated cell sorting (FACS), prior 

to qPCR screening could help clarify GPCR expression patterns within specific endocrine cell 

subtypes. The mRNA expression profile of Ccl4-target GPCRs was established here in islets 

isolated from outbred CD1 mice; this differs from the expression profile in islets from CD1 mice 

(referred to as ICR) previously published by our group (Amisten et al., 2017). Cxcr5 mRNA 

was expressed in CD1 islets, but in the earlier report, this receptor was expressed only at 

trace level in ICR islets. Although a handful of CD1 islet samples expressed Ccr1 and Ccr5 

mRNAs, sample variation meant their mean mRNA expression levels were considered present 

only at trace level. The same was observed by Amisten et al. regarding Ccr1 mRNA, however, 

Ccr5 mRNA was expressed in ICR islets.  The remaining receptors were similarly absent or 

expressed at trace level in both qPCR screenings (Amisten et al., 2017). It is unclear why the 

data reported by Amisten et al. were not reproduced here, especially given experimental 

protocols are standardised within our group, although GPCR dynamics, age differences 

between mouse cohorts, and variation in individual investigator practice may have been 

contributing factors. 

 

In summary, the experiments in this current chapter have shown that Ccl4 does not have the 

same functional effects in primary β-cells as it does in the immortalised MIN6 β-cell line. 

Genomic content, key morphological features, and overall phenotype can all deviate away 

from those of the original tissue from which cell lines are derived. Thus, the observed 
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discrepancies are not unexpected given cell lines have relatively low physiological relevance 

to primary tissues. In contrast, Ccl4 may negatively impact α-cell function. Such dysfunction 

could disrupt the counterregulatory mechanisms that exist between α-cells and β-cells to 

maintain normoglycaemia in vivo. Further investigation is required to confirm this potential 

regulatory role on α-cell function by Ccl4. 
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Chapter 9: Investigating the paracrine/autocrine effects of visceral adipose 

tissue-derived Ccl4 on 3T3-L1 preadipocyte cell differentiation and function 

 

9.1 Introduction 

 

Based on the results from functional experiments in primary mouse islets, it is unlikely that 

upregulated Ccl4 in obese adipose tissue participates in crosstalk with β-cells to alter their 

function. The upregulation of Ccl4 mRNA in whole adipose tissue and not mature adipocytes 

from diet-induced obese mice supports increased chemokine expression within the SVF in 

obesity, most likely from the expansion of the immune cell population. As previously described 

in Section 1.5.2.4, a paracrine loop between adipocytes and resident macrophages has been 

established whereby soluble factors, such as adipocyte-derived FFAs and macrophage-

derived TNF-α, induce functional changes within their neighbouring cell types (Suganami et 

al., 2005, 2007). Therefore, instead of mediating endocrine actions, locally produced Ccl4 may 

modulate adipocyte cell function through paracrine signalling in obesity. 

 

The experiments described so far in this thesis have identified several differentially expressed 

islet GPCR peptide ligand mRNAs in obese models, some of which have known 

paracrine/autocrine interactions with adipose tissue. An example is Cxcl3 whose mRNA 

expression was downregulated in mature adipocytes isolated from high-fat diet-induced obese 

mice (see Section 3.3.4). It has been reported that recombinant Cxcl3 treatment promoted 

lipid accumulation and expression of adipogenic markers, Pparg2, Fabp4 and C/ebpa, during 

differentiation of the preadipocyte cell line, 3T3-L1 (Kusuyama et al., 2016). This was inhibited 

by siRNA-induced gene knockdown of Cxcl3 or its target GPCR, Cxcr2. The involvement of 

Cxcr2 signalling in adipocyte differentiation is supported further by reduced Fabp4 copy 

number and adipocyte cell size in Cxcr2−/− mice (Dyer et al., 2019). An additional example of 

an adipocyte-derived islet GPCR ligand which acts locally within adipose tissue is Npy. High-

fat feeding and obesity resulted in elevated Npy mRNA expression in visceral mature 

adipocytes from mice (Section 4.3.4). The obese state can be exacerbated further by 

associated increases in Npy levels, as Npy stimulated preadipocyte proliferation and white 

adipose tissue adipogenesis (Kuo et al., 2007) and inhibited brown adipose tissue 

thermogenesis via downregulated uncoupling protein 1 (UCP1) expression (Shi et al., 2013). 

Moreover, delivery of exogenous Npy to lean and obese mice resulted in a 50% expansion of 

adipose tissue weight and volume (Kuo et al., 2007). Treatment of 3T3-L1 adipocytes with 

exogenous Npy inhibited insulin-stimulated glucose uptake via diminished GLUT4 

translocation, an effect that was abolished by a Y1-specific receptor antagonist, suggesting 

involvement of this Npy target GPCR in glucose tolerance (Gericke et al., 2012). 

 

CCL4 and its target GPCRs, CXCR1, CCR1, CCR2 and CCR5 are all present within human 

mature adipocytes and preadipocytes (Gerhardt et al., 2001). The expression of these 

receptors and its other chemokine ligands, CCL2, CCL3 and IL-8, vary across different stages 

of adipogenesis. Given all three chemokines significantly inhibit lipid accumulation and the 

expression of major adipogenic transcription factors, Pparγ and C/ebpα, chemokine signalling 

may be involved in regulating adipocyte differentiation, maturity and function (Gerhardt et al., 

2001). This is likely true under both normal and obese conditions. Indeed, significant 

elevations in the expression of chemokine ligands and receptors were observed within adipose 

tissue from mice and humans with obesity (Huber et al., 2008; Kanda et al., 2006; Kim et al., 
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2014; Kitade et al., 2012). This includes Ccl4 and its target receptors, Ccr2 and Ccr5, in 

epididymal fat pads from diet-induced obese and leptin-deficient, ob/ob, mice (Kitade et al., 

2012). Furthermore, pharmacological and genetic manipulations of receptor/ligand expression 

or activity, either globally, within adipocytes or adipose tissue-derived immune cells, have 

implicated the chemokine system in insulin resistance (Chavey et al., 2009; Huh et al., 2018; 

Inouye et al., 2007; Kamei et al., 2006, 2006; Kanda et al., 2006; Kim et al., 2014; Kirk et al., 

2008; Kitade et al., 2012; Weisberg et al., 2006). 

 

Consequently, the aim of this chapter was to assess the influence of Ccl4 action on adipocyte 

differentiation, lipolysis, and insulin sensitivity. The established murine preadipocyte cell line, 

3T3-L1, was used as a model of adipogenesis based on its capacity to differentiate and its 

possession of adipogenic characteristics which mimic in vivo adipocytes. The following 

experiments investigated a potential role for the obesity-induced upregulated Ccl4 within 

adipose tissue to alter adipocyte function through a paracrine/autocrine-mediated mechanism. 

 

9.2 Methods 

 

9.2.1 Differentiation of 3T3-L1 preadipocyte cells 

 

The 3T3-L1 preadipocyte cell line was used to assess the effects of Ccl4 treatment on 

adipogenesis which was induced by a differentiation cocktail, also referred to as MDi (Section 

2.11.2). This adipogenic cocktail contains IBMX, DEX, and insulin which are necessary 

promoters for efficient differentiation of 3T3-L1 cells (Zhao et al., 2019). Cells were seeded 

into a 12-well plate at a density of 90,000 cells/2mL/well and maintained at 37°C, 5% CO2 and 

95% humidity in sterile-filtered DMEM containing 25mM glucose, 10% (v/v) NCS, 100U/mL 

penicillin, 100µg/mL streptomycin and 2mM L-glutamine. 3T3-L1 preadipocyte cells were 

incubated for 48 hours with DMEM or MDi in the absence or presence of recombinant 

100ng/mL Ccl4. Thereafter, medium was replaced every 48 hours for a period of 6 days when 

differentiation of 3T3-L1 cells was complete and ready for experimental protocols, as indicated 

below. 

 

9.2.2 Oil Red O staining and quantification 

 

Increasing lipid accumulation occurs within maturing adipocytes during adipogenesis, 

therefore, intracellular lipid content can be quantified to evaluate differentiation (Section 

2.11.4). Once the differentiation protocol was completed, 3T3-L1 adipocyte cells were stained 

an orange-red tint by the fat-soluble, hydrophobic diazo ORO dye. Images were captured 

using a light microscope to visualise ORO-stained stored lipid droplets within 3T3-L1 cells. 

ORO was subsequently eluted by the addition of 100% isopropanol and absorbance was 

measured at a wavelength of 490-520nm using a Wallac 1420 Victor2™ microplate reader to 

quantify lipid content. 

 

9.2.3 qPCR screening of adipocyte differentiation genes 

 

The expression of the adipogenic gene markers, PPARγ and adiponectin, was quantified in 

3T3-L1 cells to assess the effect of Ccl4 treatment on adipocyte differentiation and maturity. 

The extraction and purification of RNA from differentiated and non-differentiated 3T3-L1 cells 

were performed using the RNeasy Mini Kit, as described in Section 2.6.1. Once RNA yield 
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and purity were determined by a NanoDrop™ One spectrophotometer, RT reactions (50ng/μL) 

were prepared using the High-Capacity cDNA Reverse Transcription Kit and performed in a 

Mastercycler® Nexus GX2. Expression of Pparγ and AdipoQ mRNAs relative to the 

housekeeping gene, Hprt1, were quantified using the SYBR Green-based qPCR protocol 

(Section 2.2.10) and a QuantStudio™ 6 Flex Real-Time PCR System. 

 

9.2.4 Western blotting 

 

The phosphorylation of AKT and HSL proteins were measured to assess the effect of Ccl4 

treatment on insulin signalling and lipolysis, respectively, within adipocytes. Proteins were 

extracted from undifferentiated and differentiated 3T3-L1 cells and quantified using the 

Bradford method (Section 2.11.5). This involved the addition of RIPA lysis buffer 

supplemented with phosphatase/protease inhibitors to cells and the collection of protein 

supernatants following centrifugation. Samples and standards of unknown and known protein 

concentrations, respectively, were mixed with Protein Assay Dye Reagent Concentrate 

containing BCA to generate a blue protein-dye complex. Absorbance was measured at a 

wavelength of 595nm using a Wallac 1420 Victor2™ microplate reader and was directly 

proportional to protein content. Thereafter, immunoreactive total and phosphorylated forms of 

AKT and HSL were detected by Western Blotting as described in Section 2.11.5. The protocol 

began with the dilution of 60µg of each protein sample in 7µL Laemmli Buffer/β-ME mixture 

and the volume topped up to 28µL with RIPA lysis buffer. Proteins were then denatured at 

95°C for 15 minutes. 25µL of each samples (2µg/µL) and Precision Plus Protein Dual Color 

Standards were loaded into a prepared gel and subjected to SDS-PAGE at 90V for 30 minutes 

followed by 120V for 1-1.5 hours in a Mini-PROTEAN Tetra Vertical Electrophoresis Cell. 

Subsequently, using a Trans-Blot® Turbo™ Transfer System set at 25V for 7 minutes, proteins 

were transferred to a PDVF membrane which was immunostained with primary and secondary 

antibodies targeting peptides of interest. 

 

9.3 Results 

 

9.3.1 The effects of Ccl4 on lipid accumulation during the differentiation of 3T3-L1 

preadipocyte cells 

 

To determine whether Ccl4 participates in paracrine/autocrine signalling to influence adipocyte 

differentiation, 3T3-L1 preadipocytes were treated with control DMEM or the differentiation 

cocktail, MDi, in the absence or presence of 100ng/mL Ccl4 and subsequently stained with 

ORO to visualise and quantify lipid accumulation during adipogenesis. The low lipid content 

and fibroblast-like morphology of undifferentiated 3T3-L1 preadipocyte cells was highly distinct 

from the marked accumulation of ORO-stained lipids within rounded differentiated cells 

(Figure 53). These observations were confirmed by the elution and quantification of ORO 

staining as MDi-induced differentiation of 3T3-L1 preadipocytes led to an increase in 

intracellular lipid content, however, due to a low n-number of 2, the degree of significance 

could not be determined (% relative to non-differentiated control: 195.0±24.03 vs 100.0±15.50; 

n=2 independent experiments) (Figure 54). Although statistical analysis could not be 

performed, little difference in lipid accumulation between non-differentiated 3T3L-1 cells (% 

relative to non-differentiated control: +100ng/mL: 100.5±14.66) and differentiated 3T3L-1 cells 

(% relative to non-differentiated control: +100ng/mL: 192.0±24.49) with 100ng/mL Ccl4 

treatment suggests a lack of effect. 
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Figure 53. Representative light microscopic images of ORO-stained intracellular lipid droplets 

within 3T3-L1 cells. Cells were treated with either control media or the differentiation cocktail, MDi, in 

the absence or presence of Ccl4 (100ng/mL) prior to staining with the fat-soluble, hydrophobic ORO 

dye. 10X magnification. ND: non-differentiated; MDi: differentiated.  
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Figure 54. The effect of 48-hour treatment of Ccl4 on lipid accumulation in the 3T3-L1 adipocyte 

cell line. Data are expressed as the mean ± range relative to control-treated non-differentiated cells. 

n=2 independent experiments. ND: non-differentiated; MDi: differentiated. 

 

9.3.2 The effects of Ccl4 on the expression of maturity gene markers during the 

differentiation of 3T3-L1 preadipocyte cells 

 

To extend the investigation into Ccl4-mediated paracrine/autocrine effects on adipocyte 

differentiation, the mRNA expression of adipogenic gene markers, PPARγ and adiponectin, 

was quantified in 3T3-L1 cells that were treated with control DMEM or the differentiation 

cocktail, MDi, in the absence or presence of 100ng/mL Ccl4. As expected, the expression of 

Pparγ mRNA was significantly elevated following differentiation of 3T3-L1 preadipocyte cells 

(% relative to non-differentiated control: 257.7±4.94 vs 100.0±3.84; n=3 independent 

experiments; p<0.0001 vs control) (Figure 55). The addition of 100ng/mL Ccl4 did not alter 

Pparγ mRNA expression in non-differentiated 3T3L-1 cells (% relative to non-differentiated 

control: +100ng/mL: 94.6±3.00; ns vs control) and differentiated 3T3L-1 cells (% relative to 

non-differentiated control: +100ng/mL: 246.7±4.02; ns vs control). Differentiation of 3T3-L1 

cells also significantly increased the expression of mRNA encoding AdipoQ (381.4±23.36 vs 

100.0±15.39; n=3 independent experiments; p<0.0001 vs control) (Figure 55). Whilst no 

differences in AdipoQ mRNA expression were observed in non-differentiated 3T3-L1 cells 

treated with Ccl4 compared to control media (% relative to non-differentiated control: 

+100ng/mL: 77.2±11.00; ns vs control), AdipoQ mRNA levels were significantly reduced in 

Ccl4-treated differentiated cells (% relative to non-differentiated control: +100ng/mL: 

246.4±10.21; p<0.0001 vs control). 
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Figure 55. The effect of 48-hour treatment with Ccl4 on gene markers for adipocyte 

differentiation and maturity. Data are expressed as the mean ± S.E.M relative to control-treated non-

differentiated cells. One-way ANOVA; n=3 independent experiments; ****p<0.0001, ns: non-significant 

vs control. ND: non-differentiated; MDi: differentiated. 

 

9.3.3 The effects of Ccl4 on insulin signalling during the differentiation of 3T3-L1 

preadipocyte cells 

 

To determine whether the reductions in the mRNA expression of the adipogenic marker, 

AdipoQ, translated to changes in insulin signalling, Western blot experiments were performed 

to detect immunoreactive p-AKT(Ser473) and t-AKT proteins extracted from 3T3-L1 cells 

treated with control DMEM or the differentiation cocktail, MDi, with or without 100ng/mL Ccl4 

and 10nM and 100nM insulin. As expected, in the absence of insulin, AKT was 

unphosphorylated in all cells regardless of differentiation status or the presence of Ccl4 (Figure 

56 and 57) (p-AKT/t-AKT: 0nM insulin: non-differentiated control: 0.001±0.0001; +100ng/mL 

Ccl4: 0.001±0.0001; differentiated control: 0.002±0.0019; +100ng/mL Ccl4: 0.003±0.0010).  

 

When exposed to 10nM insulin, AKT phosphorylation displayed an upward trend following 

differentiation of 3T3-L1 preadipocyte cells (p-AKT/t-AKT: 10nM insulin: non-differentiated 

control: 0.734±0.0211; differentiated control: 3.040±1.4915; n=2 independent experiments). 

The addition of Ccl4 resulted in little change to AKT phosphorylation in non-differentiated (p-

AKT/t-AKT: 10nM insulin: +100ng/mL: 0.802±0.3273) but an increase was measured in 

differentiated 3T3-L1 cells (p-AKT/t-AKT: 10nM insulin: +100ng/mL: 4.204±0.8491) (Figure 56 

and 57). Increasing the concentration of insulin to 100nM elevated AKT phosphorylation in 

both non-differentiated and differentiated 3T3-L1 cells (p-AKT/t-AKT: 100nM insulin: non-

differentiated control: 1.591±0.0232; differentiated control: 3.703±0.9577). In the presence of 

Ccl4, a trend of increased AKT phosphorylation was observed in both non-differentiated (p-

AKT/t-AKT: 100nM insulin: +100ng/mL: 1.270±0.1799) and differentiated 3T3-L1 cells (p-

AKT/t-AKT: 100nM insulin: +100ng/mL: 5.693±0.5532) (Figure 56 and 57). Like experiments 

assessing lipid content in Section 9.3.1., an n=2 experiments to investigate the effect of Ccl4 

on insulin sensitivity rendered statistical analysis inappropriate. 
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Figure 56. Representative bands for phospho-AKT and total-AKT from Western Blot experiments 

using 3T3-L1 cells. Cells were treated with either control medium or the differentiation cocktail, MDi, 

in the absence or presence of Ccl4 (100ng/mL). Prior to protein extraction and immunoblotting, cells 

were treated with media containing no insulin (–), 10nM insulin (+) or 100nM insulin (+). Immunoreactive 

proteins each of 60kDa represent p-AKT(Ser473) and t-AKT. ND: non-differentiated; MDi: differentiated.  

 

 

 

 

 

 

 

Figure 57. The effect of 48-hour treatment with Ccl4 on Akt phosphorylation in the 3T3-L1 

adipocyte cell line. Data are expressed as the mean p-Akt/t-Akt ratio ± range. n=2 independent 

experiments. ND: non-differentiated; MDi: differentiated. 

 

9.3.4 The effects of Ccl4 on lipolysis during the differentiation of 3T3-L1 preadipocyte cells 

 

To determine whether the reductions in AdipoQ mRNA expression during adipogenesis 

translated to changes in lipolysis, Western blot experiments were performed to detect 

immunoreactive p-HSL(Ser660) and t-HSL proteins extracted from 3T3-L1 cells treated with 

control DMEM or the differentiation cocktail, MDi, with or without 100ng/mL Ccl4 and 1µM 

isoprenaline. In the absence of the lipolytic inducer, isoprenaline, Ccl4 did not appear to alter 

HSL phosphorylation in both non-differentiated (p-HSL/t-HSL: control: 0.177±0.0209; 

+100ng/mL: 0.191±0.0859; n=2 independent experiments) and differentiated 3T3-L1 cells (p-
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HSL/t-HSL: control: 0.193±0.0523; +100ng/mL:  0.198±0.0180 ; n=2 independent 

experiments) (Figure 58 and 59). Treatment with isoprenaline increased HSL phosphorylation 

in non-differentiated (p-HSL/t-HSL: +1µM: 0.377±0.0624) and differentiated 3T3-L1 cells (p-

HSL/t-HSL: +1µM:  0.611±0.1878). The lipolytic actions of isoprenaline showed a downward 

trend following the addition of Ccl4 in non-differentiated 3T3-L1 cells (p-HSL/t-HSL: non-

differentiated control: +100ng/mL: 0.271±0.1153) whereas little change was observed in 

differentiated cells (p-HSL/t-HSL: differentiated control: +100ng/mL: 0.602±0.0215) (Figure 58 

and 59). Once again, statistical analysis could not be performed on an n=2, therefore, the 

significance level of treatment effects on lipolysis could not be deduced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58. Representative bands for phospho-HSL and total-HSL from Western Blot experiments 

using 3T3-L1 cells. Cells were treated with either control media or the differentiation cocktail, MDi, in 

the absence or presence of Ccl4 (100ng/mL). Prior to protein extraction and immunoblotting, cells were 

treated with medium in the absence of isoprenaline (–) or containing 1µM isoprenaline (Iso) (+). 

Immunoreactive proteins each of 81/83kDa represent p-HSL(Ser660) and t-HSL. ND: non-

differentiated; MDi: differentiated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Tanyel Ashik 

 

 
153 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 59. The effect of 48-hour treatment with Ccl4 on lipolysis in the 3T3-L1 adipocyte cell line. 

Data are expressed as the mean p-HSL/t-HSL ratio ± range. n=2 independent experiments. ND: non-

differentiated; MDi: differentiated. 

 

9.4 Discussion 

 

The present chapter evaluated the effects of Ccl4 on some adipogenic functions using the 

3T3-L1 preadipocyte cell line which expresses at least one Ccl4-targeted GPCR (Ccr5) (de 

Mello Coelho et al., 2009). These preliminary data have provided initial insight into the 

paracrine/autocrine actions of Ccl4 at adipocyte cells. 

 

Undifferentiated or differentiated 3T3-L1 cells displayed signs of unaltered triglyceride 

synthesis and accumulation following Ccl4 treatment, as evidenced by the quantification of 

ORO-stained lipid droplets. Measurement of key adipogenic mRNAs by RT-qPCR also 

showed no significant changes in the expression of the master regulator of adipogenesis, 

Pparγ, with Ccl4 treatment. This contradicts a previous publication which observed increased 

protein expression of Pparγ2 and an additional adipogenic differentiation marker, aP2, in Ccl4-

treated 3T3-L1 preadipocyte cells (de Mello Coelho et al., 2009). These conclusions, however, 

were made from visualising Western blot bands without any quantification. Furthermore, the 

differentiation of 3T3-L1 cells was not induced by an MDi cocktail, as is routine, but instead 

was allowed to spontaneously occur at a significantly slower rate. Thus, microscopic images 

of control- and Ccl4-treated 3T3-L1 cells indicated lack of confluency and inefficient adipocyte 

differentiation, as evidenced by scarce cell numbers and limited lipid accumulation (de Mello 

Coelho et al., 2009).  Therefore, these data may be unreliable to compare against the results 

presented in this current chapter. Despite Pparγ mRNA expression being unaltered by Ccl4 

treatment, the expression of the adipocyte-specific gene, AdipoQ, was significantly 

downregulated in Ccl4-treated adipocyte cells. This was an interesting observation as AdipoQ 

is a downstream target of Pparγ action. The same expression patterns have been identified 

by Kim et al. (2015) in adipocytes isolated from high-fat diet-fed obese mice. Subsequently, 

authors aimed to identify Pparγ-independent pathways, other than transcriptional failure, that 

were responsible for the obesity-induced reduction in adiponectin expression. They 
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discovered DNA hypermethylation of the adiponectin promoter impeded adiponectin 

expression in 3T3-L1 cells, a process promoted by a variety of inflammatory cytokines (Kim et 

al., 2015). These findings may provide a possible mechanism for Ccl4-induced suppression 

of AdipoQ mRNA expression in the absence of Pparγ mRNA changes: as adipose tissue Ccl4 

mRNA is significantly upregulated in obesity, exposure to 3T3-L1 cells in the current chapter 

partially mimics an obesogenic environment, thereby contributing to epigenetic modifications 

at the adiponectin promoter. Given the insulin-sensitising properties of adiponectin, reduced 

AdipoQ mRNA expression indicated disturbed insulin sensitivity. However, trends of AKT 

phosphorylation levels gathered from Western blot experiments suggests a possible absence 

of Ccl4-induced perturbations to insulin action in 3T3-L1 adipocyte cells, although, there was 

an upward trend observed in Ccl4-treated differentiated adipocyte cells. Ccl4 treatment may 

not affect basal lipolysis, whereas a pattern of diminished isoprenaline-stimulated lipolysis in 

the presence of Ccl4 points towards potential disruption. Only two independent Western blot 

experiments were conducted for measures of lipid content, lipolysis and insulin sensitivity; an 

n=3 is the minimum requirement to perform statistical analysis on comparisons between 

treatment groups, therefore, definitive conclusions regarding the regulatory role of Ccl4 on 

adipocyte function cannot be made without further repetition. 

 

Ccl4 has been previously implicated in peripheral insulin resistance. Western blot experiments 

revealed significant improvements in insulin signalling within epididymal adipocytes isolated 

from diet-induced obese mice administered with a dual Ccr2/Ccr5 antagonist (Huh et al., 

2018). This coincided with attenuated weight gain and beneficial morphological changes, as 

Ccr2/Ccr5 antagonism caused a substantial shift from dysfunctional hypertrophic adipocytes, 

which are characteristic of metabolic stress, to smaller adipocytes with improved adiponectin 

secretion. Huh et al. (2018) attributed the improvements in insulin sensitivity to suppressed 

Ccl2-/Ccl4-induced migration of macrophages and reduced inflammation in vivo. This is 

supported by in vitro studies in which adipocyte Ccl2 overexpression induced insulin 

resistance and macrophage infiltration into adipose tissue of transgenic mice (Kanda et al., 

2006). Unfortunately, the direct effect of Ccr2/Ccr5 antagonism on adipocyte function was not 

fully established. Furthermore, the redundancy of the chemokine system, whereby more than 

one chemokine can bind and activate a given receptor, means the effect of Ccl4 alone cannot 

be deduced from antagonising target receptors of multiple chemokines. Ccl4-specific inhibition 

in diet-induced obese mice was achieved using monoclonal antibodies, which led to improved 

hepatic and muscle insulin sensitivity, and significantly ameliorated glucose clearance, 

although adipocyte function was not assessed (Chang et al., 2021). Additional studies have 

concluded that Ccl4 is a pro-inflammatory adipokine which is associated with perturbed 

adipocyte function. For example, the endocannabinoid (eCB) system has been shown to 

modulate adiponectin and Ccl4 expression within adipose tissue. The eCB system comprises 

of lipid-derived ligands which act at the cannabinoid type 1 receptor (CB1R) to modulate 

adipocyte differentiation and lipolysis, adipose tissue inflammation, and central adiposity (Ge 

et al., 2013; Muccioli et al., 2010). Obesity and T2D is characterised by a dysregulation in eCB 

system tone (Ge et al., 2013). The decrease in adiponectin expression typically observed in 

obesity was attenuated by CB1R blockade, whereas the mRNA levels of CCL4 and other pro-

inflammatory markers were diminished in adipose tissue explants retrieved from obese 

patients (Ge et al., 2013). Lipopolysaccharide (LPS), which augments eCB tone in adipose 

tissue, increased the production of Ccl4, TNF-α, IL-6 and IL-10 in 3T3-L1 adipocyte cells, and 

significantly impaired adipogenesis and lipogenesis (Chirumbolo et al., 2014; Muccioli et al., 

2010). Together, these studies suggest Ccl4 is one of several pro-inflammatory chemotactic 
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mediators which play a deleterious role in modulating adipose tissue function in obesity. 

Whether this involves direct action at the adipocyte level via chemokine receptor binding 

remains uncertain. 

 

In summary, the preliminary data presented in this chapter are the first to investigate direct 

paracrine/autocrine action of Ccl4 on adipocyte differentiation, lipolysis, and insulin sensitivity. 

Ccl4-induced reductions in AdipoQ mRNA may represent a mechanism by which Ccl4 impairs 

insulin sensitivity. Due to limited time available to carry out additional replicate experiments, 

the consequence of this reduction in AdipoQ on lipolysis and insulin sensitivity could not be 

confirmed. Further study is required to validate the observed effects of obesity-induced 

upregulated adipose tissue-derived Ccl4 on adipocyte function. 
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Chapter 10: General discussion 

 

T2D is a complex, multifactorial disease whose pathology is rooted in the failure of β-cell 

compensatory mechanisms to overcome peripheral insulin resistance. Subsequent 

impairment in glucose homeostasis leads to persistent hyperglycaemia, the development of 

severe complications, and a reduced quality of life for the millions of patients affected 

worldwide. Inter-organ and inter-cellular communication, particularly in and between adipose 

tissue and the islets of Langerhans, is a growing topic of extensive research as its dysfunction 

is a hallmark in insulin resistance and β-cell failure. Various factors produced by adipose tissue 

cells mediate these communications, including adipokines (peptides), lipokines (lipids), and 

extracellular vesicles (EVs), to alter islet cell or adipocyte function. The importance of this 

network is emphasised by changes in the production of secretory products causing significant 

disruption to normal cellular function and contributing to metabolic dysfunction. These 

changes typically occur in obesity, a critical risk factor for T2D. Several secretory mediators 

derived from adipose tissue have already been identified as major regulators of β-cell function. 

Key examples include leptin, whose pharmacological elevation reverses obesity induced by 

leptin deficiency, and adiponectin, whose circulating levels are increased by administration of 

TZDs. The actions of most adipokines, including those that target islet GPCRs, have yet to be 

characterised and exploited as a pharmacotherapy for T2D. Current pharmacological 

treatments largely target insulin secretion (e.g. GLP-1RAs) or insulin action (e.g. metformin), 

but a lack of glycaemic control in most patients fuels the development of new therapies for 

T2D. Given that GPCRs have considerable druggable capacity, identification of one or more 

adipokines with functional roles at islet GPCRs in obesity could present a valuable drug 

candidate for T2D treatment. Consequently, this thesis focused on gaining a greater 

understanding of the interactions between islet GPCRs and endogenous adipokines in obesity 

to determine whether candidate(s) could be identified that were appropriate, in the longer term, 

for new T2D pharmacotherapy development. 

 

Initial experiments screened for islet GPCR peptide ligand mRNAs which were differentially 

expressed within adipose tissue under lean and obese conditions in several models of obesity. 

Data were collected from epididymal mature adipocytes and whole epididymal adipose tissue 

from high-fat diet-induced obese mice, whole epididymal adipose tissue from genetically 

obese db/db mice, and whole omental adipose tissue from obese patients. Several adipokines 

exhibited significant changes in mRNA expression in obesity. Some notable adipokines, such 

as Npy and chemerin, have already been extensively researched with respect to their effects 

on islet function, whilst others, such as angiotensin, are not appropriate candidates for future 

drug development due to their roles in other organ systems. The chemokine, Ccl4, was 

selected for further characterisation for three main reasons: 1) Ccl4 mRNA levels were 

consistently, significantly upregulated in visceral adipose tissue across all obese models 

suggesting common involvement regardless of aetiology and species; 2) in line with adipose 

tissue mRNA levels, plasma Ccl4 concentrations were also elevated in obesity indicating 

potential secretion into the circulation to mediate systemic biological effects; and 3) there is 

very little published research examining the actions of Ccl4 at islet cells with particular focus 

on insulin secretion and β-cell mass. Taken together, Ccl4 was flagged as a peptide of interest 

and functional studies were performed in the MIN6 β-cell line and primary mouse islets to 

decipher potential modulation of β-cell function. The award of a UKRI/Mitacs grant allowed me 

to go to Montreal, to the lab of Dr. Gareth Lim, to conduct research on Ccl4-mediated 
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paracrine/autocrine signalling for the regulation of adipocyte function. These studies present 

novel findings describing a role for Ccl4 in metabolic metabolism. 

 

10.1 The functional effects of Ccl4 on metabolic tissues 

 

10.1.1 Does Ccl4 have direct effects on islet cells? 

 

Functional experiments which assessed Ccl4-mediated effects in MIN6 β-cells and primary 

mouse islets revealed inconsistent findings. Although MIN6 β-cell viability and insulin secretion 

were unaffected, Ccl4 treatment showed initial promise of providing protection to MIN6 β-cells 

against metabolic stressors observed in obesity. Chemokines are typically associated with 

deleterious pro-inflammatory effects as their chemotaxis properties regulate the migration of 

immune cells. On the other hand, some chemokines have been shown to promote cell survival 

by inhibiting apoptosis. For example, Cxcl12 attenuated apoptosis induced by mixed 

cytokines, thapsigargin, and glucotoxicity in the INS-1 β-cell line (Liu et al., 2011; Liu & 

Habener, 2009). Inhibition of its target receptor, Cxcr4, reduced the expression of pro-survival 

Bcl-2 protein and increased ROS production in MIN6 β-cells, translating to elevated cell death 

as evidenced by increased numbers of TUNEL+ cells (Yano et al., 2007). Similar observations 

have been made in other cell types: activation of CXCR4 and CCR7 by their respective 

ligands, CXCL12 and CCL21, altered the ratio of anti- and pro-apoptotic Bcl proteins to favour 

the survival of human breast cancer cells (Kochetkova et al., 2009). An inhibition of 

cytochrome c release suggested interference with the mitochondrial-dependent apoptotic 

pathway within these cells. Furthermore, the ability of CXCL12 and CCL21 to improve cell 

viability was prevented by shRNA-induced knockdown of CXCR4 and CCR7, further 

implicating these receptors in survival mechanisms (Kochetkova et al., 2009). CXCL12 has 

also promoted the survival of B-chronic lymphocytic leukemia (B-CLL) cells (Ticchioni et al., 

2007), human lung adenocarcinoma cells (Wang et al., 2017), CD4+ T-cells (Suzuki et al., 

2001), and hematopoietic progenitor cells (Hodohara et al., 2000; Lataillade et al., 2002; Lee 

et al., 2002). Other chemokines which have enhanced cell survival include CCL19, CCL27 

and CXCL13 (Murakami et al., 2003; Ticchioni et al., 2007). Many are linked to the activation 

of protein kinase B (PKB)/AKT and MAPK/ERK pathways which regulate apoptotic, 

proliferative, and growth responses. Collectively, the above mentioned studies support the 

novel anti-apoptotic action of Ccl4. As Ccl4 inhibited MIN6 β-cell proliferation, it is unlikely to 

have an overall positive effect on β-cell mass despite its ability to promote the survival of β-

cells. Factors which confer resistance to apoptosis whilst being anti-proliferative are 

uncommon. However, astaxanthin (AST), a naturally occurring carotenoid is reported to have 

anti-apoptotic, anti-proliferative properties in retinal epithelial cells derived from models of 

diabetic retinopathy (Küçüködük et al., 2019). AST improves cell survival by suppressing 

mitochondrial production of oxygen radicals, stabilising mitochondrial morphology and activity, 

and protecting against apoptosis and necroptosis related to mitochondrial and oxidative stress 

(Dong et al., 2013; Li et al., 2013). On the other hand, AST inhibits proliferation, most likely by 

reducing the production of vascular endothelial growth factor (VEGF) (Sun et al., 2011). Taking 

these data into account, Ccl4 may regulate a variety of signalling pathways which converge 

on the observed phenotype in MIN6 β-cells. However, known Ccl4-target GPCR mRNAs could 

not be detected in MIN6 β-cells, making it difficult to deduce the specific downstream 

pathways. 
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In contrast, when using primary mouse islets, Ccl4 did not alter islet cell apoptosis, and it had 

no effect on β-cell proliferation or glucose-stimulated insulin secretion. Altogether, the 

observations seen in MIN6 β-cells failed to translate into primary tissue. It is important to note 

that many documented chemokine-mediated anti-apoptotic effects were observed in 

cancerous cells and have implicated chemokines in tumour growth and metastasis. It is 

possible, therefore, that the actions of the chemokine system are partly dependent on cell or 

tissue type whereby effects are pronounced in pathological cells which exhibit excessive cell 

proliferation. This may provide an explanation for why Ccl4 treatment alters the function of an 

immortal insulinoma β-cell line, but not primary β-cells. Cell-specificity of chemokine action is 

further supported by the observations here of Ccl4-induced significant loss of islet α-cells but 

not β- or δ-cells. Cxcl12 provides another example, as its activation of Cxcr4 did not alter 

proliferation of INS-1 β-cells (Liu & Habener, 2009), but did stimulate the proliferation of 

alphaTC1-9 cells, an adenoma α-cell line (Liu et al., 2011). There are several factors which 

dictate the overall effect of GPCR activation, as described in Section 1.6, including distinct 

pharmacological profiles between differing cell types which may account for Ccl4-mediated α-

cell-specific depletion. Alternatively, the only identified Ccl4-target islet GPCR, Cxcr5, may be 

expressed within α-cells exclusively. It is also possible that islet cell function in response to 

Ccl4 treatment is influenced by signalling from other endocrine subtypes present within the 

islet network. It is well-established that β-cells and α-cells communicate, particularly in the 

event of islet cell injury, and chemokine signalling is a potential method of such 

communication. For example, it has been hypothesised that Cxcl12/Cxcr4 signalling between 

β- and α-cells promotes β-cell survival via AKT activation in STZ-damaged islets of Cxcl12 

transgenic mice (Yano et al., 2007). It is likely, however, that several chemokines regulate islet 

cell mass as part of a complex signalling network within the islets. In lieu of cell-specific 

responses, Ccl4-mediated α-cell loss may be simply a consequence of islet morphology and 

accessibility, with α-cells located at the periphery being more vulnerable to chemokine toxicity 

than β-cells localised at the core. However, δ-cell numbers were not affected by Ccl4 treatment 

despite also being localised in the islet mantle, so accessibility may not account for these 

differences. 

 

Overall, the data suggest that Ccl4 does not directly act on primary β-cells. Indirect effects via 

immune cell recruitment to islets in vivo is, however, a possibility and this has been 

demonstrated in published studies. In contrast, Ccl4 reduced the number of islet α-cells, 

potentially identifying an islet cell that is particularly vulnerable to chemokine action. A resulting 

decrease in glucagon production would diminish glucoregulatory responses to hypoglycaemia 

and consequently increase the risk of detrimental hypoglycaemic events. 

 

10.1.2 Does Ccl4 participate in paracrine/autocrine signalling within adipose tissue? 

 

The experiments described here in primary mouse islets indicate that β-cells are not targets 

of Ccl4 action. However, experiments in an adipocyte cell line have provided preliminary 

observations of Ccl4-mediated autocrine/paracrine signalling within adipose tissue. Despite 

there being no change in Pparγ mRNA levels, Ccl4 markedly decreased AdipoQ mRNA 

expression in mature adipocytes. Epigenetic modifications were previously discussed in 

Section 9.4 as being a potential mechanism involved in altered adiponectin expression 

independent of PPARγ-mediated regulation. Key epigenetic processes are DNA methylation, 

post-translational histone modifications, chromatin remodelling, and non-coding RNA 

interactions (Retis-Resendiz et al., 2021); one or more of these could be implicated in this 
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expression pattern. Given that adiponectin is a crucial adipogenic peptide required for normal 

adipocyte activity, it was interesting to begin exploring the potential effects of significant 

AdipoQ mRNA reductions on lipid accumulation, lipolysis, and insulin sensitivity in 3T3-L1 

cells. Only trends could be established from the interpretation of these data, although some 

measurements imply the maintenance of some adipocyte function. Changes at the mRNA 

level do not necessarily correlate with their corresponding protein products. Transcription 

modifications caused by environmental manipulation can be altered or overridden by 

translational regulation of which there are multiple levels (Koussounadis et al., 2015). Indeed, 

studies have observed discordance between mRNA and protein expression in a range of cell 

types as a result of post-transcriptional and post-translational regulatory mechanisms (de 

Godoy et al., 2008; Fessler et al., 2002; Huber et al., 2004; Jayapal et al., 2008; Tian et al., 

2004). On the other hand, Koussounadis et al. (2015) have studied the relationship between 

mRNA and protein expression using a xenograft model system exposed to differing 

environmental conditions and provided details on why mRNA data can be confidently 

interpreted. For example, mRNAs that are differentially expressed by an environmental 

condition are more likely to show concordant protein expression compared to mRNAs whose 

expression does not change by the same condition. Additionally, the rate of protein production 

can be increased or decreased to align with transcriptional flux (Koussounadis et al., 2015). 

Follow-up investigations to assess adiponectin protein levels in Ccl4-treated adipocytes will 

help determine whether divergence from AdipoQ mRNA expression contributed to trends in 

lipolytic and insulin sensitivity effects (see Section 10.2 for future studies).  

 

In parallel with direct action, an indirect influence on adipocyte/adipose tissue function by Ccl4 

cannot be ruled out. This would be expected given its chemotactic properties which mediate 

immune cell migration and inflammatory responses. In vivo and in vitro experiments, 

previously mentioned in Section 9.4, have shown the impact of blocking Ccl4-target GPCRs 

on immunity and inflammation in obesity caused by a high-fat diet (Huh et al., 2018). Reduced 

adipose tissue macrophage number, a shift from a pro-inflammatory M1 phenotype to an anti-

inflammatory M2 phenotype, and diminished CD8+ T-cells within epididymal adipose tissue 

resulted in attenuated insulin resistance, followed by a global improvement in glucose 

tolerance and insulin sensitivity (Huh et al., 2018). Ccl4 likely operates in conjunction with 

other chemokines, such as adipocyte-derived Cxcl12 which, despite displaying beneficial anti-

apoptotic properties in β-cell lines, promotes inflammation and insulin resistance in obese 

adipose tissue by mediating macrophage chemotaxis (Kim et al., 2014). The same can be 

said for Ccl2 whose suppression and overexpression have supported its involvement in these 

obesity-related processes (Kanda et al., 2006). Consequently, when progressing towards 

clinical utility, the immune system must be considered in its entirety. Considerations of 

chemokine-based therapies are discussed below in Section 10.1.4. 

 

Overall, it is difficult to deduce direct Ccl4-mediated effects on adipocyte function from the 

data presented here. However, as for the hypothesis described above regarding islet function, 

Ccl4’s chemotactic activity could provide an indirect mechanism to alter adipocyte/adipose 

tissue function via immune cell/inflammatory regulation. 

 

10.1.3 What are the potential signalling pathways for Ccl4-mediated effects? 

 

Chemokine receptors are GPCRs typically coupled to Gαi/o subunits which, upon ligand 

binding and activation, suppress AC activation, cAMP production and subsequent PKA and 
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EPAC activity. Simultaneously, as mentioned above in Section 7.4, a large portion of 

chemokine signalling is conducted through the Gβγ subunits, thereby promoting PLC and 

PI3K activation. PLC-mediated PIP2 cleavage generates IP3, which triggers calcium 

mobilisation, and DAG, a membrane-bound PKC activator. 3-phosphoinositides are the 

product of PI3K activity and they serve as anchors for proteins containing pleckstrin homology 

domains (e.g. PKB/AKT). These signalling pathways are shared amongst Ccl4-target GPCRs, 

Ccr1, Ccr2, Ccr5, Ccr9, Cxcr1, and Cxcr5. In a recent publication, CCL4 not only significantly 

activated Gαi and Gαo subunits, but also activated Gα12 subunits in HEK293T cells expressing 

CCR5 (Corbisier et al., 2015). As previously described in Section 1.6.1.3, Gα12/13 proteins play 

roles in cell migration, growth, shape, and differentiation by regulating Rho GTPase activity 

and the organisation of the actin cytoskeleton. Moreover, GPCRs coupled to Gα12/13 subunits 

at the surface of metabolic tissues (liver, muscle, and adipose tissue) modulate glucose 

uptake, metabolism, mitochondrial function, and adipocyte differentiation. Abnormal 

activation, migration, and proliferation of immune cells, including T-cells and lymphocytes, 

have also been observed following manipulation of Gα12 signalling (Galandrini et al., 1997; 

Girkontaite et al., 2001; Herroeder et al., 2009; Rieken et al., 2006). Ccr5 is expressed by 3T3-

L1 cells, primary adipocytes, and immune cells within adipose tissue (de Mello Coelho et al., 

2009; Hazan et al., 2002), so both Gαi/o and Gα12 signalling pathways may mediate the 

suppressive effects of Ccl4 on adiponectin expression and/or other undefined actions.  

 

In addition to different associated G protein subclasses, signal bias is a factor which may be 

affecting the outcome of chemokine receptor stimulation, as GPCRs can signal through 

multiple downstream signalling pathways with different efficacies. This phenomenon, also 

termed “biased agonism”, can take the form of ligand, receptor, or tissue bias. The majority of 

GPCR ligands were once viewed as exhibiting balanced activation of the receptor, i.e. equal 

activation of G protein signalling and β-arrestin signalling in an “unbiased” response (Wang et 

al., 2017). However, the concept of biased agonism arose following the identification of ligands 

which have the capacity to preferentially engage with one pathway over the other (Jones et 

al., 2018). Similarly, a receptor will signal primarily through a particular pathway (receptor 

bias), or differential expression of a ligand/receptor complex can induce biased responses 

(tissue bias). The bidirectional promiscuity of the chemokine family, i.e. several chemokines 

can activate the same receptor and a single chemokine can activate multiple receptors, was 

thought to impart functional redundancy. Consequently, differential spatial and temporal 

expression would determine the function of chemokines and chemokine receptors (Rajagopal 

et al., 2013). However, biased agonism within the chemokine system has emerged as a 

mechanism for diverse signalling. For example, Ccr5 is a target for Ccl4, Ccl3 and Ccl5, but 

assays assessing Ca2+ responses, GTPγS binding and receptor internalisation revealed Ccl5 

induced signalling with greater potency than Ccl3 and Ccl4 (Corbisier et al., 2015; Mueller et 

al., 2002; Oppermann et al., 1999). As well as this observed ligand bias, subpopulations of 

CCR5 possessing distinct conformations were detected within human T-cells, monocytes, and 

macrophages (Berro et al., 2011; Fox et al., 2015). The subpopulations displayed differences 

in receptor internalisation induced by Ccl5 analogues in monocyte and macrophage cells, but 

not T-cells. One such subpopulation acted as a HIV-1 co-receptor but was refractory to 

chemokine-induced receptor downregulation, so targeting this receptor may prove less 

effective at inhibiting HIV-1 entry (Fox et al., 2015). Treatment of CCR5-expressing HEK293T 

cells with CCL4, CCL3 and CCL5 showed no significant differences between G protein and β-

arrestin-2 signalling, indicating an absence of signal bias (Corbisier et al., 2015). Interestingly, 

CCL4 action at CCR5 revealed significant bias towards intracellular calcium mobilisation 
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relative to cAMP inhibition (Corbisier et al., 2015). This observation supports the favouring of 

Gβγ- vs Gα-mediated Ccl4 signalling. It is unclear whether Cxcr5, the only Ccl4-activating 

GPCR expressed in mouse islets, exhibits signal bias and whether this accounts for α-cell-

specific responses to Ccl4 treatment. 

 

Ccl4 also targets the atypical chemokine receptor, ACKR2, formerly known as D6. This 

receptor interacts with most chemokines but is non-signalling and instead functions 

predominantly as a scavenger receptor through constant cell surface expression, and 

continuous chemokine internalisation and lysosomal degradation (Galliera et al., 2004). 

Consequently, ACKR2 is considered a biased receptor as it relies on a G protein-independent, 

β-arrestin-dependent pathway. Although the receptor was not expressed in MIN6 β-cells or 

primary islets and likely has no role in signalling pathway activation, by promoting the uptake 

and removal of chemokines, the presence of ACKR2 on immune cell membranes could 

regulate the levels of Ccl4 in vivo. 

 

Signalling pathways responsible for triggering Ccl4 expression and secretion in obesity may 

involve TLR4, its associated adaptor protein, myeloid differentiation factor-88 (MyD88), and 

the subsequent activation of stress-activated protein kinases (SAPKs), JNK activity, and 

MAPK/NF-κB pathways (Ahmad et al., 2019; Sindhu et al., 2019). This cascade is based on 

experiments using human monocyte and macrophage cells which were stimulated with TNF-

α and palmitate to mimic elevated inflammatory cytokines and FFAs, a hallmark of obesity. 

Both TNF-α and palmitate augmented CCL4 expression and secretion, and pharmacological 

or genetic suppression of the TLR4-MyD88 axis, TNF receptors, SAPK/JNK or MAPK/NF-κB 

pathways abrogated this response (Ahmad et al., 2019; Sindhu et al., 2019). 

 

10.1.4 Could Ccl4 have a novel use in treating type 2 diabetes? 

 

Chemokine-based therapies are already in clinical use, the most established being the CCR5 

antagonists which serve as potent anti-viral agents against HIV infection. Abnormal fat 

distribution, characterised by subcutaneous fat loss (lipoatrophy) and central fat accumulation 

(lipohypertrophy), is frequently seen in HIV-positive patients (Rodwell et al., 2000). Older 

generation antiretroviral drugs have been linked to these fat alterations, a phenomenon termed 

“lipodystrophy” (Koethe et al., 2020). The metabolic effects of clinically approved CCR5 

antagonists, such as maraviroc, have been recently investigated in animal models of obesity. 

Maraviroc inhibits CCL4 as well as CCL3 and CCL5 binding to CCR5 in transfected HEK293 

cells, and prevents ligand-stimulated GDP-GTP exchange (Dorr et al., 2005). Maraviroc 

treatment ameliorated high-fat diet-induced obesity, glucose intolerance (Chan et al., 2021), 

macrophage accumulation in epididymal fat depots (Pérez-Matute et al., 2017), improved 

hepatic triglyceride content (Pérez-Martínez et al., 2014, 2018) and modified gut microbiota 

composition (Pérez-Matute et al., 2015) in mice. The effects of pharmacological Ccr5 

antagonism mirrored genetic Ccr5 knockout in high-fat diet-fed mice, whose weight gain, 

glucose intolerance, insulin resistance and pancreatic inflammation were all improved 

following Ccr5 depletion (Chan et al., 2021). In support of these animal studies, the expression 

and release of pro-inflammatory factors, such as IL-6, IL-8 and CCL2, were significantly 

reduced in maraviroc-treated human adipocytes (Díaz-Delfín et al., 2013). The effects of 

maraviroc therapy have also been evaluated in obese, insulin-resistant subjects as part of a 

small Phase I clinical trial, but study outcomes relating to plasma triglycerides and 

cardiometabolic effects have yet to be published (Washington University School of Medicine, 
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2013). Altogether, there is a growing body of evidence to support the repurposing of maraviroc 

to treat metabolic disorders. However, as CCR5 mRNA is not expressed by human islets 

(Atanes et al., 2021) it is unlikely that CCR5 antagonists will influence β-cell mass and function 

in human obesity and T2D but their use as a conjunctive may provide a successful therapeutic 

strategy to address peripheral perturbations. 

 

Previously described publications have shown anti-Ccl4 antibodies improved obesity-induced 

dysfunction in vivo (Chang et al., 2021; Chang & Chen, 2021). Ameliorated insulin resistance, 

delayed hyperglycaemia progression, and reduced serum triglycerides and systemic 

inflammation were key improvements (Chang et al., 2021; Chang & Chen, 2021). These early 

studies indicate the potential for a Ccl4-directed therapy using neutralising antibodies. Figure 

60 illustrates the hypothetical pathways through which Ccl4 may mediate its metabolic effects 

and the potential targets of such a therapy. Instead of functioning at the β-cell, Ccl4 appears 

to reduce primary α-cell number. Not only would this promote hypoglycaemia due to 

insufficient glucagon production but would also cause disturbed islet cell-cell communication 

that is vital for normal islet function. Ccl4-specific antagonism could potentially correct obesity-

induced glucose dyshomeostasis by re-establishing the α-cell population, global islet cell 

connectivity and counterregulatory mechanisms between β-cells and α-cells. Furthermore, 

blockade of Ccl4-mediated autocrine/paracrine signalling may diminish infiltration of pro-

inflammatory mediators and immune cells into adipose tissue and restore adiponectin mRNA 

expression. These mechanisms would improve adipocyte/adipose tissue function and 

alleviate insulin resistance, hyperlipidaemia, and systemic inflammation associated with 

obesity. 
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Figure 60. A schematic illustrating the proposed actions of upregulated adipose tissue-derived 

Ccl4 on islet cells and adipocytes in obesity. There is increased Ccl4 expression within obese 

adipose tissue which may be the source of increased plasma Ccl4 levels. Circulating adipose tissue-

derived Ccl4 may target islet α-cells, but not β-cells, by binding to unknown target GPCR(s) and 

triggering downstream signalling pathways that lead to α-cell loss. It is possible that Ccl4 influences 

other α-cell functions, such as glucagon secretion and cell proliferation: these have yet to be 

determined. Upregulated Ccl4 may also act locally within adipose tissue to directly alter mature 

adipocyte function and/or indirectly by mediating macrophage recruitment and contributing to 

inflammatory responses in obesity. Adapted from Atanes et al. (2021). 

 

In summary, CCR5 antagonists and other emerging chemokine-based therapies, such as anti-

cancer vaccines (Mizumoto et al., 2020), emphasise the ability of exploiting chemokine 

signalling in drug development. Ccl4 appears to have a detrimental role in islet and adipose 

tissue function and represents a potential target for pharmaceutical inhibition for obesity and 

T2D treatment. There are several considerations, however, that need to be addressed when 

developing therapies based on chemokine action. Due to the promiscuity of the chemokine 

system and their involvement in a variety of cellular functions, including global immune cell 

migration and inflammatory responses, off-target effects pose a significant obstacle. Choosing 

the appropriate target for modulating Ccl4 signalling is therefore vital. An additional challenge, 

as with all drugs, is pharmacokinetic interactions which could greatly impact efficacy and 

toxicity of a chemokine-based therapy. These concerns are particularly relevant to higher-risk 

patients who are susceptible to or suffer from other comorbidities, such as immunological 

disorders and cardiovascular disease, which require additional medication. Determining 

correct dosing and timing of drug administration will help overcome such barriers. Collectively, 

these challenges will need to be thoroughly assessed in animal models and, if safe and 

efficacious, translated to human clinical trials.  
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10.2 Study limitations and future work 

 

The experiments described in this thesis work towards establishing a potential role for Ccl4 in 

regulating islet and adipocyte function in obesity. The investigation would benefit from 

additional in vitro and in vivo studies to further expand our understanding of Ccl4 action. 

Furthermore, there are several limitations to consider, some of which were caused by 

laboratory closures and restrictions imposed by the coronavirus pandemic (March to 

September 2020). Firstly, it was not possible to perform glucose and insulin tolerance testing 

in high-fat diet-induced obese mice from which whole adipose tissue samples were retrieved. 

This was due to animal unit closures and limited accessibility which allowed only a handful of 

researchers to carry out necessary, high priority procedures. Data relating to insulin and 

glucose tolerance also could not be retrieved from high-fat diet-induced obese mice and db/db 

mice for the isolation of mature adipocytes and the retrieval of whole fat depots, respectively. 

All mice were kindly shared by colleagues in the Department of Diabetes and additional 

experiments outside of sample collection could not be carried out. When using animal models 

of obesity, glucose and insulin tolerance testing is usually performed to ensure they present 

the expected phenotype, i.e. hyperglycaemia, hyperinsulinaemia and insulin resistance. 

Although it was not possible to do so in these studies, a 16-week high-fat diet is standard 

protocol in our department and consistently causes glucose intolerance and overt insulin 

resistance in mice. Furthermore, the C57BL/6 strain has a greater susceptibility to diet-induced 

obesity and associated impairment in glucose homeostasis compared to other mouse strains. 

The diabetic db/db mouse model also reliably exhibits the typical metabolic features of obesity. 

Therefore, despite lacking glucose/insulin tolerance data, there is a high level of confidence 

that the obese mice were glucose intolerant and insulin resistant. Recordings of significantly 

elevated plasma glucose levels prior to culling (Figures 18, 24 & 30) also provided good 

indication of poor glycaemic control in these mice. Plasma glucose and insulin sensitivity data 

from human donors of omental adipose tissue samples were not available. Individuals were 

stratified according to BMI, a metric that does not consider multiple factors, such as fat 

distribution, differentiation between muscle and fat mass, and ethnicities beyond the 

Caucasian population. Thus, BMI is not an accurate measure of metabolic health in humans 

and requires supplementation of other clinical measures to better stratify individuals. In 

addition, patient characteristics could not be matched between BMI categories due to limited 

sample availability, as described in Section 6.4. Consequently, factors other than excessive 

visceral adiposity could have influenced mRNA expression profiles of islet GPCR peptide 

ligand mRNAs in adipose tissue, including age, gender, race, current medications, 

comorbidities, and medical history. The retrieval of more samples in the future would permit 

patient matching to control for these variables. 

 

An additional limitation was an incomplete library of chemokine receptor-expressing Tango 

plasmids, which hindered the identification of all CCL4-activating GPCRs by PRESTO-Tango 

β-arrestin reporter assays. Until additional plasmids become available, alternative GPCR 

signalling assays may be used to interrogate the remaining chemokine receptors. For 

example, the TriCEPS protocol identifies ligand-receptor interactions in living cells by 

conjugating a biotin-tagged TriCEPS reagent to free amino groups on a peptide ligand and to 

the glycostructure of its receptor (Frei et al., 2013). Subsequent purification of captured ligand-

receptor pairs and analysis by mass spectrometry could establish Ccl4-target receptors (Frei 

et al., 2013). Other assays based on fluorescence resonance energy transfer (FRET) or 

bioluminescence resonance energy transfer (BRET) can measure cAMP production or 
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GTPase activity. These results would aid investigations into the molecular mechanisms of 

Ccl4 action. A wide variety of approaches could be used to establish signalling partners (e.g. 

use of enzyme inhibitors, immunohistochemistry to label target proteins, calcium 

microfluorimetry) and protein-protein interactions (e.g. Western blot/immunoprecipitation, 

glutathione S-transferase (GST) binding) within β-cells exposed to Ccl4 (Svoboda & Reenstra, 

2002). 

 

Future experiments would also include perifusion experiments to supplement static incubation 

techniques that were performed here. Static incubation experiments involved incubating MIN6 

β-cells or primary mouse islets with nutrients and varying Ccl4 concentrations and measuring 

insulin secretion after a specific time interval. Whilst this is a standard and simple method for 

assessing insulin secretion without the need for specialised equipment, it has its limitations: 

the static nature of this technique differs significantly from the dynamics of an in vivo 

environment, and only provides a snapshot of what is occurring within the islet; moreover, 

depending on the interval length, an accumulation of insulin and additional hormones from the 

β-cell and other islet cells may influence insulin secretion (Gomez et al., 2020). Islet perifusion 

experiments, on the other hand, can monitor physiologically relevant dynamic insulin 

secretion, including first-phase, second-phase, and pulsations of insulin secretion. The 

method involves the use of perifusion chambers in which groups of islets are exposed to a 

constant flow of physiological salt solution (Gey & Gey buffer) containing glucose and 

compounds of interest. The entire experiment is performed at 37ºC, in a temperature-

controlled chamber or room, thereby simulating the physiological environment within the 

pancreas in vivo. Perifusate fractions can then be collected at regular intervals (usually every 

one or two minutes) for later quantification of hormone secretion by radioimmunoassay or 

ELISA. It would be interesting to see whether the magnitude and pulsation of insulin secretion 

is influenced by the treatment of islets with Ccl4 during perifusion experiments, which is not 

visible over the one-hour static incubation protocol. Given that Ccl4 caused significant loss of 

α-cells within primary mouse islets, glucagon secretion could also be quantified in perifusate 

fractions to determine a potential reduction that mirrors this loss or whether there is a 

compensatory increase in glucagon secretory capacity in the remaining α-cells. Moreover, 

alterations in islet cell-cell communication because of Ccl4-induced α-cell loss may affect β-

cell function, therefore, perifusion experiments may provide some insight into coordinated 

secretion between the two endocrine subtypes when Ccl4 becomes elevated.  

 

Insulin secretion and other functional experiments used islets isolated from lean mice. 

Assessing insulin secretion, apoptosis, proliferation and GPCR expression in islets isolated 

from obese mouse models may be more relevant to Ccl4 action since its expression and 

secretion are upregulated in obesity. Using metabolically stressed islet cells may reveal effects 

that could not be observed in healthy islets. The same approach could be applied to 

paracrine/autocrine signalling experiments using adipocytes: 3T3-L1 cells would be exposed 

to an obesogenic milieu (mixed cytokines or palmitate) and primary adipocytes would be 

isolated from obese mice. First and foremost, however, Western blot experiments to assess 

insulin sensitivity and lipolysis in Ccl4-treated 3T3-L1 cells will need to be repeated given that 

it was not possible to perform statistical evaluation due to insufficient n-number. This will 

generate more reliable data to either support or oppose functional consequences of reduced 

adiponectin mRNA expression following Ccl4 treatment. Future adipocyte studies would also 

quantify adiponectin protein levels to determine whether these mirror adiponectin mRNA 

levels. This investigation would also benefit from establishing the full expression profile of 
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Ccl4-target receptors in adipocyte cells and adipose tissue to help determine the signalling 

pathways involved. 

 

In conjunction with experiments using islets or adipocytes retrieved from obese animal models, 

it is important to perform parallel studies using human tissues to establish potential species 

differences in the functional effects of CCL4. If CCL4-mediated effects are not observed in 

human islets or adipose tissue, future experiments could be carried out using another 

adipokine of interest from the original qPCR screenings of adipose tissue-derived peptide 

ligand mRNAs. Peptides involved in crosstalk between islets and adipose tissue/mature 

adipocytes could also be investigated using a transwell cell culture system. Transwells consist 

of a lower and upper chamber separated by a permeable small-pored membrane insert 

through which nutrients, oxygen and secretory peptides can diffuse (Harms et al., 2019). 

Mature adipocytes that are cultured using this method, termed “mature adipocyte aggregate 

cultures” (MAAC), retain functionality due to reduced hypoxic stress, are resistant to 

dedifferentiation, and better maintain adipogenic gene expression compared to other 

methods, such as ceiling or ex vivo cultures (Harms et al., 2019). The secretion of islet GPCR 

peptide ligands could be measured in supernatants from the long-term culture of mature 

adipocytes isolated from lean and obese animal models and human subjects; these data 

would complement mRNA expression data as translation from mRNA expression to peptide 

secretion from adipose tissue could be deduced. Additionally, the transwell system facilitates 

communication between mature adipocytes in the lower compartment and different cell types 

housed in the upper compartment. By exploiting species differences between mouse and 

humans, future studies would aim to characterise responses of adipocyte/macrophage co-

cultures to Ccl4 treatment by analysing culture medium. 

 

10.3 Conclusion 

 

The mRNA expression of the chemokine Ccl4 in visceral adipose tissue is significantly 

upregulated in murine and human obesity. Whilst Ccl4 has anti-apoptotic and anti-proliferative 

effects in MIN6 β-cells, it does not act directly on primary β-cells. Ccl4 does, however, cause 

significant α-cell depletion that may have implications on dynamic islet function. Ccl4 treatment 

also reduces adiponectin mRNA expression in mature adipocytes pointing towards a 

paracrine/autocrine function within adipose tissue. Further study in healthy and/or obesogenic 

α-cells and mature adipocytes will help expand our understanding of how Ccl4 signalling 

impacts metabolic function in obesity. The GPCR(s) and associated downstream pathways 

responsible for the observed functional effects of Ccl4 remain undetermined. Nevertheless, 

the qPCR screenings described here have made available a range of obesity-induced 

differentially expressed adipose tissue-derived islet GPCR peptide ligand mRNAs for future 

selection and characterisation. These data contribute to efforts in identifying therapeutically 

relevant adipokines for the development of new drugs to treat obesity and T2D. 
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Supplementary Data 

 

Table 21. Significantly upregulated and downregulated islet GPCR peptide ligand mRNAs in 

isolated mature adipocytes retrieved from control-fat diet and high-fat diet-fed mice. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001 vs control. 
 

Gene 

 

Fold Change 
SEM p-value Significance 

(% Control) 

  

Downregulated genes       

Aldh1a3 67.3 1.44 0.0229 * 

Col3a1 55.2 13.73 0.0350 * 

Ccl27a 50.6 10.92 0.0330 * 

Adm 39.6 7.04 0.0022 *** 

Nmb 33.0 8.10 0.0094 ** 

Cxcl1 31.5 3.73 0.0008 *** 

Penk 19.9 4.97 0.0007 *** 

Agt 17.2 2.89 0.0162 * 

Upregulated genes       

Ghrh 6809.8 1833.39 0.0271 * 

Ccl19 883.7 254.40 0.0025 ** 

Wnt11 225.1 46.68 0.0474 * 

Cd55 155.3 19.72 0.0450 * 

Col4a2 149.8 10.78 0.0162 * 

Cxcl11 46.7 8.66 0.0073 ** 

Positive controls  

AdipoQ 53.8 6.02 0.0197 * 

Lep 457.3 112.29 0.0133 * 

Significant trace/absent genes 

Ppbp 57.1 8.46 0.0250 * 

Wnt10b 45.2 16.18 0.0351 * 

Col4a6 40.4 14.59 0.0458 * 

Wnt4 15.2 8.77 0.0083 ** 

Rspo3 11.4 8.32 0.0019 *** 

Rln1 7.9 4.83 0.0363 * 

Qrfp 7.7 3.76 0.0334 * 
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Table 22. Significantly upregulated and downregulated islet GPCR peptide ligand mRNAs in 

whole adipose tissue retrieved from control-fat diet and high-fat diet-fed mice. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, ns: non-significant vs control. 
 

Gene 

 

Fold Change 
SEM p-value Significance 

(% Control) 

  

Downregulated genes       

Aldh1a2 46.7 7.18 0.0094 ** 

Wnt9a 46.0 6.67 0.0316 * 

Edn1 43.3 8.08 0.0465 * 

Wnt2b 40.1 7.63 0.0119 * 

Rspo1 39.8 4.57 0.0488 * 

Calca 36.2 10.13 0.0245 * 

Rdh10 33.5 5.02 0.0206 * 

Agt 3.1 0.77 0.0042 **** 

Upregulated genes  

Npy 2502.3 610.37 0.0107 * 

Ccl4 1112.4 166.88 0.0003 **** 

Ccl3 819.5 200.32 0.0075 ** 

Anxa1 328.8 53.56 0.0047 *** 

Ccl8 310.3 58.12 0.0114 * 

Ccl11 209.5 44.62 0.0403 * 

Ccl7 206.3 31.51 0.0342 * 

Wnt11 166.1 18.93 0.0295 * 

Positive controls 

AdipoQ 37.7 7.34 0.0759 NS 

Lep 285.5 32.95 0.0089 *** 

Significant trace/absent genes 

Ghrh 1759.1 617.81 0.0257 * 

Cck 1408.0 313.41 0.0033 *** 

C5 1118.8 369.56 0.0259 * 

Ccl2 955.4 104.26 0.0000 **** 

Ctsg 494.6 94.52 0.0042 *** 

Xcl1 169.0 14.99 0.0090 ** 

Prok2 25.0 12.53 0.0016 * 

Wnt10b 22.7 3.61 0.0322 * 

Col4a4 18.5 4.95 0.0125 * 

Wnt7b 15.4 3.38 0.0459 * 

Wnt4 5.5 1.30 0.0494 * 

Cxcl3 5.3 3.00 0.0039 *** 
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Table 23. Significantly upregulated and downregulated islet GPCR peptide ligand mRNAs in 

whole adipose tissue retrieved from lean db/+ and obese db/db mice. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, ns: non-significant vs control. 
 

Gene 

 

Fold Change 
SEM p-value Significance 

(% Control) 

  

Downregulated genes    

Insl3 77.6 2.77 0.0377 * 

C3 62.8 12.92 0.0470 * 

Ccl3 59.5 3.18 0.0332 * 

Adm 53.7 5.13 0.0016 ** 

Edn1 44.2 6.93 0.0016 ** 

Cd55 42.2 9.06 0.0053 ** 

Rarres2 40.2 9.97 0.0073 ** 

Rdh10 38.3 5.55 0.0006 *** 

Aldh1a1 38.0 10.28 0.0064 ** 

Ppbp 35.3 5.38 0.0023 ** 

Aldh1a2 34.2 10.37 0.0042 ** 

Rspo1 31.7 8.38 0.0014 ** 

Wnt5a 30.7 5.88 0.0012 ** 

Wnt9a 30.6 8.49 0.0033 ** 

Npff 28.4 5.21 0.0048 ** 

Wnt2b 28.0 9.17 0.0031 * 

Col4a6 27.7 4.08 0.0008 *** 

Ccl5 25.8 5.51 0.0293 * 

C4a 24.3 3.19 0.0060 ** 

Ccl21a 19.2 9.22 0.0058 ** 

Ccl24 16.6 2.54 0.0000 **** 

Penk 16.0 3.45 0.0001 **** 

Ccl27b 14.9 1.12 0.0031 ** 

Ccl27a 14.7 1.94 0.0037 ** 

Cxcl9 12.0 2.90 0.0099 ** 

Agt 7.2 1.13 0.0057 ** 

Cxcl11 5.1 1.44 0.0373 * 

Ccl28 4.1 4.05 0.0005 *** 

Upregulated genes       

Ccl2 1191.2 111.23 0.0006 *** 

Ccl4 673.6 136.96 0.0147 * 

Ccl7 316.2 15.25 0.0003 *** 

Cxcl14 229.6 16.40 0.0033 ** 

Col3a1 141.2 7.19 0.0295 * 
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Positive controls  

AdipoQ 13.7 3.39 0.0009 *** 

Lep 158.0 52.50 0.3337 NS 

Significant trace/absent genes 

C5 4398.8 111.23 0.0307 * 

Kng 3237.3 136.96 0.0408 * 

Cxcl3 1882.0 15.25 0.0337 * 

Ndp 470.4 7.19 0.0362 * 

Ctsg 459.6 16.40 0.0005 *** 

Cxcl2 387.9 29.14 0.0027 * 

Npw 236.3 16.17 0.0028 ** 

Trh 67.7 1.80 0.0408 * 

C1ql1 63.6 8.54 0.0256 * 

Ccl25 53.8 4.56 0.0057 ** 

Ccl1 44.9 11.99 0.0259 * 

Ccl19 37.7 3.85 0.0168 * 

C1ql3 34.9 6.86 0.0015 ** 

Wnt2b 28.0 9.17 0.0031 ** 

Xcl1 27.8 1.92 0.0369 * 

Rspo3 27.2 4.84 0.0049 ** 

Ghrl 27.1 14.79 0.0272 * 

Insl5 26.5 11.84 0.0214 * 

Wnt6 25.8 5.85 0.0044 ** 

Ccl17 25.8 6.04 0.0269 * 

Wnt9b 24.2 8.90 0.0494 * 

Sct 23.7 5.72 0.0006 *** 

Vip 22.1 12.17 0.0260 * 

Wnt10b 16.5 6.69 0.0023 ** 

Wnt10a 14.6 10.64 0.0062 ** 

Wnt5b 12.5 1.86 0.0000 **** 

C1ql4 12.3 5.54 0.0021 ** 

Col4a3 11.5 2.58 0.0018 ** 

Wnt3a 9.9 9.88 0.0148 * 

Lhb 9.3 5.05 0.0044 ** 

Col4a4 6.8 1.07 0.0002 *** 

Rln1 5.3 5.33 0.0029 ** 

Rspo2 4.0 2.35 0.0001 **** 
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Table 24. Significantly upregulated and downregulated islet GPCR peptide ligand mRNAs in 

whole adipose tissue retrieved from lean and obese human patients. *p<0.05, **p<0.01, ns: non-

significant vs control. 
 

Gene 

 

Fold Change 
SEM p-value Significance 

(% Control) 

  

Downregulated genes 

C5 41.6 7.13 0.0306 * 

Upregulated genes       

CCL3 481.9 120.33 0.0157 * 

CCL4 260.5 28.21 0.0144 * 

Positive controls       

ADIPOQ 66.4 8.23 0.3585 NS 

LEP 293.6 86.76 0.1148 NS 

Significant trace/absent genes 

ADCYAP1 410.6 104.86 0.0326 * 

C1QL4 41.0 12.43 0.0031 ** 

 

Table 25.  Expression levels of mRNAs encoding Ccl4-targeting GPCRs in MIN6 β-cells and 

mouse islets. mRNAs were classified as being expressed (>0.001% relative to Actb), at trace level 

(0.0001% to 0.001% relative to Actb expression) or absent (< 0.0001% relative to Actb) (n=4 per group). 
 

  

 

Level of mRNA expression 

 

  

 

MIN6 β-cells 

  

Mouse islets 

  
Mean SEM Mean SEM 

G
P

C
R

 

Ackr2 0.0000013 0.0000006 0.0000000 0.0000000 

Ccr1 0.0000000 0.0000000 0.0009480 0.0001416 

Ccr2 0.0000008 0.0000008 0.0002000 0.0000389 

Ccr5 0.0000000 0.0000000 0.0009375 0.0002484 

Ccr9 0.0000108 0.0000019 0.0000133 0.0000054 

Cxcr1 0.0000005 0.0000005 0.0000008 0.0000008 

Cxcr5 0.0000418 0.0000065 0.0016630 0.0003068 
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Figure 61. Proportions of islet GPCR peptide ligand mRNAs classified as being expressed, at 

trace level, or absent in whole adipose tissue (blue) and isolated mature adipocytes (orange) 

retrieved from high-fat diet-induced obese mice. Data were obtained by RT-qPCR quantifications 

of RNA isolated from 5 whole fat samples and 4 pooled adipocyte samples. Genes common to both 

whole adipose tissue and isolated mature adipocytes are shown by the pink intersections. Expressed 

>0.001% relative to Actb; trace = 0.0001% to 0.001% relative to Actb; absent < 0.0001% relative to 

Actb. 

 

Table 26. Unique (white) and common (red) mRNAs encoding islet GPCR peptide ligands found 

expressed, at trace level, or absent in whole adipose tissue and isolated mature adipocytes 

(adipo) retrieved from high-fat diet-induced obese mice. 
 

 

Whole Adipose Tissue vs Isolated Mature Adipocytes 

(Mouse) 

  
 

Expressed 

  

Trace  Absent  

 

Whole 

  

Adipo Whole Adipo Whole Adipo 

Col4a5 Apln Apln C1ql3 C1ql1 C5 

Col4a6 C1ql1 C5 Ccl17 C1ql3 Cck 

Cxcl13 Calca Calca Ccl21a Ccl17 Ctsg 

Edn1 Ccl2 Cck Col4a5 Ccl21a F2 

Nmb Ccl24 Ccl2 Col4a6 Cxcl3 Gnhr1 

Npff Ccl27b Ccl24 Cxcl13 Wnt8b Kng1 

Npy Cxcl10 Ccl27b Cxcl3 Xcl1 Pthlh 

Wnt2b Cxcl2 Ctsg Edn1 Adcyap1 Rspo3 

Adm Ghrh Cxcl10 Nmb Adm2 Wnt2 

Agt Wnt5b Cxcl2 Npff Avp Adcyap1 

Aldh1a1 Adm F2 Npy Bglap Adm2 

Aldh1a2 Agt Ghrh Wnt2b C1ql2 Avp 

Aldh1a3 Aldh1a1 Gnhr1 Wnt8b C1ql4 Bglap 

Anxa1 Aldh1a2 Kng1 Xcl1 Calcb C1ql2 
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C3 Aldh1a3 Pthlh Ccl22 Cartpt C1ql4 

C4a Anxa1 Rspo3 Ccl25 Ccl1 Calcb 

Ccl11 C3 Wnt2 Cx3cl1 Ccl20 Cartpt 

Ccl19 C4a Wnt5b Cxcl11 Ccl26 Ccl1 

Ccl27a Ccl11 Ccl22 Ppbp Ccl28 Ccl20 

Ccl3 Ccl19 Ccl25 Rspo1 Cga Ccl26 

Ccl4 Ccl27a Cx3cl1 Wnt9a Col4a3 Ccl28 

Ccl5 Ccl3 Cxcl11 

 

Col4a4 Cga 

Ccl7 Ccl4 Ppbp Cort Col4a3 

Ccl8 Ccl5 Rspo1 Crh Col4a4 

Cd55 Ccl7 Wnt9a Cxcl17 Cort 

Col3a1 Ccl8 

 

Cxcl5 Crh 

Col4a1 Cd55 Edn2 Cxcl17 

Col4a2 Col3a1 Edn3 Cxcl5 

Cxcl1 Col4a1 Fshb Edn2 

Cxcl12 Col4a2 Gal Edn3 

Cxcl14 Cxcl1 Galp Fshb 

Cxcl16 Cxcl12 Gast Gal 

Cxcl4 Cxcl14 Gcg Galp 

Cxcl9 Cxcl16 Ghrl Gast 

Insl3 Cxcl4 Gip Gcg 

Penk Cxcl9 Grp Ghrl 

Rarres2 Insl3 Hcrt Gip 

Rdh10 Penk Iapp Grp 

Wnt11 Rarres2 Insl5 Hcrt 

Wnt5a Rdh10 Kiss1 Iapp 

 

Wnt11 Lhb Insl5 

Wnt5a Ndp Kiss1 

 

Nms Lhb 

Nmu Ndp 

Nps Nms 

Npvf Nmu 

Npw Nps 

Nts Npvf 

Oxt Npw 

Pdny Nts 

Pmch Oxt 

Pnoc Pdny 

Pomc Pmch 

Ppy Pnoc 

Prlh Pomc 

Prok1 Ppy 

Prok2 Prlh 

Prss1 Prok1 

Pth Prok2 

Pth2 Prss1 
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Pyy Pth 

Qrfp Pth2 

Rln1 Pyy 

Rln3 Qrfp 

Rspo2 Rln1 

Rspo4 Rln3 

Sct Rspo2 

Sst Rspo4 

Tac1 Sct 

Tac2 Sst 

Thy1 Tac1 

Trh Tac2 

Tshb Thy1 

Ucn Trh 

Ucn2 Tshb 

Ucn3 Ucn 

Uts2 Ucn2 

Vip Ucn3 

Wnt1 Uts2 

Wnt10a Vip 

Wnt10b Wnt1 

Wnt16 Wnt10a 

Wnt3 Wnt10b 

Wnt3a Wnt16 

Wnt4 Wnt3 

Wnt6 Wnt3a 

Wnt7a Wnt4 

Wnt7b Wnt6 

Wnt8a Wnt7a 

Wnt9b Wnt7b 

 Wnt8a 

Wnt9b 
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Figure 62. Proportions of islet GPCR peptide ligand mRNAs classified as being expressed, at 

trace level, or absent in whole visceral adipose tissue retrieved from high-fat diet-induced obese 

mice (blue) and db/db obese mice (orange). Data were obtained by RT-qPCR quantifications of RNA 

isolated from 5 diet-induced obese mice and 3 db/db obese mice. Genes common to both environmental 

and genetic mouse models are shown by the pink intersections. Expressed >0.001% relative to Actb; 

trace = 0.0001% to 0.001% relative to Actb; absent < 0.0001% relative to Actb. 

 

Table 27. Unique (white) and common (red) mRNAs encoding islet GPCR peptide ligands found 

expressed, at trace level, or absent in whole adipose tissue retrieved from obese mice fed a 

high-fat diet (HFD) and obese db/db mice. 
 

 

Environmental vs Genetic Obesity 

(Mouse) 

  
 

Expressed 

  

Trace  Absent  

 

HFD 

  

db/db HFD db/db HFD db/db 

Ccl19 Ccl2 Cck C1ql1 C1ql1 Cck 

Ccl27a Ccl21a Ccl2 Calcb Calcb F2 

Col4a6 Ccl24 Ccl24 Ccl17 Ccl17 Kng1 

Cxcl13 Cx3cl1 Cx3cl1 Ccl19 Ccl21a Wnt5b 

Edn1 Adm F2 Ccl27a Cxcl3 Adcyap1 

Nmb Agt Gnhr1 Col4a6 Cxcl5 Adm2 

Adm Aldh1a1 Kng1 Cxcl13 Npw Avp 

Agt Aldh1a2 Wnt5b Cxcl3 Thy1 Bglap 

Aldh1a1 Aldh1a3 Apln Cxcl5 Wnt10b C1ql2 

Aldh1a2 Anxa1 C5 Edn1 Wnt4 C1ql3 

Aldh1a3 C3 Calca Gnrh1 Adcyap1 C1ql4 

Anxa1 C4a Ccl22 Nmb Adm2 Cartpt 

C3 Ccl11 Ccl25 Npw Avp Ccl1 

C4a Ccl3 Ccl27b Thy1 Bglap Ccl20 
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Ccl11 Ccl4 Ctsg Wnt10b C1ql2 Ccl26 

Ccl3 Ccl5 Cxcl10 Wnt4 C1ql3 Ccl28 

Ccl4 Ccl7 Cxcl11 Apln C1ql4 Cga 

Ccl5 Ccl8 Cxcl2 C5 Cartpt Col4a3 

Ccl7 Cd55 Ghrh Calca Ccl1 Col4a4 

Ccl8 Col3a1 Ppbp Ccl22 Ccl20 Cort 

Cd55 Col4a1 Pthlh Ccl25 Ccl26 Crh 

Col3a1 Col4a2 Rspo1 Ccl27b Ccl28 Cxcl17 

Col4a1 Col4a5 Rspo3 Ctsg Cga Edn2 

Col4a2 Cxcl1 Wnt2 Cxcl10 Col4a3 Edn3 

Col4a5 Cxcl12 Wnt9a Cxcl11 Col4a4 Fshb 

Cxcl1 Cxcl14 

 

Cxcl2 Cort Gal 

Cxcl12 Cxcl16 Ghrh Crh Galp 

Cxcl14 Cxcl4 Ppbp Cxcl17 Gast 

Cxcl16 Cxcl9 Pthlh Edn2 Gcg 

Cxcl4 Insl3 Rspo1 Edn3 Ghrl 

Cxcl9 Npff Rspo3 Fshb Gip 

Insl3 Npy Wnt2 Gal Grp 

Npff Penk Wnt9a Galp Hcrt 

Npy Rarres2 

 

Gast Iapp 

Penk Rdh10 Gcg Insl5 

Rarres2 Wnt11 Ghrl Kiss1 

Rdh10 Wnt2b Gip Lhb 

Wnt11 Wnt5a Grp Ndp 

Wnt2b 

 

Hcrt Nms 

Wnt5a Iapp Nmu 

 

Insl5 Nps 

Kiss1 Npvf 

Lhb Nts 

Ndp Oxt 

Nms Pdny 

Nmu Pmch 

Nps Pnoc 

Npvf Pomc 

Nts Ppy 

Oxt Prlh 

Pdny Prok1 

Pmch Prok2 

Pnoc Prss1 

Pomc Pth 

Ppy Pth2 

Prlh Pyy 

Prok1 Qrfp 

Prok2 Rln1 

Prss1 Rln3 

Pth Rspo2 
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Pth2 Rspo4 

Pyy Sct 

Qrfp Sst 

Rln1 Tac1 

Rln3 Tac2 

Rspo2 Trh 

Rspo4 Tshb 

Sct Ucn 

Sst Ucn2 

Tac1 Ucn3 

Tac2 Uts2 

Trh Vip 

Tshb Wnt1 

Ucn Wnt10a 

Ucn2 Wnt16 

Ucn3 Wnt3 

Uts2 Wnt3a 

Vip Wnt6 

Wnt1 Wnt7a 

Wnt10a Wnt7b 

Wnt16 Wnt8a 

Wnt3 Wnt8b 

Wnt3a Wnt9b 

Wnt6 Xcl1 

Wnt7a 

 

Wnt7b 

Wnt8a 

Wnt8b 

Wnt9b 

Xcl1 

 

 

 

 

 

 



Tanyel Ashik 

 

 
178 

 

 
Figure 63. Proportions of islet GPCR peptide ligand mRNAs classified as being expressed, at 

trace level, or absent in whole visceral adipose tissue retrieved from obese human donors (blue) 

and high-fat diet-induced obese mice (orange). Data were obtained by RT-qPCR quantifications of 

RNA isolated from 5 mice and 4 human donors. Genes common to both mice and humans are shown 

by the pink intersections. Expressed >0.001% relative to ACTB; trace = 0.0001% to 0.001% relative to 

ACTB; absent < 0.0001% relative to ACTB. 

 

Table 28. Unique (white) and common (red) mRNAs encoding islet GPCR peptide ligands found 

expressed, at trace level, or absent in whole adipose tissue retrieved from obese human 

subjects and high-fat diet-induced obese mice. 
 

 

Human vs Mouse 

  
 

Expressed 

  

Trace  Absent  

 

Human 

  

Mouse Human Mouse Human Mouse 

CCL2 Ccl11 ADCYAP1 Calca CALCA Adcyap1 

CCL21 Ccl19 BGLAP Cck CCK Bglap 

CCL24 Ccl27a C1QL1 Ccl2 CCL25 C1ql1 

CTSG Ccl7 C1QL3 Ccl24 CCL27 C1ql3 

CX3CL1 Ccl8 CCL11 Ccl25 CCL7 Ccl20 

CXCL2 Col4a5 CCL19 Ccl27b CCL8 Ccl21a 

CXCL3 Col4a6 CCL20 Ctsg CXCL11 Ccl26 

PROK2 Cxcl13 CCL26 Cx3cl1 CXCL13 Cxcl3 

PTHLH Cxcl4 COL4A5 Cxcl11 F2 Npw 

RSPO1 Cxcl9 COL4A6 Cxcl2 GHRH Nts 

RSPO3 Insl3 CXCL4 F2 INSL3 Prok1 

THY1 Npff CXCL9 Ghrh KNG1 Prok2 

ADM Npy NPFF Kng1 NPY Qrfp 

AGT Wnt2b NPW Pthlh TAC3 Tac2 

ALDH1A1 Adm NTS Rspo1 ADM2 Thy1 

ALDH1A2 Agt PROK1 Rspo3 AVP Ucn 
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ALDH1A3 Aldh1a1 QRFP Apln C1QL2 Vip 

ANXA1 Aldh1a2 UCN C5 C1QL4 Wnt10a 

C3 Aldh1a3 VIP Ccl22 CALCB Wnt3 

C4A Anxa1 WNT10A Cxcl10 CARTPT Wnt4 

CCL3 C3 WNT2B Gnhr1 CCL1 Adm2 

CCL4 C4a WNT3 Ppbp CCL17 Avp 

CCL5 Ccl3 WNT4 Wnt2 CCL28 C1ql2 

CD55 Ccl4 APLN Wnt5b CGA C1ql4 

COL3A1 Ccl5 C5 Wnt9a COL4A3 Calcb 

COL4A1 Cd55 CCL22 

 

COL4A4 Cartpt 

COL4A2 Col3a1 CXCL10 CORT Ccl1 

CXCL1 Col4a1 GNHR1 CRH Ccl17 

CXCL12 Col4a2 PPBP CXCL17 Ccl28 

CXCL14 Cxcl1 WNT2 CXCL5 Cga 

CXCL16 Cxcl12 WNT5B EDN2 Col4a3 

EDN1 Cxcl14 WNT9A EDN3 Col4a4 

NMB Cxcl16 

 

FSHB Cort 

PENK Edn1 GAL Crh 

RARRES2 Nmb GALP Cxcl17 

RDH10 Penk GAST Cxcl5 

WNT11 Rarres2 GCG Edn2 

WNT5A Rdh10 GHRL Edn3 

 

Wnt11 GIP Fshb 

Wnt5a GRP Gal 

 

HCRT Galp 

IAPP Gast 

INSL5 Gcg 

KISS1 Ghrl 

LHB Gip 

NDP Grp 

NMS Hcrt 

NMU Iapp 

NPS Insl5 

NPVF Kiss1 

OXT Lhb 

PDNY Ndp 

PMCH Nms 

PNOC Nmu 

POMC Nps 

PPY Npvf 

PRLH Oxt 

PRSS1 Pdny 

PTH Pmch 

PTH2 Pnoc 

PYY Pomc 

RLN1 Ppy 
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RLN3 Prlh 

RSPO2 Prss1 

RSPO4 Pth 

SCT Pth2 

SST Pyy 

TAC1 Rln1 

TRH Rln3 

TSHB Rspo2 

UCN2 Rspo4 

UCN3 Sct 

UTS2 Sst 

WNT1 Tac1 

WNT10B Trh 

WNT16 Tshb 

WNT3A Ucn2 

WNT6 Ucn3 

WNT7A Uts2 

WNT7B Wnt1 

WNT8A Wnt10b 

WNT8B Wnt16 

WNT9B Wnt3a 

XCL1 Wnt6 

 

Wnt7a 

Wnt7b 

Wnt8a 

Wnt8b 

Wnt9b 

Xcl1 
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