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Abstract 

Background and aims:  Pancreatic β-cell dysfunction and death is the central aspect during the 

development of type 2 diabetes (T2D). Although T2D is a major public health concern worldwide, 

the underlying cause of the disease is not yet fully established. Obesity is a primary risk factor for 

T2D, however, the relationship between the two conditions remains unclear. One feature observed in 

both obesity and T2D is an elevated concentration of free fatty acids (FFA) in the blood. It is widely 

believed that FFA can exert different effects in pancreatic β-cells depending on their degree of 

saturation, such that long-chain saturated fatty acids (LC-SFA) are toxic, whereas monounsaturated 

fatty acids (LC-MUFA) are not and may even offer protection against the toxic effects of LC-SFAs. 

However, the mechanism of long-chain free fatty acid (LC-FFA) uptake into pancreatic β-cells, where 

they seemingly exert these effects, is poorly understood. Identifying the mechanism of uptake is 

important to produce therapeutics to regulate their entry, thereby preventing the lipotoxic effects of 

LC-SFAs and possibly slowing the development of obesity induced T2D. 

Methods: Evidence for candidate LC-FFA transport proteins in mammalian cells was investigated 

using a scoping review. The gene expression of candidate membrane-associated LC-FFA transport 

proteins in β-cells was studied using bioinformatic analysis of pre-published bulk RNA-sequencing 

data. Experimental studies used the human-derived EndoC-βH1 and rat-derived INS-1 832/13 

pancreatic β-cell lines. LC-FFAs were conjugated to bovine serum albumin (BSA) and acute uptake 

was examined using a fluorescent intracellular pH indicator, pHrodo Green AM, and confocal 

microscopy. Inhibition of dynamin was achieved using Dyngo-4a. Membrane fluidity was determined 

using the fluorescent probe 2-Dimethylamino-6-lauroylnaphthalene (Laurdan) and confocal 

microscopy.  
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Results: The results of the scoping review revealed that cluster of differentiation 36 (CD36) and fatty 

acid transport proteins (FATP) have the most evidence to support a role in facilitating LC-FFA uptake 

in a range of human cell types. A bioinformatic analysis showed that long-chain acyl-CoA synthetase 

(ACSL) 1, ACSL3, ACSL4, FATP4, TBC1 domain family member (TBC1D) 1 and TBC1D4 are the 

most highly expressed candidate LC-FFA transporters in both ex-vivo human pancreatic islets and 

human-derived EndoC-βH1 cells. In both human-derived EndoC-βH1 cells and rat-derived INS-1 

832/13 cells, the uptake of the LC-SFA, C16:0, was saturable, and inhibited in EndoC-βH1 cells in 

the presence of a dynamin inhibitor, indicating a protein-mediated process. BSA, the vehicle control, 

was also taken up into INS-1 832/13 and EndoC-βH1 cells in a manner similar to C16:0. Exposing 

EndoC-βH1 cells to a combination of 375μM C16:0 and 125μM C18:1 or 125μM C16:0 and 375μM 

C18:1 increased the lipid order of the plasma membrane. Exposure of EndoC-βH1 cells to 250μM 

C16:0 and 250μM C18:1, however, did not influence membrane order. The acute uptake of C16:0 

into EndoC-βH1 cells was different for cells exposed to BSA alone vs. cells cultured in 250μM C16:0 

and 250μM C18:1. Moreover, uptake of BSA into EndoC-βH1 cells was different to the uptake of 

C16:0 when cells were exposed to varying ratios of LC-SFA:LC-MUFA. BSA uptake was inhibited 

in EndoC-βH1 cells, but C16:0 uptake was promoted when cells were cultured in 1% BSA. 

Conclusion: The mechanism of LC-FFA uptake into human β-cells appears to involve protein-

mediated transport, although the exact mechanism of uptake is still unclear. Future work should aim 

to investigate the function of candidate LC-FFA transporters in pancreatic β-cells.  
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1.1 Type 2 diabetes mellitus 

Diabetes is a chronic disease that affects over 537 million people worldwide (1). The main forms of 

diabetes mellitus are type 1 and type 2 diabetes. However, there are also less prevalent forms 

including hyperglycaemia in pregnancy (such as gestational diabetes) and diabetes with a specific, 

possibly genetic aetiology (such as maturity onset diabetes of the young). The most prevalent form 

of diabetes is type 2 diabetes (T2D), which accounts for approximately 90% of diabetes cases 

worldwide (2).  

Until recently, T2D was known as adult-onset or non-insulin-dependent diabetes due to its 

manifestation in adults (>40 years old), however, it is becoming increasingly apparent in younger 

people and children (<40 years old) (2). T2D is characterised by the World Health Organisation as 

raised blood glucose concentration, due to the ineffective use of insulin by the body (insulin 

resistance) (3, 4). Insulin resistance refers to impaired sensitivity to insulin action in target tissues, 

such as adipose tissue (5), skeletal muscle (6) and the liver (5). As a result, blood glucose 

concentrations increase, resulting in hyperglycaemia, which is compensated for by an increased 

secretion of insulin by pancreatic β-cells (7). The key event resulting in the development of T2D is 

pancreatic β-cell failure, where β-cells fail to deliver an adequate amount of insulin to counteract 

insulin resistance, which can result in β-cell dysfunction and death (7). It has also been suggested that 

pancreatic β-cells do not die in T2D, but lose their identity (i.e., β-cells lose their ability to express 

the full complement of β-cell genes or express genes that are abnormal to a mature, healthy β-cell) as 

reviewed by Swisa et al. (7). However, the phenomenon of β-cell identity loss (also known as 

dedifferentiation), is not yet fully understood.  

Maintaining blood glucose concentration as close to the normal range (3.9-5.6mmol/L for normal 

fasting glucose levels (8)) as possible reduces the risk of developing microvascular complications of 

T2D (e.g., retinopathy, nephropathy and neuropathy) and macrovascular damage (e.g., 
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cerebrovascular insults, myocardial infarction and complications associated with peripheral vascular 

disease, including the diabetic foot syndrome) (9). At diagnosis of T2D, initial interventions focus on 

lifestyle modifications, especially nutritional interventions, increased physical activity and adequate 

rest (10). Remarkably, Lean et al. (11) have recently reported that individuals with obesity and T2D 

have an 86% chance of remission if weight loss of 15kg or more is achieved within six years of 

diagnosis. However, if hyperglycaemia cannot be controlled with the implementation of lifestyle 

interventions, drug therapy may be prescribed, such as the biguanide, metformin, which acts to 

counter insulin resistance (12). Other drugs may also be prescribed, such as sulfonylureas, which 

exert their function by stimulating insulin secretion from pancreatic β-cells (10). If normal blood 

sugar levels are not restored with lifestyle interventions and other medications, individuals with T2D 

may eventually require insulin therapy (13). Despite the progress in understanding the mode of action 

of these existing therapies, current treatments typically treat the complications of T2D (i.e., 

hyperglycaemia) and there are insufficient drugs on the market that preserve the function and viability 

of β-cells. This is largely due to the incomplete understanding of the mechanisms underpinning the 

death of β-cells in the development of T2D. Hence, further investigation into the pathogenesis of T2D 

is essential for the development of a more effective approach to manage this disorder. 

1.2 Type 2 diabetes and obesity 

The risk that an individual develops T2D is dependent on a combination of genetic and environmental 

risk factors (14), including age, low socioeconomic status, ethnicity, family history, certain unhealthy 

lifestyle behaviours and metabolic syndrome (including obesity) (as recently reviewed by Kyrou et 

al.(15)). A recent review by Bellary et al. (16) reports that adults who are 65 years old display the 

highest T2D prevalence among any age group, accounting for nearly half of all individuals with T2D. 

Moreover, a systematic review and meta-analysis by Agardh et al. (17)  found that low socioeconomic 

status (which is primarily assessed based on income, occupation, and educational level (15)) is 
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associated with increased T2D incidence, particularly in high-income countries. Ethnicity seemingly 

constitutes a further non-modifiable risk factor for T2D; for example, several studies (18, 19, 20, 21) 

in Europe have determined that T2D prevalence is greater in ethnic minority groups when compared 

to their white European counterparts. These ethnic-related differences are thought to be attributed to 

disparities in socioeconomic status, lifestyle, a genetic predisposition to T2D, as well as increased 

susceptibility for cardio-metabolic complications related to body composition, central fat distribution 

and obesity (as reviewed by Kyrou et al. (15)).   

Genome-wide association studies (GWAS) have confirmed that T2D is a polygenic disease, which 

means that multiple genes are associated with an increased risk of T2D (22). While the complete 

genetic architecture of T2D is not yet fully understood, a large number of genes are thought to be 

associated with this disease; a recent meta-analysis of GWAS by Xue et al. (23) has identified 139 

common and 4 rare variants associated with T2D. A large number of candidate genes have been 

reported to be associated with T2D, including transcription factor 7 like 2 (TCF7L2), potassium 

voltage-gated channel subfamily Q member 1 (KCNQ1) and potassium inwardly rectifying channel 

subfamily J member 11 (KCNJ11) (as reviewed by Ali, O. (24)). Further, a population-based study 

by Tillil, H. and Köbberling, J. (25) has observed a 40% increase in risk of developing T2D for 

individuals who have one parent with T2D and almost a 70% increase if both parents have the 

condition, suggesting that there is an element of heritability associated with the risk of developing 

T2D. Individuals with genes associated with T2D may never develop the condition, however, genes 

can be activated by several environmental factors, including an unhealthy diet and sedentary 

behaviour, which can lead to obesity (14, 26). For example, Neuenschwander et al. (27) have recently 

shown, using a meta-analyses of prospective observational studies, that a high intake or red and 

processed meat, as well as excess sugar, is associated with the incidence of T2D. Being overweight 

or obese is thought to be the largest risk factor for T2D; Public Health England have reported that 
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90% of adults aged between 16-54 with T2D are overweight or obese (28). The likelihood and 

severity of T2D are closely associated with body mass index (BMI); Abdullah et al. (28) report that 

there is a three times greater risk of developing T2D for individuals who are overweight and a 

sevenfold increase in risk for individuals with obesity. Between 1975 and 2016, the worldwide 

prevalence of obesity increased nearly threefold (29), and this is only expected to rise, as the World 

Obesity Federation predict that 1 in 5 women and 1 in 7 men, globally, will be living with obesity by 

2030 (30). This rise in prevalence of obesity in adults has been accompanied by, and is expected to 

be accompanied by, an increased prevalence of T2D according to Public Health England (31), 

highlighting a strong correlation between obesity and T2D.  

The World Health Organisation defines obesity as a BMI that is greater than or equal to 30kg/m2 (29). 

The major cause of obesity is an energy imbalance, where energy intake exceeds energy expenditure 

(i.e., more energy is consumed than the body needs) (32). This additional energy is stored as fat, 

which can eventually result in obesity if energy intake continues to exceed the body’s requirements 

(33). However, whilst there is a large body of evidence (as reviewed by Kahn et al. (34) and, more 

recently, Kyrou et al. (15)) to suggest that obesity is an important risk factor for T2D, the exact 

mechanism of their association remains unclear. Moreover, the current understanding of inter-

individual differences is not yet fully established, as most individuals with obesity do not develop 

T2D (35), and it has also been observed that 10-20% of individuals suffering with T2D are individuals 

without obesity (36).  

1.3 Adipose tissue dysfunction and ectopic fat storage in T2D 

A large body of evidence suggests that adipose tissue dysfunction and ectopic fat storage is a key 

factor in the pathogenesis of T2D (as reviewed by Snel et al. (37)). Adipose tissue is the major site 

for fat storage (in the form of triglycerides) in the body, whereas ectopic fat storage involves the 

storage of triglyceride droplets in non-adipose tissues (e.g., the liver, heart, skeletal muscle, and 
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pancreas) (37, 38). The accumulation of ectopic fat occurs when the body has exceeded its capacity 

to store fat in subcutaneous adipose tissue (39). In lean individuals, Heilbronn et al. (40) suggest that 

ectopic fat storage is likely due to the failure of adipose cells to proliferate (to store excess FFAs), or 

the impaired capacity of organs/tissues to increase fat oxidation to compensate for excessive exposure 

to FFA. 

Adipose tissue is not only a fat-storage organ; it also functions as an endocrine organ, to secrete of 

large range of bioactive compounds including cytokines (e.g., tumour necrosis factor  (TNF) and 

interleukin 6 (IL-6)), hormones (e.g., leptin and resistin), and lipids (e.g., non-esterified “free” fatty 

acids (FFAs) and lipoprotein lipase (LPL)) (41). However, in obesity, there is an increase in the size 

and quantity of adipocytes, resulting in the disturbed secretion of these compounds (42). Individuals 

with obesity have been reported to have raised serum levels of pro-inflammatory cytokines, especially 

TNF and IL-6, alongside a reduction in adiponectin (an anti-inflammatory hormone) (Figure 1.1) 

(42). Dysregulated secretion of these inflammatory mediators is thought to contribute to β-cell 

dysfunction and death, ultimately leading to T2D (43). Additionally, the increased secretion of FFAs 

from adipocytes, particularly the long-chain saturated fatty acid (LC-SFA) palmitate, has been shown 

to activate inflammatory mediators (e.g., IL-6, IL-8 and chemokine (C-C motif) ligand 2 (CCL2)) in 

pancreatic islets, which further promote β-cell dysfunction (44).  

Ectopic fat storage is also correlated with the development of T2D (37). Levelt et al. (45) have shown 

that individuals with obesity and T2D have increased ectopic fat deposition when compared to lean 

individuals without T2D. Further, Lee et al. (46) have shown that excess fat accumulation in rat 

pancreatic islets precedes the development of T2D, due to the dysfunction and death of β-cells. 

Moreover, in individuals with T2D, β-cell function appears to be restored following the reduction of 

ectopic fat in the pancreas (47). Intriguingly, this association appears to be independent of BMI, as 

an increase in ectopic fat storage has also been linked to an increased risk of developing T2D in lean 
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individuals (48). Taken together, this evidence suggests that ectopic fat accumulation, especially in 

the pancreas, could be a key factor leading to the development of T2D.  

 

 

Figure 1.1 Dysfunctional secretion of bioactive compounds from adipocytes contributing to β-

cell dysfunction and death. TNF: tumour necrosis factor ; IL-6: interleukin 6; FFA: non-

esterified “free” fatty acids. Created in Biorender.com. 

 

1.4 Fatty acids  

Fatty acids found in the body are either consumed or synthesised endogenously, via de novo 

lipogenesis (DNL) in adipose tissue and the liver, where excess carbohydrates are converted to fatty 

acids (49). Fatty acids are a heterogenous group of compounds that are classified according to their 

structure (i.e., carbon chain length and number of double bonds) (Figure 1.2) (50). These compounds 

are used by cells for various functions, including as an energy source, as constituents of the cell 

membrane, for energy storage (as triglycerides and cholesteryl esters), and as precursors for several 

cell signalling molecules including diacylglycerols, endocannabinoids, and ceramides (as reviewed 

by Calder et al. (51)). To reach target cells to exert these functions, fatty acids are transported in the 
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bloodstream as constituents of more complex lipids (e.g., triglycerides, which are esters composed of 

glycerol and three fatty acids) or as FFAs (51). Most FFAs circulating in the bloodstream are bound 

to serum albumin (a protein that is produced in the liver), although a small proportion of the total 

circulating FFAs are not bound to albumin (i.e., <10-5 of the total FFAs in humans) (52). Changes in 

the ratio and concentrations of circulating fatty acids reportedly plays a significant role in the 

development and progression of T2D (53). These changes are collectively known as dyslipidaemia, 

which can be characterised as an elevation in triglycerides and FFAs, increased low-density 

lipoproteins (LDL), along with reduced high-density lipoproteins (HDL), which can result in elevated 

FFAs (54). However, an increase in total plasma FFA concentrations is seemingly the most important 

factor (when compared to altered triglyceride or lipoprotein levels) associated with the development 

of insulin resistance and the pathophysiology of T2D (55).  
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Figure 1.2 Classification of fatty acids. Fatty acids are classified according to their carbon chain 

length (56, 57), or arranged into three broad categories with respect to their number of carbon-carbon 

double bonds (illustrated with a red box): monounsaturated (one double bond), polyunsaturated (two 

or more double bonds) and saturated (no double bonds) (58). Literature differs in its classification of 

the FFAs, but for the purpose of this thesis, the chosen classification is that short and medium chain 

fatty acids have ≤C14:0, whereas long-chain free fatty acids (LC-FFA) have >C14:0 (59). Created in 

Biorender.com. 
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1.4.1 Free fatty acids in the plasma 

Most FFAs in the plasma are hydrolysed and released from adipocyte triglyceride stores (60). In 

healthy individuals, lipidomic analysis of the human plasma (61) has shown that it contains 

approximately 214 nmol/ml of FFAs (measured after overnight fasting), which is tightly regulated to 

uphold the metabolic demands of the body (55). On the other hand, in individuals with obesity and 

T2D, there appears to be an increase (nearly three-fold) in the total concentration of plasma FFAs 

(62). Increased levels of FFAs in the plasma, in obesity induced T2D, have been reported to be 

attributed to a reduced FFA clearance, reduced ability to regulate lipolysis in adipose tissue and/or 

elevated adipose tissue mass, leading to the release of extra FFA (63, 64). Elevated plasma FFA can 

also be due to an overproduction and release of FFA into the circulation from triglyceride-rich 

lipoproteins (liver-derived very-low-density lipoprotein (VLDL) and intestine-derived 

chylomicrons), which involves the hydrolysis of triglycerides by lipoprotein lipase to liberate FFA 

(as reviewed by Lewis et al. (65)). However, the exact mechanisms by which plasma FFA 

concentrations are altered is yet to be fully established. 

A recent lipidomic analysis of FFAs in the plasma, using liquid chromatography high resolution mass 

spectrometry (LC-HRMS), has enabled the identification of 74 different FFAs in the plasma of 

healthy individuals (66). Quehenberger et al. (61) report that three of these FFAs make up the majority 

(78%) of the composition of total FFAs within the plasma of healthy lean individuals: oleic acid 

(C18:1), palmitic acid (C16:0) and stearic acid (C18:0). However, the ratio of these FFAs is 

seemingly altered in individuals with obesity, such that the concentration of the long-chain 

monounsaturated fatty acid (LC-MUFA) C18:1 is decreased, whereas the LC-SFAs, C16:0 and C18:0 

are increased (67). C16:0 is the most prevalent LC-SFA found within the human body and can be 

provided by the diet or synthesised endogenously, as described by Carta et al. (68). The tissue content 

of C16:0 seems to be tightly regulated; Song et al. (69) have shown that altered intake of C16:0 in the 
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diet does not significantly influence tissue concentration. This has been reported to be attributed to 

its crucial physiological role in multiple biological functions (68), such as its contribution to the 

physical properties of the plasma membrane (i.e., membrane fluidity) and its involvement in the post 

translational modification of proteins (i.e., palmitoylation) (70). Under normal physiological 

conditions, the accumulation of C16:0 in the cell is prevented by its increased desaturation to 

palmitoleic acid (C16:1) and/or its conversion to C18:0 and subsequent desaturation to C18:1 (68). 

However, an excess production of C16:0 by DNL has been observed in individuals with 

hyperglycaemia (a complication associated with T2D) and has been reported to promote a metabolic 

dysregulation and systemic inflammatory response, leading to dyslipidaemia, resistance to insulin 

and impaired fat deposition and distribution (68, 71).   

1.4.2 Free fatty acids and insulin resistance 

Insulin resistance is thought to be the main contributor to the pathogenesis of T2D (72). The main 

factors that promote the development of insulin resistance include a chronic overconsumption of 

calories (73), an increased circulation of FFAs (74), and age (75). The key role for insulin in the 

healthy tissues (e.g., adipose, liver and muscle) is to regulate the storage, mobilisation and utilisation 

of glucose and free fatty acids, to maintain physiologically desirable levels of these nutrients (65, 76, 

77). However, in insulin resistance, there is a diminished responsiveness of target cells to circulating 

insulin (78). 

Insulin resistance is reported to result in dyslipidaemia (abnormal levels of fats in the blood) and the 

excessive secretion of FFA into the body’s circulation (79). Under normal physiological conditions, 

insulin stimulates the activity of lipoprotein lipase (LPL) (80), an enzyme which mediates the 

clearance of circulating triglyceride-rich lipoproteins (81), and inhibits hormone sensitive lipase 

(HSL), an enzyme which hydrolyses intracellular triglyceride stores to FFA and glycerol in 

adipocytes, thereby reducing the quantity and release of FFA into the circulation (82). A reduced 
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insulin effect in individuals with insulin resistance, however, results in the reduced clearance of 

triglycerides and increased flux of FFA into the circulation, which can cause dyslipidaemia (83). In 

essence, insulin resistance can increase the concentration of circulating fatty acids which, 

consequently, can worsen insulin resistance.  

1.5 Pancreatic β-cells 

Pancreatic β-cells are found in the endocrine tissue of the pancreas, within aggregates of functionally 

distinct cells termed the ‘islets of Langerhans’ (84). Figure 1.3 illustrates the cells comprising the 

islets of Langerhans (henceforth known as ‘islets’). Different cells comprising the pancreatic islet 

secrete various hormones, which are essential for the regulation of blood glucose.  

The primary role of pancreatic β-cells is to secrete the hormone insulin in response to glucose and 

fatty acids, to regulate blood glucose concentrations by inducing glucose storage in the liver, muscles, 

and adipose tissue (85, 86). In humans, glucose-stimulated insulin secretion (GSIS) is usually 

stimulated when blood glucose concentrations reach approximately 4.4 mM to 6.6 mM (87).  

The key role of α-cells, on the other hand, is to secrete the hormone glucagon in response to 

hypoglycaemia (blood sugar level <3.9mM) (88, 89). Glucagon then acts as a signal to mobilise 

glucose from the liver, thereby restoring blood glucose levels to a normal range (90). Intriguingly, 

recent studies in mice (91, 92, 93) and human (92, 93) models have shown that proglucagon-derived 

peptides, such as glucagon and glucagon-like peptide 1 (GLP-1), which are secreted from α-cells, 

contribute to GSIS via paracrine actions.  

Another key component of the pancreatic islet are δ-cells, which secrete somatostatin in response to 

several stimuli, including acetylcholine, glutamate, urocortin 3, ghrelin and high glucose levels (94). 

The main role of somatostatin is to inhibit both insulin and glucagon secretion via paracrine 

signalling, to maintain glucose homeostasis, as demonstrated in several investigations (95, 96) 
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 ε-cells, which secrete the “hunger hormone”, ghrelin, are also located in the pancreatic islet (97). 

The key role of ghrelin is to stimulate appetite (97), however, this hormone has also been suggested 

to contribute to an increase in blood glucose levels by suppressing the release of insulin from 

pancreatic β-cells (97). 

The main function of γ-cells is to secrete the hormone pancreatic polypeptide, which has a key role 

in satiety (98). However, this hormone is also involved in regulating hepatic glucose levels, by 

increasing insulin sensitivity of the liver to reduce hepatic glucose production (98). Interestingly, 

Khan et al. (99) have also demonstrated that pancreatic polypeptide inhibits insulin secretion from 

human and rodent β-cells. 

Ultimately, each cell comprising the pancreatic islet has a distinct role in the maintenance of glucose 

homeostasis. Further, paracrine signalling between different cells in the pancreatic islet is seemingly 

important for the regulation of insulin secretion from β-cells. 
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Figure 1.3 Cell types located in the islets of Langerhans in the pancreas. The cells comprising the 

islets of Langerhans secrete different hormones, which are important for blood glucose control: α-

cells (glucagon), β-cells (insulin), δ-cells (somatostatin), ε-cells (ghrelin) and γ (or PP)-cells 

(pancreatic polypeptide) (84). Created in Biorender.com. 

 

1.5.1 Insulin secretion 

The principal physiological stimulus for insulin secretion is an elevated concentration of circulating 

glucose that is observed in the post-prandial state (after a meal) (100, 101). At present, the complete 

mechanisms of insulin secretion are unclear, although it is thought to occur via KATP-dependent (also 

known as ‘triggering’) and KATP-independent (also known as ‘amplifying’) pathways (101).  

The triggering pathway is the canonical pathway of GSIS (Figure 1.4). In β-cells, there is an influx 

of glucose through glucose transporter type 1 (GLUT1) and type 2 (GLUT2) transporters (mainly 

GLUT2 in rodents) in the plasma membrane, then its metabolic breakdown and oxidation to yield 

adenosine triphosphate (ATP) at the expense of adenosine diphosphate (ADP), resulting in a change 

in the ATP:ADP ratio in the cell (102, 103). An elevation in the ratio of ATP to ADP results in the 
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closure of ATP-sensitive K+ (KATP) channels, leading to depolarisation of the membrane and 

consequent opening of voltage-gated calcium channels (VGCC) (102). The increase in calcium 

concentration that follows the opening of VGCCs then triggers the release of insulin granules via 

exocytosis (102).  

The precise mechanisms of the amplification pathway remain elusive at present. Within this pathway, 

the metabolism of glucose generates further signals, in addition to the signals sent by the KATP-

dependent pathway, which enhance the number of insulin vesicles secreted from the cell (as described 

by Kalwat, M.A. and Cobb, M.H. (103)). These signals do not involve KATP channels (103). Further 

detail on the current proposed mechanisms involved in this pathway is beyond the scope of this thesis; 

a more extensive review has been published by Kalwat, M.A. and Cobb, M.H. (103).  

Insulin secretion is not only triggered by glucose, but it is also stimulated in response to FFA. It is 

thought that FFA can support insulin secretion by augmenting GSIS (104) or through their oxidation 

(105). Evidence suggests FFA induce insulin secretion via membrane receptor activation (106) or via 

their metabolites (fatty acyl-coenzyme A molecules) (107) (Figure 1.4). However, like glucose, the 

mechanisms whereby FFA stimulate insulin secretion remain to be fully elucidated (108).  
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Figure 1.4 Overview of the KATP-dependent pathway of glucose-stimulated insulin secretion 

(GSIS) and its potentiation via fatty acids. Glucose metabolism is the primary signal for insulin 

secretion (100, 101). Fatty acids augment GSIS by directly modulating ion channels via its 

metabolites (fatty acyl-CoA) (109), or by increasing the ATP/ADP ratio via the oxidative 

phosphorylation of fatty acyl-CoA (105). Moreover, binding of FFA to G protein-coupled receptors 

(e.g., FFAR1), generates lipid signalling molecules such as IP3 and DAG which contribute to an 

increase in intracellular Ca2+ and, thus, an increase in insulin secretion (110).  FFA: free fatty acid; 

FFAR1: free fatty acid receptor 1; GLUT: glucose transporter; ATP: adenosine triphosphate; ADP: 

adenosine diphosphate; TCA: tricarboxylic acid cycle; K+
ATP channel: ATP-sensitive K+ channel; 

IP3: inositol-3-phosphate; DAG: diacylglycerol. Created in Biorender.com. 

 

 

1.6 The plasma membrane as a cellular organelle 

The plasma membrane is a key constituent of the cell for the maintenance of its structure and function 

(111). The major component of the plasma membrane are phospholipids, which are composed of two 

fatty acyl chains (the hydrophobic region) and a phosphate headgroup (the hydrophilic region) (112). 

These phospholipids are packed together in a parallel fashion, in two layers, to form the phospholipid 

bilayer (112). The structure of the membrane was first proposed by Singer and Nicolson (113); these 

researchers suggested that membranes are composed of globular molecules (proteins) that are 
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partially embedded in a fluid phospholipid matrix, termed the “fluid mosaic model”. In more recent 

years, however, evidence has indicated that specialised membrane domains (e.g., lipid rafts), as well 

as extracellular matrix structures and the membrane-associated cytoskeleton, are important 

components of the membrane when describing its structure, fluidity, and function (114) (Figure 1.5).  

The main functions of the plasma membrane are to provide structure for the cell and to regulate the 

transport of molecules between the cytoplasm of the cell and its external environment (114). 

Components of the plasma membrane (e.g., proteins, glycoproteins and lipids) can be assembled into 

macromolecular complexes, which can take part in various cellular functions, including cellular 

recognition, ion and metabolite transport, activation of enzymes, cell adhesion, etc. (114). The 

alteration of these complexes, however, has been correlated with the development of numerous 

diseases (115). Changes in the levels of different phospholipid species in the plasma membrane, for 

example, have been reported in many diseases, including obesity, hypertension, schizophrenia, 

infectious diseases and cancer (as reviewed by Escribá et al. (115)). An altered membrane 

composition is thought to disrupt receptor function, as well as alter the permeability of substances 

through the membrane which could, in turn, impact the normal functions of the cell (116). 

Intriguingly, insulin resistance, the key factor leading to the development of T2D, has also been 

reported to alter the lipid and protein composition of the plasma membrane, thereby modifying its 

fluidity, structure and function (see section 1.7.1) (117).  
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Figure 1.5 An updated version of the fluid mosaic model of the plasma membrane. Phospholipids 

are shown forming specialised membrane regions (e.g., lipid rafts) and domains around integral 

membrane proteins. Cytoskeletal structures are shown underpinning the phospholipid bilayer, which 

regulates the movement of proteins and lipids. Figure taken from Escribá et al. (115) 

 

1.7 The role of long-chain saturated fatty acids in pancreatic β-cell dysfunction and death  

To compensate for insulin insensitivity, pancreatic β-cells experience a period of dysfunction prior to 

β-cell death (118). The dysfunction of β-cells is thought to be, in part, due to an elevation of plasma 

FFA (118). As discussed in section 1.5.1, there is an increased demand for β-cells to produce insulin 

in response to hyperglycaemia (raised blood sugar levels), to restore glucose homeostasis. Pancreatic 

β-cells initially cope with the increased insulin demand via increasing insulin production (known as 

β-cell compensation), as well as their cell size (hypertrophy) and number (hyperplasia) (119). 

Interestingly, these adaptive responses are reported to be augmented by acute elevations of FFA 

levels, especially of the LC-SFA C16:0 (120). For example, various in-vitro studies in rodent (120, 
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121) and human islets (120, 122) have shown that the acute exposure of β-cells to C16:0 facilitates 

GSIS. Chronic increases in plasma FFA, however, have been shown to result in disturbances in lipid 

homeostasis, which can ultimately result in a reduction in β-cell function and viability (118).   

It is widely believed that increased levels of FFAs promote pancreatic β-cell dysfunction and death 

via a process termed lipotoxicity (38, 123), subsequently resulting in the development of T2D (118). 

Figure 1.6 illustrates several mechanisms that have been proposed to be involved in β-cell 

lipotoxicity, however, the mechanisms of β-cell lipotoxicity are yet to be fully established. The 

induction of lipotoxicity depends on the plasma FFA concentration, extent of exposure to the FFA, 

and intriguingly, the composition of the FFA (i.e., carbon chain length and the degree of saturation) 

(118). There is a consensus that LC-SFAs, such as C16:0 and C18:0, are the most deleterious to β-

cells, whereas short-chain saturated and long-chain unsaturated fatty acids are less toxic (124). This 

has been consistently reported in studies using rodent β-cells (125, 126, 127) as well as human 

pancreatic islets (128). In contrast, it has been reported that LC-MUFAs do not exert a toxic action 

in pancreatic β-cells and have even been shown to prevent the toxic effects of LC-SFAs (129, 130, 

131). Moreover, several studies (132, 133, 134) have suggested that lipotoxicity is augmented by 

elevated levels of glucose (i.e., hyperglycaemia), in a process referred to as ‘glucolipotoxicity’. 

Individuals with T2D largely present with a combination of increased levels of FFA and glucose in 

the circulation (55). When glucolipotoxicity occurs, pancreatic β-cells start to fail to compensate for 

insulin resistance, such that insulin gene expression and secretion are reduced, and β-cell mass 

declines (135). Consequently, glucose and FFA levels increase, ultimately resulting in further β-cell 

dysfunction and death which contributes to T2D (135). There are many extensive theories 

surrounding the mechanisms resulting in glucolipotoxicity, however it is beyond the scope of this 

thesis to discuss them in detail. Rather, this thesis is largely focused on the impact of lipotoxicity 
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(Figure 1.6), and particularly its association with the phospholipid membrane, in pancreatic β-cells 

(see section 1.7.1).  

 

Figure 1.6 Mechanisms of lipotoxicity in pancreatic β-cells. Chronic increases in plasma FFA can 

prompt lipotoxicity. First, FFA enter the cell via an unknown mechanism, where they induce their 

toxic effects. Each of these lipotoxic effects shown in the diagram, either alone or in combination, 

have been reported to contribute to β-cell dysfunction and eventually cell death. Information taken 

from Oh et al. (118), Lenzen et al. (136), Payet et al. (137), Lytrivi et al. (138) and Weijers et al. 

(112). FFA: free fatty acids; FFAR1: free fatty acid receptor 1; LC-SFA: long-chain saturated fatty 

acids; ROS: reactive oxygen species; ER: endoplasmic reticulum. Figure adapted from Dr Patricia 

Thomas’ teaching slides (unpublished) (139). Created in Biorender.com 

 

1.7.1 The membrane-centric theory of lipotoxicity 

As discussed in section 1.4.1, plasma concentrations of LC-SFA species are elevated, whereas LC-

MUFAs are reduced in individuals with T2D. Many researchers have proposed that low membrane 

fluidity is an important contributor to the pathogenesis of T2D (112, 140, 141, 142), which is believed 
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to be attributed to a greater ratio of saturated to unsaturated fatty acyl chains of phospholipids in the 

membrane (112). Several mechanisms that are reported to be involved in β-cell lipotoxicity (Figure 

1.6) have also been associated with a modification in the structure and/or function of the phospholipid 

membrane, including ceramide accumulation, oxidative stress, and disruptions to the trans-Golgi 

network. Alterations in the plasma membrane structure, potentially due to such mechanisms, may be 

a contributing factor towards the toxic effects of LC-SFA in mammalian cells. Alternatively, these 

factors involved in lipotoxicity might arise due to changes in the plasma membrane structure which, 

in turn, could alter LC-FFA uptake. There is seemingly very little research into the role of the 

phospholipid membrane in β-cell lipotoxicity, specifically. 

1.7.1.1 Ceramide accumulation 

Ceramides, which belong to the sphingolipid family, have been reported to be important mediators 

of β-cell lipotoxicity, ultimately resulting in β-cell dysfunction and death (143). These molecules 

consist of a sphingoid base and a LC-FFA chain, which are linked by an amide bond (Figure 1.7) 

(144). Under normal physiological conditions, sphingolipids have a role in cell signalling, as well as 

being structural components of cell membranes (145), however, excessive exposure of β-cells to LC-

SFA (e.g., C16:0 and C18:0) has been shown to induce ceramide formation and accumulation, which 

may be detrimental to the cell (118). One potential mechanism for the role of ceramide accumulation 

in β-cell lipotoxicity, and subsequent dysfunction and death, is its effects on membrane fluidity.  

De novo ceramide synthesis is reported to be associated with FFA-induced β-cell lipotoxicity (118). 

The LC-SFA, C16:0, is thought to be the preferential substrate for de novo ceramide synthesis, via 

the condensation of palmitoyl-CoA (the “activated” form of C16:0) with L-serine via serine 

palmitoyl-transferase (146). Therefore, an excess availability of C16:0 can result in the over-

production of ceramide, leading to its accumulation in the cell (118). Evidence for the role of ceramide 
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accumulation in lipotoxicity includes that patients with T2D present with raised sphingolipid levels 

in plasma, adipose tissue, and muscle (147, 148, 149).  

Intriguingly, it is thought that ceramide accumulation modulates the biophysical properties of lipid 

rafts in the plasma membrane, which can alter the function of membrane receptors which reside 

within these lipid rafts (150). Such receptors include certain classes of TNF receptors (TNF-R), for 

example TNFR1/2 and Fas, which are involved in the initiation of apoptosis via the activation of 

molecules called caspases (151, 152). In vitro studies using model membranes (153, 154) have shown 

that ceramide molecules pack tightly together with one another in the phospholipid membrane, due 

to their saturated fatty acyl chains (154), to form small ceramide-enriched microdomains. As a result, 

lipid rafts (and receptors within these lipid rafts) cluster together which, in turn, may trigger the 

extrinsic apoptotic pathway via a phenomenon known as proximity-induced caspase activation (150, 

155). Evidence for this includes that forced clustering of Fas receptors occurs due to the extracellular 

addition of radioactive C16:0-ceramide, which clusters in distinct membrane domains, and that the 

addition of an anti-ceramide antibody (e.g., ceramide monoclonal antibody 15B4) prevents Fas-

induced apoptosis (156). Further, the disruption of these lipid rafts (e.g., via cholesterol depletion) 

has been shown to prevent signalling via these receptors, thereby inhibiting apoptosis (157). Taken 

together, this evidence suggests that the tight packing of ceramides within lipid rafts may be necessary 

for signalling via receptors, such as TNF-R, which are involved in the induction of cell death.  
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Figure 1.7 The basic chemical structure of a ceramide molecule. Figure adapted from Cha et al. 

(144) 

 

1.7.1.2 Oxidative stress 

One possible mechanism involved in the development of lipotoxicity is oxidative stress, which is 

caused by the production of reactive oxygen species (ROS), due to the oxidation of FFA in the 

mitochondria (158). ROS are a subgroup of free radicals, which are molecules that contain oxygen 

and have an uneven number of electrons (159). The uneven number of electrons of ROS makes these 

molecules highly reactive and highly unstable (159), resulting in their reaction with lipids, proteins, 

carbohydrates, and nucleic acids, causing irreversible damage or complete destruction to these 

molecules (158). Moreover, membrane phospholipids are reported to be primary targets for ROS-

mediated damage (160). 

In oxidative stress, there is an excess of ROS and insufficient reducing agents (antioxidants) to 

detoxify ROS (158). A marker of oxidative DNA damage, 8-hydroxy-2’-deoxyguanosine, has been 

reported to be increased in pancreatic islets of individuals with T2D (161), whereas levels of the 
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antioxidant, superoxide dismutase, are seemingly reduced (162). Pancreatic β-cells are especially 

vulnerable to oxidative damage, due to their low antioxidant capacity (163). For example, human 

pancreatic islets have been reported to express low levels of antioxidants such as catalase and 

glutathione peroxidase (164). Intriguingly, ROS are thought to play a vital role in glucose-stimulated 

insulin secretion (165), which might explain the low antioxidant levels in β-cells. However, 

accumulation of ROS above normal levels, due to excess levels of FFA, can cause irreparable damage 

within pancreatic β-cells, ultimately contributing to their dysfunction and death (165).  

Interestingly, it has been shown that ROS modify the acyl chains of membrane phospholipids, via 

lipid peroxidation of unsaturated chains (166, 167). As a result, this may alter the secretion of insulin 

from pancreatic β-cells (166, 168). A recent study by Cohen et al. (168) has shown that increasing 

levels of C16:0 and glucose can enhance phospholipid remodelling in rodent pancreatic β-cells, 

involving the increased incorporation of C16:0 into phospholipids, coupled with the release of other 

FFAs such as arachidonic acid (AA) and linoleic acid (LA). Subsequent peroxidation of AA and LA 

by ROS produces 4-hydroxy-2E-nonenal (4-HNE), a lipid hydroperoxide which has been reported to 

facilitate GSIS though the activation of nuclear receptor peroxisome proliferator-activated receptor-

δ (PPARδ) (166). However, at high levels C16:0 and glucose, the augmentation of insulin secretion 

is lost, probably due to the accumulation of cytotoxic effects within the cell (168). Taken together, 

this evidence suggests that the accumulation of the LC-SFA, C16:0, in the phospholipid membrane 

can enhance oxidative stress within the cell, which, in turn, could perhaps be a contributing factor 

towards the progression of β-cell dysfunction and death. 

1.7.1.3 Trans-Golgi network 

The trans-Golgi network (TGN) is a key secretory pathway involved in directing newly synthesised 

proteins towards different destinations within the cell, including the plasma membrane (169). It has 

been suggested that the accumulation of saturated FFA within the cell can alter the organisation of 
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the TGN, by reducing the number of secretory vesicles travelling to the plasma membrane (137). As 

a result, this process could disrupt the delivery of vital proteins, including those involved in 

maintaining glucose homeostasis, to the plasma membrane (137). For example, elevated C16:0 has 

been shown to result in downregulation of sortilin, which is a protein found within the Golgi 

compartment that is involved in the formation of glucose transporter type 4 (GLUT4) vesicles (170). 

Correspondingly, the trafficking of GLUT4 receptors to the plasma membrane in response to insulin 

is prevented which could, in part, account for insulin resistance in T2D (137, 170). On the contrary, 

LC-MUFAs (e.g., C16:1 and C18:1) seemingly do not impair GLUT4 trafficking; rather, they have 

been reported to restore the abundance of sortilin and reverse the effects of C16:0 (170). Taken 

together, this evidence suggests that the accumulation of saturated LC-FFA within the cell may 

prevent the translocation of proteins (e.g., GLUT4) to the plasma membrane via disruption of the 

trans-Golgi network, however, LC-MUFAs could counteract this disruption.  

In summary, a number of mechanisms that have been reported to be involved in β-cell lipotoxicity 

(i.e., ceramide accumulation, oxidative stress, and modifications to the trans-Golgi network) have 

also been associated with an altered structure of the phospholipid membrane. It is important to 

consider the role of the phospholipid membrane in lipotoxicity, as a change in membrane structure 

has also been associated with an altered uptake of LC-FFA (as discussed further in chapter 4). 

1.7.2 The protective role of monounsaturated fatty acids  

As discussed in section 1.7, it is widely believed that LC-SFAs are toxic to pancreatic β-cells, whereas 

LC-MUFAs are better tolerated. There is a substantial amount of evidence supporting the cytotoxic 

effects of LC-SFAs (e.g., C16:0) however, the impact of LC-MUFAs in β-cell lipotoxicity remains 

unclear.  
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Several investigations (133, 137, 171) have shown that C18:1 exerts a lipotoxic effect in pancreatic 

β-cells. although most studies (126, 134, 172, 173, 174) have reported that LC-MUFAs play a 

protective role in β-cells, to inhibit the cytotoxic effects of LC-FFAs. Mechanisms for the protective 

role of LC-MUFAs include; 1) peroxisome proliferator-activated receptor (PPAR) activation, which 

might promote the sequestration, and thus the cytotoxic effects, of LC-SFAs (173), 2) inhibition of 

caspase 3 activity, a protein which is involved in the apoptotic pathway (175), and 3) directing LC-

SFAs towards storage as triglycerides, which has been shown to be positively correlated with cell 

survival (176). Moreover, LC-MUFA could exert a cytoprotective effect by restoring the structure 

and/or function of the phospholipid membrane. As discussed in section 1.7.1, modifications to 

membrane composition and fluidity are thought to be brought about by LC-SFAs. On the other hand, 

unsaturated fatty acid chains could have a role in stabilising the lipid membrane, by preventing such 

modifications (177), which could potentially protect against the cytotoxic effects of LC-SFAs. 

Collectively, this evidence implies that LC-MUFAs have a role in protecting cells from lipotoxicity-

induced β-cell dysfunction and death, however, more research is required to elucidate the mechanisms 

involved in mediating this cytoprotection.  

1.8 Theories for long-chain saturated fatty acid uptake 

The mechanism of LC-FFA uptake into pancreatic β-cells is poorly understood at present. Therefore, 

it is important to characterise the mechanism of LC-FFA uptake into pancreatic β-cells to enable the 

production of therapeutics which regulate their entry, to slow or possibly prevent the progression of 

T2D.  

As discussed above, LC-FFAs are important components of many cellular processes. As such, it is 

vital that they must travel from the extracellular fluid, cross the phospholipid bilayer of the cell, and 

enter the cytoplasm (178). Currently, the molecular mechanism of LC-FFA uptake remains a topic of 

a debate, however the main models suggested in literature include simple passive diffusion (i.e., the 
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movement of the molecule down its concentration gradient without the assistance of proteins), or 

protein-mediated transport, which includes facilitated diffusion and active transport (e.g., 

endocytosis) (Figure 1.8) (179). Facilitated diffusion involves either channel or carrier proteins to 

facilitate the diffusion of substances across the membrane (180). Carrier proteins undergo a 

conformational change when presented with the substrate, which then opens a channel for the 

substrate to cross the membrane (180). On the other hand, channel proteins form pores in the 

membrane to enable the translocation of the substrate across the membrane (180). Both channel and 

carrier proteins do not use an energy source (180, 181). However, in active transport, substrates move 

across the plasma membrane against their concentration gradient using free energy from either a 

direct source of chemical energy (primary active transport), usually from ATP, or a concentration 

gradient of a second substrate (secondary active transport) (182). Endocytosis involves the 

internalisation of plasma membrane lipids, integral membrane proteins and extracellular fluid into 

the cell, to produce internal membranes (183). In this way, substrates may be delivered into the cell, 

enclosed within these internal membranes (183). Overall, the method by which LC-FFAs transport 

across the plasma membrane of the cell (i.e., via passive diffusion or protein-mediated transport) is 

still unclear, particularly in pancreatic β-cells. However, there are several compelling arguments for 

each model. 
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Figure 1.8 Theories of long-chain fatty acid uptake include simple diffusion and protein-

mediated transport. Created in BioRender.com. 

 

1.8.1 Passive diffusion of LC-FFAs 

The premise of the passive diffusion model is that LC-FFAs can cross the membrane without the 

assistance of proteins (184). One argument for this theory is that passive diffusion should be the 

preferred mechanism of transport into cells, rather than protein-mediated transport, to meet their high 

metabolic demand (185). Evidence supporting the role of passive diffusion in LC-FFA uptake 

includes 1) physics-based modelling (186), 2) the ionisation properties of LC-FFAs (187), 3) LC-

FFAs can translocate the membrane of small and large unilamellar vesicles (SUVs and LUVs 

respectively) (185), and 3) the flip-flop model of passive diffusion (188), and 4) the vectorial 

acylation hypothesis (179). 

Physics-based modelling seemingly supports the theory of passive diffusion of LC-FFAs. According 

to the Meyer-Overton rule, a physics-based model, the addition of methylene groups (a carbon with 

two hydrogens), to carboxylic acids (e.g., fatty acids) should increase their solubility in lipids, 
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therefore enhancing diffusion through the lipid bilayer (189). Therefore, in keeping with the Meyer-

Overton rule, it should be expected that LC-FFAs can traverse the plasma membrane using simple 

passive diffusion. However, the more recent work of Grime et al. (190), which used quantitative 

visualisation of passive diffusion, reported a contradictory phenomenon; hydrophilic substances, 

rather than lipophilic substances, display the highest membrane permeability. It is important to note 

that the Meyer-Overton rule was established over 120 years ago and does not account for transport 

mediated by membrane proteins, channels, or pumps, as these were not known at the time (189).  

The ionisation properties of LC-FFAs in the plasma membrane implies that a protein transporter 

should not be required for transport (191). Kamp, F. and Hamilton, J.A. (187) examined LC-FFA 

uptake in SUV and LUV, which are simple model membranes containing a single lipid bilayer, and 

that are devoid of proteins. In this study, the researchers reported that in the phospholipid bilayer of 

SUVs and LUVs, a high population of LC-FFAs (~50%) exist in their un-ionised form (that is, that 

the LC-FFA does not have an electric charge) at pH 7.4 (Figure 1.9) (187, 191). This is 

physiologically relevant in human cells, including in pancreatic β-cells, where intracellular pH is 

generally between 7.0 and 7.4 (192, 193). In another study, observations by Kamp et al. (194) have 

then determined that the un-ionised LC-FFAs are able to rapidly diffuse (t1/2 (half-life) < 1 second) 

across the membrane, down its concentration gradient, without the use of a protein transporter in 

SUVs and LUVs.  

The ionisation properties of LC-FFA aid the understanding of the flip-flop model of passive diffusion 

(Figure 1.9), which several researchers (188, 195, 196, 197, 198) believe explains the trans-bilayer 

movement of LC-FFAs. In this model, it is thought that LC-FFA insert into the plasma membrane 

with their tail aligned with the fatty acyl chains of phospholipids, resulting in equal numbers of un-

ionised and ionised LC-FFA in the membrane (188). This ionisation property enables the 

translocation of uncharged LC-FFA via passive diffusion through the hydrocarbon core (‘flip’) (188). 
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Then, at the inner sheet of the phospholipid bilayer, a small number of LC-FFA molecules can desorb 

into the cytoplasm, where they release H+ (188). As a result, the passive movement of LC-FFA across 

the plasma membrane could create new pH gradients or modify those that are already present (187). 

This pH gradient might drive flip-flop of LC-FFAs across the membrane as demonstrated by Pohl et 

al. (195). Using artificial phospholipid membranes, these researchers (195) found that the transport 

of LC-FFAs, including stearic acid and linoleic acid, is increased when pH is lower in the extracellular 

compartment compared to the intracellular compartment, suggesting that a pH gradient could be 

necessary for LC-FFA transport via passive diffusion. The notion that a pH gradient across the 

membrane drives LC-FFA flip-flop is also supported by studies using isolated rat adipocytes (196) 

and cardiomyocytes (197), as well as human embryonic kidney cells (198). 

Further evidence supporting the role of passive diffusion in LC-FFA uptake is the vectorial acylation 

hypothesis, which suggests that transport and activation of LC-FFAs are functionally coupled to one 

another (179). In this model, it has been proposed by several studies (179, 199, 200) that LC-FFAs 

are trapped inside the cell by the esterification of LC-FFAs with coenzyme A by long-chain acyl-

CoA synthetases (ACSLs). This process is thought to contain LC-FFAs within the cell, as LC-FFA 

are converted to long-chain fatty acyl-CoA thioesters, which cannot translocate the plasma membrane 

(201). As such, an intracellular concentration gradient of LC-FFAs is created to drive their uptake 

into the cell. These acyl-CoA synthetases may be localised to internal membranes, particularly at the 

ER (179), or at the plasma membrane (202). Evidence supporting the vectorial acylation hypothesis 

of LC-FFA uptake includes that inhibition and overexpression of ACSL enzymes results in 

corresponding changes to LC-FFA uptake (179, 199, 200). It is important to note, however, that while 

most evidence supports the role of vectorial acylation in the passive diffusion of LC-FFAs, it has also 

been reported that vectorial acylation could be functionally coupled to LC-FFA transport by proposed 

LC-FFA transport proteins (202). 
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Figure 1.9 The flip-flop model of passive diffusion. LC-FFA bind to the outer surface of the 

phospholipid bilayer (188). Once ionisation equilibrium is reached (50% of ionised and un-ionised 

LC-FFA at pH 7.4.), the un-ionised LC-FFA ‘flip’ to the inner sheet of the membrane and 

subsequently desorb into the intracellular compartment (187, 188). LC-FFA: long-chain ‘free’ fatty 

acid; FA: fatty acid. Figure taken from Hamilton, J.A. and Brunaldi, K. (188).  

 

 

 

1.8.2 Protein-mediated transport of LC-FFAs 

There is evidence to suggest a role for proteins in the uptake of LC-FFAs across the plasma membrane 

into mammalian cells. One intriguing theory to support the use of proteins in LC-FFA transport is 

that, given the important roles of LC-FFA in the human body (outlined in section 1.4), their 

intracellular concentrations should be carefully regulated (203). Thus, proteins might provide this 

rigorous control that is required (203). It is widely accepted that the transport of glucose, another 

major fuel substrate, is governed by proteins at the cell membrane (204), including GLUTs (205) and 

sodium-glucose cotransporters (SGLTs) (206) with the isoforms within these families being specific 

to tissue type. Like glucose, it is feasible that proteins could be involved in facilitating the transport 

of LC-FFA into cells.  
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1.8.2.1 Facilitated diffusion or active transport? 

Some researchers (204, 207) argue that LC-FFAs are transported across the plasma membrane into 

the cell via facilitated diffusion, which involves the spontaneous passive trans-bilayer movement of 

LC-FFAs from the extracellular space into the cytosol of the cell with the use of specific 

transmembrane proteins (181). Evidence for the use of a facilitated transport mechanism for LC-FFAs 

is largely due to the theory that it would be beneficial for highly metabolically active cells, that utilise 

high levels of LC-FFAs, to have a high affinity mechanism to recruit FFA from the extracellular 

milieu for use in the cell (204). The use of protein transporters for LC-FFA uptake would be 

particularly useful to ensure LC-FFA uptake occurs when concentrations are low, and to limit uptake 

when extracellular concentrations are high (208). Such evidence supporting the role of facilitated 

diffusion/active transport in LC-FFA uptake includes 1) mathematical models (185), 2) LC-FFA 

require proteins to transport across the mitochondrial membrane (209) and 3) loss- and gain-of-

function studies (210). 

Mathematical models have also shown support for the theory of facilitated diffusion of LC-FFAs. 

Interestingly, a recent study by Barta et al. (185) suggests, using mathematical models, that LC-FFAs 

require not one or the other, but a combination of both passive and facilitated diffusion mechanisms 

to meet the energy requirements of the cell (185). This mathematical model implies that the passive 

diffusion of LC-FFAs must be assisted by supplementary mechanisms, potentially via membrane 

proteins that interact with receptors for albumin (receptors) or catalyse the flip-flop of LC-FFAs (fatty 

acid transporters) (185). However, it is possible that flip-flop is an energy-mediated process, rather 

than a passive, as flippase enzymes involved in the flip-flop process are thought to be ATP-dependent 

(211). As such, recent literature generally does not specify whether the transport of LC-FFAs involves 

a facilitated or active transport mechanism, but rather solely focuses on investigating protein 

involvement.  
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It is well understood that LC-FFA require a proteins to translocate the mitochondrial membrane for 

subsequent β-oxidation, whereas medium-chain FFA can enter via simple diffusion (212, 213). In the 

cell, LC-FFAs are converted to long-chain fatty acyl-CoAs (the activated form of LC-FFA), which 

require a carnitine shuttle to cross the mitochondrial membrane (214). This involves the esterification 

of LC-FFAs with carnitine in the cytoplasm to produce acylcarnitines, which is catalysed by carnitine 

palmitoyltransferase (CPT) 1 (213). The acylcarnitines are then transported into the mitochondrion 

via carnitine acylcarnitine translocase (CACT) and are subsequently reconverted to fatty acyl-CoAs 

by CPT2, where they can then be used for subsequent β-oxidation for energy production (213). There 

are differences between the mitochondrial membrane and the plasma membrane, however. For 

example, Sjöstrand, F. S. (215) discovered that the plasma membrane is thicker (approximately 90-

100 Å) in comparison to the mitochondrial membrane (approximately 50-60Å). Further, Schenkel 

L.C. and Bakovic M. (216) report that the phospholipid composition is different in the mitochondrial 

membrane when compared to the plasma membrane. Despite these differences, this evidence raises 

the question: if LC-FFAs require the assistance of proteins for transport into the mitochondria, should 

it be expected that they require transport proteins to translocate across the plasma membrane?  

There are a multitude of loss- and gain-of-function studies that further support the role of facilitated 

diffusion/active transport in the uptake of LC-FFAs, however, there appear to be inconsistencies in 

the results of such studies. The proteins that have been previously suggested to facilitate LC-FFA 

uptake, as well as discrepancies in the literature, are explored in greater detail in chapter 2.  

1.8.2.2 Endocytosis 

There is evidence to suggest a role for endocytosis in LC-FFA uptake into mammalian cells. 

Endocytosis is an essential mechanism of transport for materials, particularly large molecules or those 

that cannot easily penetrate the plasma membrane, into cells (183). Clathrin-mediated endocytosis is 

the best characterised mechanism for the trafficking of molecules from the cell surface to the cell 
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interior (217), however there are also clathrin-independent mechanisms for endocytosis, including 

caveolae-mediated endocytosis (218). Caveolae are flask-shaped structures, produced by the 

assembly of integral membrane proteins, named caveolins, which bind directly to cholesterol within 

the membrane (82). Both clathrin- and caveolae-mediated endocytosis depend on the function of a 

GTPase called dynamin (218).  

Intriguingly, caveolae-mediated endocytosis, specifically, has been implicated in the transport of LC-

FFAs into mammalian cells. A recent study by Hao et al. (219) suggests a mechanism by which LC-

FFAs are internalised to the cell via a caveolae-dependent process mediated by cluster 

of differentiation 36 (CD36), a proposed LC-FFA transport protein. In support of this, Daquinag et 

al. (220) recently suggested a mechanism whereby lipolysis triggers caveolae-mediated endocytosis 

of CD36 from the plasma membrane into lipid droplets. This mechanism is thought to be like that of 

the membrane-associated transporter of glucose, named GLUT4, which has been reported to be 

continuously recycled between intracellular stores and the plasma membrane, with its internalisation 

mediated by endocytosis (217). Moreover, the inhibition of caveolin-1 (CAV1) in hepatocytes has 

been reported to reduce the uptake of C18:1 (221). On the other hand, Pohl et al. (222) propose that 

caveolae are not involved in the uptake of LC-FFA, as these investigators did not observe any effect 

on the uptake of C18:1 following the expression of a dominant-negative mutant of dynamin in 

adipocytes. As there is little evidence to support or refute a role for caveolae-mediated endocytosis, 

it is important that researchers examine this mechanism in future studies. Seemingly, no studies have 

examined the role of endocytosis in LC-FFA uptake into pancreatic β-cells, specifically.  

1.9 Summary 

In general, literature supports a role for LC-SFAs (e.g., C16:0) in the induction of β-cell dysfunction 

and death, whereas LC-MUFAs are seemingly less toxic or exert a protective effect against LC-SFAs. 

Further, an elevation in the plasma levels of LC-SFAs, which is associated with T2D, has also been 
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reported to reduce membrane fluidity, which might affect the structure, and thus function, of the 

phospholipid membrane, thereby potentially altering the uptake of LC-FFA. The mechanism by 

which LC-FFAs traverse the plasma membrane and enter pancreatic β-cells, however, is yet to be 

determined. Subsequently, the work of this thesis proposes to investigate the potential mechanisms 

of LC-FFA uptake by identifying candidate LC-FFA transport proteins in β-cells, as well as 

investigating the role of passive diffusion and protein-mediated transport by manipulating the 

composition of the phospholipid membrane of β-cells. Ultimately, these investigations will provide a 

means to develop therapeutic interventions to regulate the entry of LC-FFAs into pancreatic β-cells, 

to reduce the toxic effects of LC-SFAs and potentially slow/prevent the progression of T2D. 

1.10 Thesis aims and objectives  

The overall aim of this thesis was to explore the mechanisms of LC-FFA uptake in pancreatic β-cells. 

Thus, the objectives of this study were: 

1. To identify candidate transporters for LC-FFAs with the most evidence to support uptake in 

mammalian cells. 

2. To determine which of these candidate LC-FFA transport proteins are expressed in human 

pancreatic β-cells. 

3. To investigate the role of endocytosis in LC-FFA transport across the plasma membrane of 

human β-cells. 

4. To investigate the role of the lipid phase of the plasma membrane in LC-FFA uptake in human 

pancreatic β-cells. 
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Chapter 2  

Identification of candidate transport proteins involved in long-chain fatty acid uptake in 

mammalian cells: a scoping review 
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2.1 Introduction 

To date, there exists nearly 30 years of conflicting research regarding the mechanism by which LC-

FFAs translocate the plasma membrane of cells. This ongoing search for such mechanisms was first 

sparked by the well-characterised entry of glucose into cells, requires proteins to traverse the plasma 

membrane (223). Additional evidence includes that loss-of-function (LOF) and gain-of-function 

(GOF) studies support a role for candidate LC-FFA transporters (as discussed in greater detail below). 

In the period that this theory has been investigated, a wealth of literature has been published to 

elucidate the function of candidate LC-FFA transport proteins. However, there appear to be 

inconsistencies in these publications regarding which proteins are involved in LC-FFA uptake. These 

inconsistencies could be due to several different factors, including experimental techniques used in 

LOF/GOF studies, different cell types and mammalian models to study uptake. Therefore, in this 

chapter we have constructed a scoping review to generate an overview of this conflicting research 

and to identify the proteins that have the most evidence to support a role in LC-FFA transport. 

2.1.1 Candidate transport proteins 

2.1.2 Loss and gain of function to study LC-FFA uptake 

To identify proteins which might be involved in LC-FFA transport across the membrane (i.e., 

candidate LC-FFA transport proteins), nearly 30 years’ worth of LOF and GOF studies have been 

conducted.   

2.1.2.1 Loss of function 

LOF methods are those targeting DNA, RNA, or proteins to suppress function (224), then examining 

the effect of this on a dependent variable. In the context of the publications explored in this scoping 

review; this involves suppressing the function of candidate transport proteins to examine how this 

impacts LC-FFA uptake. Several different techniques may be used to achieve this (Figure 2.1), 

including knockout methods (e.g., CRISPR-based gene editing or homologous recombination), or a 
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knockdown approach (e.g., RNA interference (RNAi), chemical inhibition, morpholinos or 

hypomorphic mutations), as reviewed by Housden et al. (224). The principal difference between these 

two types of approach is that knockout methods target the gene to completely abolish its function, 

while knockdown methods target the DNA, RNA, or protein to reduce the abundance of functional 

protein (224). Seemingly, the most common LOF techniques used to suppress the function of 

candidate LC-FFA transport proteins are knockout, chemical inhibition and knockdown using RNAi 

(Figure 2.1).  

To study the function of candidate LC-FFA transport proteins, many investigators use knockout 

methods, e.g., the generation of mice that are deficient for the protein of interest. For example, 

Febbraio et al. (225) generated CD36 null mice, to study the role of CD36 in LC-FFA uptake, using 

targeted homologous recombination. This involved generating a DNA construct containing a null 

mutation for CD36 which replaces one allele of the wild type gene (225). Then, this was followed by 

selective breeding to generate mice homozygous for the null mutation (CD36-/-), resulting in the 

production of a non-functioning protein (225). In other studies, Hao et al. (219) used CD36 and CAV1 

null mice to investigate the function of these proteins in LC-FFA transport and Newberry et al. (226) 

investigated the function of a protein named fatty acid binding protein 1 (FABP1) in LC-FFA uptake 

using FABP1 null mice. In summary, gene knockout using mice with a null mutation for a specific 

gene have been used to study the role of various proteins, including CD36, CAV1 and FABP1, in 

LC-FFA transport.  

Numerous publications (184, 222, 227, 228, 229) have used chemical inhibition to examine the role 

of candidate LC-FFA transport proteins. Chemical inhibition involves the selective binding of a 

compound to a protein of interest, which prevents binding to other ligands, thereby suppressing gene 

function (222). For example, many studies (222, 228, 230) have reported sulfo-N-succinimidyl oleate 

(SSO) to selectively bind to CD36, thereby competitively inhibiting LC-FFA transport across the 
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plasma membrane. Several publications (231, 232, 233) have also used chemical inhibitors to target 

members of the FABP family. For instance, Stremmel, W. (233) studied the function of FABP8 in 

LC-FFA uptake using a monospecific antibody to inhibit expression of the protein. In another study, 

Zhou et al. (227) used a monospecific antibody to study the role of FABP1 in LC-FFA uptake. In 

summary, chemical inhibition is a popular technique used to study the function of candidate LC-FFA 

transporters, including CD36 and several members of the FABP family.  

Experimental RNAi has also been implemented in studies investigating candidate LC-FFA 

transporters. This technique involves the introduction of double stranded RNA (dsRNA) into the 

cytoplasm of the cell, where it binds to messenger RNA (mRNA) with a homologous sequence, 

resulting in the degradation of this mRNA and reduced protein production (234). The main substrates 

involved in regulating this process are microRNAs (miRNA), synthetic small interfering RNAs 

(siRNA) and short hairpin RNAs (shRNA) (Figure 2.1) (235). Each of these substrates are non-coding 

RNAs, but there are subtle differences between them, such as their origin, number of strands, 

structure, and specificity (236, 237). Many investigations (238, 239, 240, 241) have used siRNA or 

shRNA to study the function of candidate LC-FFA transport proteins, such as the work of 

Benninghoff et al. (238), where the researchers used siRNAs to inhibit the expression of proteins, 

such as CD36 and FATP4 in murine myocytes, to study their role in LC-FFA uptake. Moreover, this 

study reported both CD36 and FATP4 to increase LC-FFA uptake using this method. In another 

publication, Lobo et al. (240) used shRNAs to inhibit the expression of CD36 and ACSL1 in murine 

adipocytes, to examine the role of these proteins in LC-FFA uptake. Altogether, experimental RNAi 

appears to be a popular technique to study the role of proteins in LC-FFA transport.  

2.1.2.2 Gain of function 

GOF techniques involve targeting DNA, RNA or proteins to change their function or expression 

pattern (242). In the context of identifying candidate LC-FFA transport proteins, this involves 
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overexpression (increasing the expression) of the protein to examine its effect on LC-FFA transport 

(243) (Figure 2.1). To achieve overexpression, exogenous nucleic acids (DNA or RNA), which code 

for a specific protein, are delivered into the cell using a vector that is designed for gene delivery (244). 

Promoter and enhancer sequences, which are also delivered into the cell, then control expression of 

the gene in order to achieve overexpression (245).  

There are two main mechanisms for gene delivery to achieve overexpression: viral (246) and non-

viral (Figure 2.1) (247). Several studies have used non-viral delivery systems to induce 

overexpression of candidate transport proteins to study LC-FFA uptake, including lipid-based 

transfection (where a lipid complex is used to deliver nucleic acids into the cell) (248, 249, 250, 251), 

and electrotransfection (where cells are exposed to an electric field, which enables entry of the nucleic 

acid) (252, 253). On the other hand, other studies have used viral delivery systems to achieve 

overexpression of candidate LC-FFA transport proteins, such as retroviral expression vectors (243, 

254, 255), adenoviral vectors (256) and lentiviral vectors (257). Overall, there are a range of different 

viral and non-viral systems used to deliver the desired gene into the cell for overexpression. 

Moreover, several of these gene delivery techniques have been used in experimental studies to study 

the role of candidate LC-FFA transport proteins. 

2.1.2.3 Limitations of loss of function and gain of function techniques 

It is vital to address which experimental conditions were used to study the role of candidate transport 

proteins in LC-FFA uptake, because each method has limitations. First, while knockout models are a 

valuable research tool, using techniques such as homologous recombination can result in the death of 

transgenic animals, or gene expression may not be completely inhibited (224). The use of chemical 

inhibition also presents problems. For example, a recent report has questioned the specificity of the 

chemical inhibitor SSO; Jay et al. (184) argue that SSO is not a specific inhibitor for CD36, suggesting 

that it modifies several plasma membrane localised proteins along with CD36. Naturally, this may 



 63 

impact the reliability of studies using SSO to study the effects of CD36. Further, this raises concerns 

as to whether other chemical inhibitors are truly specific to their target protein, as off-target effects 

might influence LC-FFA uptake. Knockdown approaches using RNAi are generally thought to be 

extremely sequence-specific, however there is a risk that incomplete gene inhibition might occur, as 

well as the possibility of off-target effects (258). Finally, the use of overexpression to study protein 

function has several drawbacks. For example, researchers have reported this technique to be harmful 

to the cell (259), likely due to the exhaustion of cellular resources to produce and transport proteins, 

which could impact observations of LC-FFA uptake. In addition, different studies might overexpress 

a particular protein to a different degree (260), which could result in a change in observation (i.e., one 

study might increase the expression of a candidate LC-FFA transporter more than in another study, 

resulting in different outcomes).  

Overall, each experimental technique comes with its own advantages and disadvantages. Therefore, 

it is important that the experimental technique used is considered when interpreting the results of a 

LOF/GOF study examining the role of candidate LC-FFA transporters. As such, it is vital that a wide 

range of techniques are used to investigate the role of candidate LC-FFA transport proteins to 

maximise rigour and enhance the likelihood of identifying transport proteins which facilitate LC-FFA 

uptake in-vivo. Thus, we chose to investigate the experimental technique used within the studies 

collected in this scoping review.  
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Figure 2.1 The most common experimental techniques used to study candidate LC-FFA 

transport proteins. Loss-of-function techniques (left) include knockout, chemical inhibition or 

knockdown using RNAi of the target protein. Frequently used substrates for RNAi include shRNA 

and siRNA. Gain-of-function techniques (right) involve overexpression of the protein using viral or 

non-viral delivery systems. RNAi: RNA interference; shRNA: short hairpin RNA; siRNA: small 

interfering RNA. Created in Biorender.com.  

 

2.1.3 Cell types used to study LC-FFA uptake  

Within the vast array of LOF and GOF studies used to study LC-FFA uptake, several cell types have 

been utilised. Seemingly, most studies use adipocytes, (184, 202, 225) cardiomyocytes (228, 229, 

261) and myocytes (238, 256, 262) to examine the role of candidate transport proteins in LC-FFA 

uptake. This is unsurprising, as these cell types are highly metabolically active and play important 

roles in lipid homeostasis (222, 262, 263). For example, LC-FFAs are the major oxidative fuel used 

for contractile activity in cardiac muscle and during rest and mild-intensity exercise in skeletal muscle 

(262, 263), while adipocytes are the main site for lipid storage and mobilisation (222). Conversely, 

very little is known about LC-FFA transport into pancreatic β-cells. Due to the diversity in the 
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structure and function of different cell types in the body (264, 265, 266), we cannot assume that LC-

FFA transport is the same in pancreatic β-cells as it is in other cell types. For instance, the processing 

and utilisation of LC-FFA is distinct to tissue type; in adipocytes, LC-FFA are converted to 

triglycerides (222), while in myocytes and cardiomyocytes (262, 263, 267), LC-FFA are primarily 

oxidised to produce ATP (the energy currency of the cell). In hepatocytes, the central organ for fatty 

acid metabolism (268), LC-FFAs are stored in small quantities as triglycerides, oxidised to produce 

ATP or secreted into the plasma as triglyceride-enriched VLDL. Moreover, LC-FFA can be utilised 

in hepatocytes as a substrate to produce ketone bodies (an alternative energy source when glucose is 

not readily available) (269). Thus, as the processing and utilisation of LC-FFA is unique to each cell 

type, it is important to delineate whether the mechanism of LC-FFA uptake is also distinct to each 

cell type. In addition, it is widely believed that glucose uses two types of transporters (SGLTs and 

GLUTs), with isoforms being specific to cell type (206), so it is vital to explore whether candidate 

transport proteins for LC-FFAs also have cell type specificity. Therefore, we wished to investigate 

whether candidate LC-FFA transport proteins have a role in LC-FFA uptake in different cell types, 

according to the literature identified in this scoping review.  

2.1.4 Mammalian models used to study LC-FFA uptake 

Studies investigating the role of candidate LC-FFA transport proteins have employed a range of 

mammalian model systems, both in-vitro and in-vivo. Using live humans would be the preferred 

method to study LC-FFA uptake as this would provide the most accurate indication of the 

physiological process, but this is difficult due to the ethical implications. First, it is unlikely that 

permission would be granted to take a biopsy from healthy human pancreatic tissue to study LC-FFA 

uptake (270). Second, a pancreatic biopsy is an incredibly invasive procedure that can result in 

pancreatitis, which would be an unacceptable risk to inflict upon healthy volunteers (271, 272). 

Instead, most research investigating the function and dysfunction of pancreatic β-cells uses rodent β-
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cells, human islets, and post-mortem tissue. However, rodent β-cells have several differences when 

compared to human β-cells, including glucose transporters (273), expression of genes for insulin 

(rodent β-cells have two genes, whereas human β-cells have one) (274) and islet composition (275). 

This raises doubts as to whether rodent β-cells are an appropriate model to study T2D. Moreover, 

human islets contain several cell types including α-cells, β-cells, δ-cells, ε-cells and γ (or PP)-cells 

(84), which means this model is unsuitable for studying β-cells specifically. These are several 

limitations for conducting experiments in pancreatic tissue, however, other tissue types will share 

similar, or have their own, limitations. For example, post-mortem tissue (of any tissue type) is of 

variable quality and can only offer insight into one point in time (276), so it is not possible to observe 

LC-FFA uptake in real time using this method. Nevertheless, the use of rodent models, pancreatic 

islets and post-mortem tissue have still resulted in significant advances in the understanding of obesity 

and T2D.  

Great care should be taken when selecting mammalian models to study the function of candidate 

transport proteins, in order to obtain the most accurate representation of human biology. This is 

because there are notable interspecies differences; for example, observations seen in animal models 

are not always replicated in humans (277). A study conducted by Mishima et al. (277) found that 

changes in the expression levels of human trophoblastic fatty acid transport protein 2 (FATP2) and 

FATP4, when cultured in hypoxic conditions compared to normal conditions, are different to that 

detected in murine placental FATP2 and FATP4. This study reports that in humans, hypoxia enhances 

FATP2 and reduces FATP4 expression, but that there is no change in the levels of these proteins in 

mice (277). In addition, Thomas et al. (278) recently demonstrated that there is a difference in the 

way that pancreatic β-cells route LC-SFA in rodent vs. human cells. Taken together, this evidence 

raises doubts as to whether rodent models provide an accurate representation of certain cellular 
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functions in humans. Thus, in this scoping review, we aimed to investigate whether the mammalian 

model used to examine the role of candidate LC-FFA proteins impacts the study outcome.  

2.1.5 Aim and objectives 

At present, the method of transport of LC-FFAs, especially into pancreatic β-cells, remains unclear. 

Chapter 1 describes the theories of LC-FFA uptake, including simple passive diffusion and protein-

mediated processes, but this chapter focuses on the protein-mediated theory of LC-FFA transport. 

Firstly, as nearly 30 years’ worth of research have investigated the role of candidate LC-FFA transport 

proteins, we aimed to consolidate which proteins have the most evidence to support a role, prior to 

any bioinformatic analysis or experimental work. To achieve this, a scoping review was conducted, 

which was an ideal method to map all the available evidence to date regarding LC-FFA candidate 

transport proteins and to identify key gaps in the literature (279). As so little is known about uptake 

into pancreatic β-cells, studies investigating the uptake of LC-FFAs into any mammalian tissue type 

were included in this review. 

Aim: To investigate the evidence for candidate LC-FFA transport proteins in mammalian cells.  

Objectives: 

1. Conduct a scoping review based on PRISMA guidelines (279). Briefly, this work involved: 

a. Identifying candidate LC-FFA transport proteins 

b. Categorising candidate LC-FFA transport proteins according to cell type 

c. Determining if the experimental technique used to examine the candidate LC-FFA 

transport proteins influences observations 

In this way, we wished to 1) construct an overview of nearly 30 years of conflicting research 

examining the role of candidate LC-FFA transport proteins, and 2) identify candidate transport 

proteins for LC-FFAs in pancreatic β cells, using previously published literature. From the identified 
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proteins, those studied in more than one publication would be carried forward for bioinformatic 

analysis (chapter 3). 

2.2 Method  

This scoping review was carried out in collaboration with Dr Patricia Thomas, in accordance with the 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) extension for 

scoping reviews (279).  

2.2.1 Data sources and searches 

Using a defined set of keywords (Table 2.1) we searched three databases: PubMed, Web of Science 

and Google Scholar. The data search was completed on the 23/11/2021. No further papers were 

retrieved after this date. Searches were carried out using a combination of three key phrases as listed 

by row in Table 1, using Boolean operators. For example, “Fatty acids” AND “Cells” AND 

“Candidate transport proteins”. Once searches were completed by row, additional searches were 

carried out involving random combinations of phrases, taking one from each column (Phrase 1, 

Phrase 2, and Phrase 3). Duplicated papers and studies which were not original research were then 

withdrawn.  
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Table 2.1 Key words used to retrieve publications 

Phrase 1 Phrase 2 Phrase 3 

Fatty acids  Cells Candidate transport proteins 

Fats Beta cells Transport proteins 

Long-chain saturated fatty acids Pancreatic beta cells Transmembrane proteins 

Fatty acids Adipocytes Fatty acid transport proteins  

LC-SFA Hepatocytes Fatty acid uptake 

FFA Myocytes  Fatty acid transport 

LCFA   
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2.2.2 Study selection 

First, we assessed the titles of all papers against the inclusion and exclusion criteria (Table 2.2). 

Publications were eligible for abstract review if they met all the inclusion criteria and did not include 

≥1 of the exclusion criteria. 

Table 2.2 Inclusion/exclusion criteria 

 Inclusion Criteria 

 

Exclusion Criteria 

Publication type - Peer-reviewed journal 

articles 

- Reported in English 

- Secondary research (e.g., reviews) 

- Conference abstracts/proceedings 

- Articles not translated into English 

Data type - Experimental data  - Computational data (e.g., data 

generated from mathematical 

models) 

Model systems - Mammalian cells - Non-mammalian cells 

- Artificial membranes 

Treatment - LC-FFA 

- Mediators of LC-FFA 

candidate transport protein 

expression and activity 

- Short-chain fatty acids 

- Medium-chain fatty acids 

- Lipids other than LC-FFA (e.g., 

cholesterol) 

- Lipoproteins 
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Studies were then screened based on their abstract and included for further analysis if they met the 

inclusion criteria and excluded if they met any of the exclusion criteria (Table 2.2). The remaining 

studies were then screened based on their full text to establish the final publications included for 

review.  

 

- Free fatty acids (not conjugated to 

albumin) 

- Compounds other than LC-FFA or 

those mediating the expression or 

activity of LC-FFA candidate 

transport proteins 

Indications - Healthy cells 

- Healthy individuals 

- Disease conditions (e.g., cancer, 

cardiomyopathy, cardiovascular 

disease) 

Outcome - Protein-mediated LC-FFA 

transport at the plasma 

membrane 

- Protein-mediated LC-FFA 

transport not at the plasma 

membrane (e.g., mitochondrial 

membrane) 

- Passive diffusion 

- Flip-flop mechanism (non-protein 

mediated) 
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2.2.3 Data extraction 

A data extraction matrix was produced to arrange key information from each publication (Appendix 

A – Supplementary Table 1). This data included the study reference (author name and year of 

publication), cell type used, model organism, candidate transport protein(s), experimental conditions 

(i.e., chemical inhibition, knockout, knockdown, overexpression, or case control studies), the LC-

FFA transported and whether the protein facilitated LC-FFA transport or not. Subsequent data 

visualisation was conducted using RStudio (v4.1.1) in-house scripts. 

2.3 Results  

 

Overall, the screened literature supports a role for candidate transport proteins in LC-FFA uptake, 

with a total of 43 out of 45 final publications reporting that one or more proteins are involved. In 

total, 1588 publications were retrieved (Figure 2.2). Then, after the removal of duplicates and research 

that was not deemed original research (e.g., reviews etc.), 706 studies remained. To produce a reliable 

database, the titles, abstracts, and full text of these papers were examined sequentially against the 

inclusion and exclusion criteria. After screening, a total of 45 studies were included in a final database 

for review.  
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Figure 2.2 PRISMA flow diagram of the study selection process. Included and excluded 

publications are outlined, together with reasons for exclusion. 
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2.3.1 Overview of candidate LC-FFA transport proteins identified  

Here, we have identified 23 candidate LC-FFA transport proteins within the 45 publications retrieved 

for review (Figure 2.3). The most studied protein was CD36 (in 27 different publications). From the 

literature, 22 of the total 23 proteins studied were reported to play a role in LC-FFA uptake in 

mammalian cells. However, many of these proteins were studied in very few publications (i.e., less 

than 2). Overall, we conclude that CD36 and the FATP family have the most evidence in literature to 

defend their role in LC-FFA transport in numerous cell types. 

It is out of the scope of this thesis to discuss all the candidate LC-FFA transport proteins identified. 

Thus, candidate transport proteins were grouped into protein families, and only those that were found 

to be studied in >1 publication will be discussed henceforth in this thesis: the FATP, FABP, CAV 

and ACSL families, CD36, TBC1 Domain Family Member 1 (TBC1D1) and 4 (TBC1D4). It was 

decided here that additional research should be conducted (to obtain more robust results) if 

observations were reported in 2 publications, in accordance with the work of other published scoping 

reviews (280, 281). Previous publications offer a more detailed report on the role of the Rab family 

(238), TM4SF5 (282), PHB (257), ANX2 (257), DHHC4 and DHHC5 (283) in LC-FFA transport. 
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Figure 2.3 Overview of candidate LC-FFA transport proteins identified in the literature. The Y 

axis represents the number of publications retrieved in this scoping review that investigated the role 

of each candidate LC-FFA transport protein (x axis). 
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2.3.2 Cell type used to study candidate transport proteins 

Next, we explored whether the outcome of the study (i.e., whether the candidate transport protein 

facilitated LC-FFA transport or not) was influenced by the cell type used (Figure 2.4). A wealth of 

evidence was found to support a role for CD36 in facilitating the uptake of LC-FFA in multiple cell 

types, especially in adipocytes (219, 222, 225, 240, 257, 283, 284), cardiomyocytes (228, 229, 261, 

284, 285, 286), myocytes (238, 256, 284, 287, 288) and giant sarcolemmal vesicles (232, 286, 289), 

where the protein was found to aid transport in ≥3 separate publications for each cell type. We also 

discovered a considerable number of studies to support the role of the FATP family of proteins in 

LC-FFA transport in adipocytes (202, 239, 243, 290, 291) and myocytes (238, 256, 291) (≥3 different 

publications for each cell type validated this role). The CAV family of proteins were found to 

facilitate LC-FFA transport in adipocytes, where 2 separate publications (203, 219) validated this 

role. The TBC1D1 and TBC1D4 proteins were only studied in two publications, with each using a 

different cell type (Adipose-derived mesenchymal stem cells (241) and myocytes (238)). Further, 

these two studies had differing results; Mikłosz et al. (241) reported that TBC1D1 has no role in 

facilitating LC-FFA transport, but that TBC1D4 is a negative regulator of LC-FFA uptake 

(knockdown of the protein increased uptake), while Benninghoff et al. (238) suggested both TBC1D1 

and TBC1D4 to be negative regulators of LC-FFA uptake. Thus, the evidence is inconclusive 

regarding the role of TBC1D1 and TBC1D4 proteins in LC-FFA transport. Moreover, the ACSL 

family were only studied in one cell type, with contrasting results; Gargiulo et al. (202) supported its 

role in LC-FFA transport while Lobo et al. (240) did not. Therefore, there is insufficient evidence to 

support a role for the ACSL proteins in LC-FFA transport.  

Overall, we conclude that CD36 and the FATP family have the most evidence in literature to defend 

their role in LC-FFA transport in numerous cell types. However, additional research is needed to 

decipher whether candidate transport proteins have a different role in different cell types. 
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Figure 2.4 Mammalian cell types used to study the effect of each candidate transport protein 

family. The number of studies using each cell type is summarised for each candidate transport protein 

family.  

 

2.3.3 LOF and GOF techniques used to study candidate transport protein 

To establish whether the experimental condition used to study the function of our candidate transport 

proteins in LC-FFA uptake influences observations, we identified the number of studies using each 

technique (Table 2.3) and the outcome of those studies. We establish here that studies supporting the 

involvement of CD36 in LC-FFA transport remains true regardless of the experimental conditions 

used, including chemical inhibition of CD36 (222, 228, 229, 232, 257, 285, 286, 287, 288, 289, 292, 

293, 294), knockout (219, 225, 261, 286), silencing using RNAi (siRNA/shRNA) (238, 240, 283, 

295) and overexpression (248, 249, 255, 256, 283) , as ≥4 separate publications for each method 

supported a role for CD36 in LC-FFA transport. Out of the total investigations examining the role of 

CD36, nearly half (48%) used chemical inhibition. Furthermore, one case control study (284) 

comparing individuals with sufficient and deficient levels of CD36 also validated the role of the 
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protein in LC-FFA uptake. Hames et al. (284) reported that participants with a homozygous or 

heterozygous null mutation (Pro90Ser) for CD36 had a significantly reduced rate of uptake of LC-

FFA, particularly of C16:0, in muscle and adipose tissue compared to control volunteers. 

Interestingly, the rate of LC-FFA uptake was indifferent in liver tissue of individuals with deficient 

CD36 compared to individuals who had sufficient CD36 (284).   

For the FATP family, studies reported a role for these proteins in LC-FFA uptake when using 

experimental conditions such as knockdown using RNAi (including siRNA and shRNA) (238, 239, 

290, 295) and overexpression (202, 243, 250, 252, 256, 296), in ≥4 publications for each technique. 

Studies investigating the role of the CAV family used a range of experimental conditions, although 

each condition was investigated in <3 publications. Chemical inhibition was the preferred technique 

to study the role of the FABP family (72% of publications), where all 5 studies (227, 231, 232, 233, 

297) reported this protein family to be involved in LC-FFA transport. However, no publications used 

a gain of function methodology to study the FABP family. Only one experimental technique 

(knockdown using siRNA) was used to study TBC1D1 and TBC1D4 (100% of publications) (238, 

241), so it cannot be said that the conditions used had an impact on observations. Two different 

experimental conditions were used to study the ACSL family (knockdown (240) and overexpression 

(202)), with different outcomes for each condition used. However, as only one paper was used for 

each condition, we cannot conclude that this difference was influenced by the technique used.  

Altogether, we deduce here that CD36 and the FATP family are supported in the literature to have a 

role in LC-FFA uptake, despite the use of different experimental conditions. Additional research is 

needed to determine whether the experimental technique used to study the role of other candidate 

transport proteins has an impact on observations. 
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Table 2.3 Experimental techniques (LOF and GOF) used to study the effect of each 

candidate transport protein family. The number of studies using each technique to investigate 

the role of each candidate LC-FFA transporter is outlined. 
 

Number of studies 

CD36 
 

Chemical Inhibition 14 

Knockout 4 

Knockdown 4 

Overexpressed 6 

Clinical technique 1 

FATP 
 

Chemical Inhibition 1 

Knockout 0 

Knockdown 6 

Overexpressed 6 

Clinical technique 0 

CAV 
 

Chemical Inhibition 1 

Knockout 2 

Knockdown 2 

Overexpressed 1 

Clinical technique 0 

FABP 
 

Chemical Inhibition 5 

Knockout 1 

Knockdown 1 

Overexpressed 0 

Clinical technique 0 

TBC1D1 and TBC1D4 
 

Chemical Inhibition 0 

Knockout 0 

Knockdown 4 

Overexpressed 0 

Clinical technique 0 

ACSL1 
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2.3.4 Mammalian models used to study candidate transport proteins 

To establish whether each candidate LC-FFA transport protein has evidence to facilitate uptake in 

humans, we identified the mammalian model used in each study (Figure 2.5). In essence, we could 

then determine whether the research conducted to date has distorted what can be extrapolated to 

humans. 

In the retrieved studies, CD36 had strong evidence to support its role in facilitating LC-FFA transport 

in 3 models, including human (256, 283, 284, 295, 298), mouse (219, 222, 225, 238, 240, 249, 257, 

261, 286, 292) and rat (228, 229, 232, 285, 287, 288, 289, 293, 294) (≥4 different publications for 

each model concluded this protein to have a role). The FATP family was also reported to aid LC-FFA 

transport in human (250, 256, 295) and mouse (202, 238, 239, 243, 250, 252, 290, 291) models (in 

≥3 separate publications for each model).  

The literature generally supports a role for the CAV family in LC-FFA uptake in mouse models, 

where 3 different studies (203, 219, 299) concluded that this protein family is involved in transport. 

However, the CAV family was only studied in one publication (198) using a human model. Evidence 

supporting the role of the FABP family was largely in rat models, where 4 different publications (231, 

232, 233, 297) reported that members of the FABP family facilitate uptake. Only one publication 

(295) studied the role of the FABP family using a human model. Of the studies investigating the role 

of TBC1D1 and TBC1D4, a total of 2 models were used (human (241) and mouse (238)), in only one 
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publication each. Similarly, the ACSL family was only investigated in mouse models, in only 2 

publications (202, 240).  

In summary, we determine here that CD36 and FATP are seemingly supported to have a role in LC-

FFA transport in humans. Evidence supporting the role of CAV and FABP family members was 

largely in different mammalian models (i.e., not human), which restricts our knowledge on the 

function of these proteins in humans. Further research is necessary to determine whether CAV, FABP, 

ASCL, TBC1D1 and TBC1D4 family members have a role in LC-FFA uptake in humans, as there 

are limited studies (≤1) using human models to investigate LC-FFA uptake. 

 

 

Figure 2.5 Mammalian models used to study the effect of each candidate transport protein 

family. The number of studies using each mammalian model is visualised for each candidate 

transport protein family.  
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2.4 Discussion  

This chapter aimed to identify candidate proteins that may be involved in LC-FFA transport across 

the plasma membrane of pancreatic β-cells. To find such proteins, we conducted an extensive scoping 

review of nearly 30 years of conflicting literature surrounding this topic to date. Our results have 

shown that CD36 and the FATP family are the candidate transport proteins with the most evidence 

to support a role in LC-FFA uptake. Publications consistently reported a role for these proteins in LC-

FFA uptake across a range of mammalian cell types, models (including human models) and LOF and 

GOF techniques, indicating that these proteins are likely to be involved in facilitating LC-FFA 

transport. Several other proteins were also implicated in transport, including the FABP, CAV and 

ACSL family members, as well as TBC1D1 and TBC1D4, but further investigation is needed to 

support a role for these proteins. Publications investigating these proteins simply did not have enough 

evidence to support their role in transport across a range of different cellular models/LOF and GOF 

techniques. Further, the FABP, CAV and ACSL family members, as well as TBC1D1 and TBC1D4, 

did not have enough evidence to support a role for LC-FFA uptake in human models. Therefore, no 

accurate conclusions could be made as to whether the model or technique used had an impact on the 

outcome of the studies investigating these candidate transport proteins. Importantly, no studies 

examining the role of candidate LC-FFA transport proteins in pancreatic β-cells were retrieved in this 

review. Future studies should investigate the role of these candidate transport proteins in LC-FFA 

uptake in pancreatic β-cells, to examine whether they facilitate LC-FFA transport in this cell type. 

2.4.1 Potential mechanisms for CD36 in facilitating LC-FFA transport 

Here, we have discovered that CD36 has the most evidence, out of all candidate LC-FFA transporters 

identified in this review, to support a role in facilitating LC-FFA uptake. However, the mechanism 

of CD36-mediated uptake is still not completely understood. Several mechanisms have been 

proposed, including insulin-stimulated upregulation of CD36 (300), sequestering LC-FFAs at the 
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plasma membrane and organising them into specific membrane domains (301), and a collaborative 

effort with other candidate transport proteins (222). 

A recent review by Glatz et al. (300) suggested that CD36 is the main mediator of short-term 

regulation of FA uptake in cardiomyocytes, one of the main cellular models we have identified here 

to study this protein, via its constant subcellular recycling between endosomes and the sarcolemma. 

In this model, it is thought that the net translocation of CD36 from endosomes to the sarcolemma 

occurs within minutes and is triggered by the presence of insulin or muscle contraction, thereby 

increasing the rate of FFA uptake (300). Then, removal of the stimulus results in immediate 

internalisation of CD36, thereby lowering FA uptake rate (300). Interestingly, this mechanism is akin 

to the regulation of glucose uptake, where GLUT4 is thought to be recycled between intracellular 

structures and the plasma membrane (302). In an earlier review, Glatz, J.F.C. and Luiken, J.J.F.P. 

(301) proposed that CD36 functions by sequestering LC-FFAs in the membrane and arranging them 

within specific membrane domains, following its stimulated translocation to the membrane. As such, 

this is thought to make the LC-FFAs accessible for subsequent transport and/or enzymatic conversion 

by acyl-CoA synthetase (301). A study by Pohl et al. (222) agrees with this model, where it was 

reported that CD36 is exclusively located in plasma lipid rafts to control LC-FFA uptake. However, 

additional research is needed to support this model for CD36 in regulating LC-FFA uptake, especially 

in pancreatic β-cells.  

Intriguingly, it has also been proposed that CD36 may act in concert with other candidate transport 

proteins to achieve LC-FFA uptake into metabolic tissues (219). One recent study by Hao et al. (219) 

reported that CD36 is localised in and may require caveolae for LC-FFA uptake. In the study, it was 

demonstrated that knockout of CAV1 abolishes CD36-dependent LC-FFA uptake in murine 

adipocytes (219). This is unsurprising in adipocytes, as caveolae are extremely abundant in this cell 

type, comprising roughly one third of the plasma membrane (219, 303). In addition, Vistisen et al. 
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(304) found CD36 to colocalise with a different isoform of the caveolin family, CAV3, in human 

skeletal muscle, which further supports this model of CD36-mediated uptake. Hao et al. (219) 

suggested that this collaborative effort of CD36 and caveolae in FFA uptake involves endocytosis, in 

which FAs bind to CD36 at the plasma membrane, which ultimately results in the internalisation of 

caveolae to enclose FAs within vesicles. These vesicles are then thought to traffic the internalised 

FAs to lipid droplets for storage or to the ER for esterification (219). Further investigation is necessary 

to delineate whether CD36 requires other proteins, particularly members of the CAV family, to carry 

out LC-FFA transport.  

Collectively, these findings suggest that CD36 might use a different mechanism for LC-FFA 

transport, depending on the cell type, or a combination of mechanisms to achieve uptake. Therefore, 

if CD36 is involved in LC-FFA uptake in pancreatic β-cells, we cannot assume that the mechanism 

of transport used is the same as in other cell types.  

2.4.2 Potential mechanisms for the FATP family in facilitating LC-FFA transport 

Gain and loss-of-function studies have suggested that the FATP family of proteins have a role in LC-

FFA uptake in a range of cell types, but their exact mechanism of action is still unclear. The main 

proposed theories of FATP-mediated LC-FFA transport are that these proteins 1) directly transport 

LC-FFA (243), 2) activate LC-FFA via intrinsic acyl-CoA synthetase (ACS) activity (305, 306), or 

3) function with both transport and enzymatic activity, independently (307). 

Interestingly, reports have suggested that members of the FATP family might be indirect transporters, 

by activating LC-FFAs via their intrinsic ACS activity (305, 306). This activity is thought to result in 

the esterification of LC-FFAs to produce long-chain fatty acyl-CoA thioesters (212), which can be 

used in metabolic processes such as β-oxidation to generate cellular energy (308), the production of 

complex lipids (e.g., phospholipids, triacylglycerol and cholesterol esters) (308), the modification of 
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proteins (309) and as ligands for transcription (310). The conversion of LC-FFA to long-chain fatty 

acyl-CoA thioesters, which are plasma membrane-impermeable (201), traps the LC-FFAs within the 

cell, which supposedly maintains a constant concentration gradient for LC-FFAs to diffuse into the 

cell (212). This concept is termed ‘vectorial acylation’ (212) (discussed in section 1.8.1). For 

example, a wealth of literature (311, 312, 313, 314) has proposed that the specific isoform FATP4 is 

located intracellularly, in subcellular compartments like the ER, rather than at the plasma membrane. 

Moreover, these studies (311, 312, 313, 314) have shown that the localisation of FATP4 to the ER 

may be sufficient to drive LC-FFA transport across the plasma membrane, supporting this vectorial 

acylation model of uptake. 

One interesting theory is that FATP4 might require a signal to regulate its subcellular localisation 

(238), such that when this signal is active, the protein is not found at the plasma membrane but rather 

in intracellular compartments. Indeed, a recent publication by Benninghoff et al. (238) reports that 

the knockdown of TBC1D1 and TBC1D4 results in an increased abundance of FATP4 at the plasma 

membrane, indicating that RabGTPase-activating proteins (RabGAPs) may be involved in the 

regulation of the subcellular localisation and abundance of the protein. Further, Stahl et al. (250) 

reported that FATP4 is expressed at high levels in the plasma membrane of microvilli in enterocytes. 

This study (250) also reported chemical inhibition of FATP4 to significantly reduce LC-FFA uptake, 

which suggests that localisation of this protein to the plasma membrane is necessary for LC-FFA 

uptake. Additionally, we have identified several studies supporting the role of other isoforms of the 

FATP family in LC-FFA uptake, including FATP1 (202, 239, 243, 252, 256, 290, 291, 295) and 

FATP6 (296). Consistently, each of these studies have reported that FATP1 is localised to the plasma 

membrane of cells, where it aids LC-FFA transport. This further supports that localisation to the 

plasma membrane is required for the transport function of the FATP protein family.  
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Taken together, several possible outcomes can be deduced from these findings. Firstly, different 

isoforms of the FATP family might exert their LC-FFA transport function using different 

mechanisms. For instance, FATP4 might function intracellularly, using its intrinsic enzymatic 

activity, while FATP1 functions at the plasma membrane, using a direct transport mechanism and/or 

enzymatic activity. Secondly, these proteins, particularly FATP4, may require a signal to translocate 

to the plasma membrane (238), where they use a direct transport mechanism and/or ACS activity to 

transport LC-FFAs across the plasma membrane. Further investigation into the role of subtypes 

within the FATP family of transporters, particularly FATP2-6, in LC-FFA transport is necessary to 

delineate whether different isoforms carry out different transport mechanisms. Future studies should 

also be carried out to identify which signal (if any) is required to regulate the localisation of these 

proteins in the cell. For example, future studies might investigate physiological triggers that reduce 

the expression of TBC1D1 and TBC1D4.  

2.4.3 Possible cell type specificity 

We cannot assume that LC-FFA transport is the same across all cell types, given that different 

metabolically active mammalian cell types, such as adipocytes, hepatocytes, and pancreatic β-cells, 

have different roles in regulating lipid homeostasis (as discussed in section 2.1.3) (252, 315). For 

example, the utilisation of FFAs is different in adipocytes vs. pancreatic β-cells; adipocytes are known 

to be the primary site of lipid storage and mobilisation (316), whereas in unstimulated pancreatic 

islets, FFA are seemingly a major energy source (rather than glucose) (317). For storage, FFA are 

usually converted to triglycerides, whereas for use as an energy source, FFA are generally directed 

towards the mitochondria for β-oxidation (268). Thus, it is possible that LC-FFA transport could also 

be different to channel FFAs differently, to exert these different functions within different cell types. 

Further, cellular signals for FFA storage vs. oxidation are different, which might imply that LC-FFA 

transport could also be different, in response to these signals. In pancreatic β-cells, it is thought that 
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glucose is converted to malonyl-CoA within the cell, which inhibits CPT-1, thereby inhibiting fatty 

acid oxidation (105). In the absence of glucose, fatty acids (as long-chain acyl CoA) can transport 

into the mitochondria for oxidation (105). On the other hand, in adipocytes, storage of FFAs involves 

stimulation of adipocytes by insulin, which promotes glucose uptake and subsequent expression of 

lipogenic gene sterol regulatory element-binding protein 1 (SREBP1), which regulates the expression 

of genes required for triglyceride synthesis (318). These different cellular signals for FFA utilisation 

within the different cell types (e.g., for storage vs. oxidation) should be considered when investigating 

LC-FFA uptake. Of course, transport of FFAs might also be different in other cell types that utilise 

FFA differently, for example in the liver, where FFA can be converted to ketone bodies during fasting, 

which involves the transformation of FFAs to urinary acetoacetate and 3-β-hydroxybutyrate in the 

mitochondria (269). Taken together, as there is currently not enough evidence to support or refute 

that LC-FFA transport is different in individual cell types, we propose that candidate LC-FFA 

transport proteins should be investigated in individual cell types. In particular, future work should 

study the role of candidate LC-FFA transporters in cell types that have not been studied thus far, 

including pancreatic β-cells. 

2.4.4 Isoforms of the candidate LC-FFA transport proteins 

To obtain a broad overview of the candidate LC-FFA transport proteins, and to overcome time 

restrictions, proteins found in the literature were categorised according to their family rather than as 

each individual protein. Individual isoforms that were identified in the literature can be found within 

our data extraction matrix (Appendix A – Supplementary Table 1). However, it is important to note 

that many different candidate LC-FFA transporters, and many isoforms within each family, were 

identified in this scoping review. One reasonable suggestion for this variety in transporters is that the 

different candidate LC-FFA transport protein families, or their isoforms, have cell type specificity. 

As mentioned in section 1.8.2, transporters for glucose (GLUTs and SGLTs) have known cell type 
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specific isoforms that are specific to tissue type (205, 206). Moreover, there are known cell type 

specific isoforms for candidate LC-FFA transporters; for example, isoforms of the ACSL family have 

been shown to be cell-type specific (319). Further, these different transporters might be involved in 

the uptake of different classes of fatty acids (320), channel LC-FFAs differently within the cell (e.g., 

to the mitochondria for fatty acid oxidation or to the ER where they are converted to triglycerides for 

storage) (320, 321), and/or cooperate with one another to transport LC-FFAs across the membrane 

(219, 320). For example, FFAR4 (also known as GPR120) is a transmembrane fatty acid receptor 

that is thought to be specifically activated by unsaturated medium- and long-chain FFAs (322), which 

raises questions as to whether candidate LC-FFA transport proteins are also specific to different 

classes of fatty acids. In conclusion, further investigation is required to determine the role of different 

candidate transport protein isoforms.  

2.4.5 Limitations 

The findings from this review are restricted by several factors. Scoping reviews enable researchers to 

map the existing literature in a particular topic area and to identify gaps where future research should 

be conducted (323), however, we encountered several limitations with the use of this methodology. 

Scoping reviews, by definition, do not include a quality appraisal of the included studies (324). Thus, 

we were unable to identify gaps in the research related to low quality. Rather, this type of review aims 

to categorise the existing literature by common themes and topics (324). In this case, we wished to 

gain an overview of all the candidate LC-FFA transport proteins identified to date, and categorise 

according to the cell type used, mammalian models and experimental techniques, to help identify 

where additional research should be carried out. Moreover, as scoping reviews only map the body of 

literature on a topic at a singular point in time, they are usually outdated soon after their completion 

(324). Therefore, this review should be updated according to published guidance (325). 
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2.4.6 Summary 

In summary, many different LC-FFA transporters were identified, but CD36 and FATP have the most 

evidence to support a role in facilitating LC-FFA uptake in humans. The FABP, ACSL and CAV 

family members, along with TBC1D1 and TBC1D4, were also named to facilitate LC-FFA uptake, 

but further evidence is required to underpin their role in transport. Finally, very little is known about 

LC-FFA uptake in pancreatic β-cells.  
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Chapter 3  

Using bulk RNA-sequencing data to explore expression profiles of candidate LC-FFA 

transport proteins in mammalian cells 
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3.1 Introduction 

As detailed in the scoping review in chapter 2, the mechanism by which LC-FFAs traverse the plasma 

membrane and therefore enter pancreatic β-cells is still in question. It is essential to consider this 

process in pancreatic β-cells, because LC-FFAs, particularly LC-SFAs, have been implicated in the 

development and progression of T2D via a process termed lipotoxicity, which may result in the death 

and dysfunction of these cells (38, 123) (discussed in section 1.7). Therefore, understanding the 

mechanism of LC-FFA uptake will enable the production of therapeutics which regulate their entry. 

Accordingly, pancreatic β-cell viability could be preserved, thus slowing, or possibly preventing the 

progression of T2D. Literature supports a role for protein-mediated LC-FFA uptake, particularly via 

CD36 and FATP, into other metabolically active cell types, especially in adipocytes, myocytes, and 

cardiomyocytes (as discussed in section 2.4). However, the function of these membrane-associated 

LC-FFA transport proteins requires further investigation in pancreatic β-cells, specifically. Further, 

the identification of which isoforms of the candidate LC-FFA transporter family members are 

expressed in pancreatic β-cells should be explored, as there is a possibility that these isoforms may 

show cell-type specificity (discussed in section 2.4.5).  

The lack of research into the mechanism of LC-FFA uptake in pancreatic β-cells might, in part, be 

due to the difficulty in finding suitable mammalian models that offer an accurate representation of 

human pancreatic β-cells (as outlined in section 2.1.4). Thus, in this chapter the aim was to identify 

an appropriate in vitro model to study LC-FFA uptake into pancreatic β-cells. Moreover, to compare 

the gene expression of candidate LC-FFA transporters in different metabolically active cell types to 

that in pancreatic β-cells, to gain insight into whether different cell types utilise a different transport 

mechanism (see section 2.1.3). In this way, we would identify whether the results of studies using 

different metabolically active cell types to study LC-FFA uptake can be applied to pancreatic β-cells. 

To achieve these aims, gene expression profiles were constructed in various ex-vivo mammalian cell 
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types, as well as two different pancreatic β-cell lines, for the candidate LC-FFA transport proteins 

identified in chapter 2.  

3.1.1 RNA-sequencing 

The central dogma of molecular biology describes the unidirectional flow of information that is stored 

in genes as DNA, then transcribed to RNA, and finally translated into proteins (Figure 3.1) (326). 

Although DNA stores genetic information, it is the transcription of genes into RNA molecules, 

specifically mRNA, that activates the genes (327). These mRNA molecules are produced on demand 

when required by the cell (327). Therefore, by investigating which mRNA transcripts are expressed 

in the cell, we can determine which genes are active in a particular cell type, thereby gaining a greater 

understanding of cellular processes. 

 

 

 

 

 

 

 

 

Figure 3.1 The central dogma of molecular biology. DNA is transcribed to RNA, which is 

translated into proteins. Created with BioRender.com. 
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3.1.2 Overview of RNA-sequencing  

Analysing gene expression is essential to provide insight into the cellular transcriptome, which refers 

to the RNA molecules present within the cell. Investigating these molecules is vital to interpret the 

functional components of the genome, and to understand disease (328). This can be achieved using 

RNA-sequencing (RNA-seq), an accurate and highly reproducible method used to quantify 

transcriptomes (329).  

Transcriptomics studies have significantly progressed over the past few decades, with the continuous 

evolution of more advanced technologies. In the past, transcriptomics largely relied on first-

generation sequencing technologies, including the Maxam-Gilbert method (330) and the more 

commonly employed Sanger sequencing method (331), which both involve the sequencing of DNA. 

However, these techniques were time-consuming and expensive, driving the production of next-

generation sequencing (NGS) technologies, which sequence nucleotides much more rapidly and at a 

lower cost comparatively (332). As such, RNA-seq with NGS is increasingly the preferred method 

for transcriptomics studies.  

3.1.3 Experimental considerations for RNA-sequencing  

Briefly, the RNA-seq workflow involves extracting RNA from the cell, generating complementary 

DNA (cDNA), constructing an RNA sequencing library (by ligation of cDNA to sequencing 

adapters), and sequencing using an NGS platform (333). However, it is important to consider several 

experimental details in RNA-seq, including the sample size, the library type (e.g., single vs. paired 

end sequencing, sequencing depth and fragment size), how the sample was collected and the RNA 

extraction protocol, and the type of RNA-seq method used (e.g., single cell vs. bulk RNA-seq). These 

experimental details should be considered as they may have an impact on the quality of the data. 
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The number of biological and technical replicates should be considered, to minimise false positives 

and enhance statistical power (334). As such, Schurch et al. (334) have suggested that at least 6 

biological replicates should be used in RNA-seq experiments, rising to a minimum of 12 biological 

replicates for differential gene expression analysis. Further, McIntyre et al. (335) report that a low 

number of technical replicates (i.e., less than 5 reads per nucleotide) may result in variable detection 

of exons, and thus inconsistent estimates of gene expression.  

The library type should also be accounted for when analysing RNA-seq data. In paired-end 

sequencing, both ends of the cDNA fragment are sequenced, whereas only one end is sequenced in 

single-end sequencing (336). It has been reported that paired-end and single-end reads provide 

reasonably vigorous gene expression estimates (337). However, while single-end sequencing is 

cheaper, it has been reported to increase errors in read counts and cause false positives and negatives 

when analysing differentially expressed genes (336). These errors are minimised when using paired-

end sequencing, as it involves double the amount of sequencing compared to paired-end sequencing 

(336).  

When analysing RNA-seq data, the RNA extraction protocol should be considered. The RNA 

extraction protocol should ideally involve a measurement of the RNA integrity, to ensure that the 

RNA is of adequate quality. RNA integrity is typically measured using an Agilent Bioanalyzer, which 

generates a number between 1 and 10 (10 being the sample with the highest quality, exhibiting the 

least degradation) (327). Romero et al. (338) suggest that an RNA integrity number (RIN) between 

7.9 and 6.4 should be used as a cut-off value in the context of RNA degradation in dying tissue, 

whereby any sample with a RIN value below the cut-off level is excluded from further study. 

Subsequently, a RIN cut-off of 6.5 was used in the present study.  
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It is also vital to consider the RNA-seq method used within each study when analysing RNA-seq data, 

as discussed in section 3.1.4.  

3.1.4 Types of RNA-sequencing and recent developments 

The main RNA-seq techniques include classic bulk RNA-seq, single-cell RNA-seq (scRNA-seq) and 

spatial RNA-seq (spRNA-seq) (339). Bulk RNA-seq investigates the transcriptome of tissue sections, 

biopsies, or pooled cell populations (340). However, averaging pooled cell populations does not allow 

direct assessment of specific cell subtypes, which is vital to understand the complexity of biological 

systems. This limitation of bulk RNA-seq led to the development of scRNA-seq, a technique that has 

enabled researchers to define RNA molecules in individual cells on a genomic scale, capturing cell-

to-cell variability at high resolution (341). While the current bulk and scRNA-seq methods deliver 

extremely detailed information in terms of tissues or cell populations, neither application captures 

spatial information, which removes the relationship between cellular context and gene expression 

(328). It is well-recognised that cellular organisation in tissues is intimately related to biological 

function (236), so in order to overcome this limitation, spRNA-seq was developed. This technique 

enables researchers to quantify RNA expression, while retaining spatial context of cells and tissues 

(236). All three RNA-seq techniques mentioned here are valuable in biomedical research, however, 

the preferred method is dependent on the study conducted and what the researcher aims to achieve.  

3.1.5 RNA-sequencing in the field of diabetes and obesity research 

Since its introduction nearly two decades ago (342), RNA-seq has been employed in several studies 

(343, 344, 345) in the field of diabetes and obesity research. For instance, Muraro et al. (345) used 

scRNA-seq to characterise various cell types in the human islet. In addition to the classical markers 

for each cell type, this study (345) revealed novel marker genes for alpha cells (such as PLCE1 and 

KLHL41), β cells (PFKFB2 and SIX2), delta cells (such as PRG4 and RGS2) and PP cells (such as 

SERTM1 and CARTPT). Moreover, Xin et al. (346) discovered 245 genes related to T2D using 
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scRNA-seq analysis of human islets, of which 38% had previously been reported to modulate cell 

growth in non-islet cells. This was an important observation, as reduced β-cell mass in patients with 

T2D is widely considered to be correlated with the onset and progression of the disease (347). Using 

bulk RNA-seq, Diedisheim et al. (343) identified changes in gene expression following the induction 

of β-cell dedifferentiation, including the reduced expression of many β-cell markers, such as MAFA, 

ZNT8, GCK and SLC2A2. Essentially, this enabled the authors to construct and validate an in vitro 

model of β-cell dedifferentiation. The studies mentioned here are just a small number of examples of 

how RNA-seq technology has revolutionised research in the field of diabetes and obesity research. 

Hopefully, the rapid development of such techniques will allow deeper discovery into gene 

expression in the context of diabetes and obesity in future studies.  

3.1.6 Aim and objectives 

In this chapter, the gene expression of candidate LC-FFA transport proteins identified within chapter 

2 is explored using pre-published bulk RNA-seq data. The evidence gathered in the scoping review 

of this thesis supports a role for CD36 and the FABP, ACSL and CAV family members, along with 

TBC1D1 and TBC1D4, in LC-FFA uptake in mammalian cells. Therefore, it was hypothesised here 

that these candidate LC-FFA transport proteins would be highly expressed at the transcriptional level 

in pancreatic β-cells. The aims and objectives of this chapter were: 

Aim: To characterise the gene expression of candidate membrane-associated LC-FFA transport 

proteins in human and rodent pancreatic β-cells as well as in various ex-vivo, metabolically active 

human cell types. 

Objectives:  

1. To analyse the gene expression of candidate membrane-associated LC-FFA transport proteins 

in pancreatic β-cells. Briefly, this work involved: 
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a. Characterising the gene expression of candidate LC-FFA transport proteins in the 

immortal human-derived EndoC-βH1 pancreatic β-cell line. 

b. Comparing candidate LC-FFA transporter expression in the EndoC-βH1 cell line in 

relation to that of ex-vivo human islets 

c. Comparing candidate LC-FFA transporter expression in pancreatic β-cells with 

respect to that of various other ex-vivo mammalian cell types 

d. Identifying the gene expression of candidate LC-FFA transport proteins in the rodent-

derived INS-1 pancreatic β-cell line  

In summary, this will enable us to 1) identify whether the human-derived EndoC-βH1 cell line is a 

physiologically relevant model to study LC-FFA uptake in human β-cells, 2) compare candidate 

transport gene expression between different human tissue types and 3) obtain an overview of 

candidate LC-FFA transporter expression in the rodent INS-1 cell line. 

3.2 Methods 

3.2.1 Pre-published data for ex-vivo human tissue and the human-derived EndoC-βH1 cell line 

Published counts data for human adipocytes, hepatocytes, pancreatic islets and the EndoC-βH1 cell 

line analysed within this study were kindly pre-processed by Dr Ildem Akerman. Human adipocyte 

data was acquired from the published work of Fagerberg et al. (348) [ArrayExpress accession: E-

MTAB-1733] and Chhibber et al. (209) [GEO accession: GSE70503]. Human hepatocytes data was 

obtained from the published work of Fagerberg et al. (348) [ArrayExpress accession: E-MTAB-1733] 

and Chhibber et al. (209) [GEO accession: GSE70503]. Human islets data was obtained from the 

published work of Colli et al. (349) [GEO accession: GSE133219] and Marselli et al. (350) [GEO 

accession: GSE159984]. Data for the EndoC-βH1 cell line was acquired from the published work of 

Colli et al. (349) [GEO accession: GSE148058] and Diedsheim et al. (343) [GEO accession: 

GSE103383].  
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3.2.1.2 Experimental considerations for pre-published data obtained from ex-vivo human tissue and 

the human-derived EndoC-βH1 cell line 

As outlined in section 3.1.3, it was essential that RNA-seq experiments analysed within this study 

considered the experimental methods used within each study, in order to obtain high quality data and 

to maximise reproducibility. Therefore, within this study, only RNA-seq data with paired-end 

sequencing, a high number of technical replicates (read depth), the same RNA-seq method (bulk 

RNA-seq) and studies that reported a high RNA integrity number was analysed (Table 3.1). Further, 

we aimed to analyse RNA-seq data with a high number of biological replicates; in this study, any 

further analysis to establish candidate LC-FFA transporter expression was conducted using RNA-seq 

data from a total of 33 human adipose tissue samples, 30 human liver tissue samples, 56 human 

pancreatic islet samples and 47 EndoC-βH1 samples. 
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Table 3.1 Experimental considerations for data obtained from ex-vivo human tissue and the human-derived EndoC-βH1 cell line. RNA-seq: 

RNA-sequencing; PGRN: The Pharmacogenomics Global Research Network; bp: base pairs. Data presented in this table was compiled in 

collaboration with Dr Patricia Thomas.  

Publication Cell type Obtained from Sequencing platform RNA 

integrity 

number 

(RIN) 

Single vs. 

Paired end 

sequencing 

RNA-seq 

method 

Read depth  Read length  

Fagerberg et al. 

(348) 

Adipocytes The Uppsala Biobank Illumina HiSeq 2000 

and 2500 machines 

7.5 Paired Bulk 45–171 

million  

100bp 

 Hepatocytes The Uppsala Biobank Illumina HiSeq 2000 

and 2500 machines 

7.5 Paired Bulk 45–171 

million  

 

100bp 

Chhibber et al. 

(209) 

Adipocytes The Pharmacogenomics and 

Risk of Cardiovascular 

Disease (PGRN) 

Illumina HiSeq 2000 6.5 

 

Paired Bulk 18 million  100bp 

 Hepatocytes The Pharmacogenomics of 

Anticancer Agents Research 

in Children (PGRN) 

Illumina HiSeq 2000 6.5 

 

Paired Bulk 18 million  100bp 
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Marselli et al. 

 (350) 

Pancreatic islets The University of Pisa Illumina Genome 

Analyzer II 

7.5 Paired Bulk 170 million  100bp 

Colli et al. 

(349) 

Pancreatic islets The University of Paris Illumina HiSeq 2500 >9 Paired Bulk >200 million Not stated 

 EndoC-βH1 cell line Scharfmann et al. Illumina HiSeq 2500 >9 Paired Bulk >200 million Not stated 

Diedisheim et al. 

(343) 

EndoC-βH1 cell line Scharfmann et al.  Illumina NextSeq 500 Evaluated 

but no 

number 

given 

Paired Bulk Not stated 75bp 
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3.2.2 Pre-published data and experimental considerations for the rat-derived INS-1 cell line 

In this study, data for the analysis of the rat-derived INS-1 cell line was obtained from the published 

work of Kong et al. (351) [GEO accession: GSE124833]. Due to the lack of available RNA-seq data 

for the INS-1 cell line, subsequent evaluation of candidate LC-FFA transporter gene expression was 

achieved using data from a total of 3 INS-1 samples in this study. It is acknowledged that this small 

sample size is a limitation in this study. As detailed, bulk RNA-seq was performed, and sequencing 

was performed on an Illumina HiSeq 2500. RNA integrity was determined but no value was provided 

and read depth was not stated. Raw reads were downloaded from SRA explorer, using the accession 

number provided [SRA accession: SRP176764]. 

3.2.2.1 Analysing raw sequencing data for the INS-1 cell line using FastQC 

Basic quality control (QC) metrics were visualised using the FastQC software version 0.11.9 (352), 

using the Linux operating system. This software provides a modular set of analyses for raw high-

throughput sequencing data (i.e., data obtained from NGS technologies). To examine the raw RNA-

seq data, several important metrics were supplied by FastQC, including Phred quality scores, per 

base sequence content, per sequence GC content, and sequence duplication levels.  

3.2.2.2 Phred quality scores 

Phred quality scores are used to assess the base quality in DNA sequencing. One of the principal 

FastQC modules to consider is the “per base sequence quality”.  Figure 3.2 illustrates a FastQC ‘per 

base sequence quality’ plot for read 2 of sample 3 the INS-1 data. This plot gives an overview of the 

distribution of quality values throughout all bases at each position in the read. To provide an estimate 

of base calling accuracy, a Phred quality score (Q) is assigned to each base called (Table 3.2). 
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According to the Illumina sequencing pipeline (353), Q30 is considered the standard for quality in 

NGS, as nearly all reads with this score will be perfect, with no errors or ambiguities. A score of Q20 

or above is thought to be acceptable (352). In this module, the most common explanation for warnings 

and failures is that the quality of the calls degrades as the run progresses (352). An example of the 

distribution of Phred scores obtained for read 2 of sample 3 of the INS-1 data is shown in Figure 3.3. 

The plot displays a peak at around Q39, indicating that most reads are of very high quality.  

Table 3.2 Phred quality Scores and base calling accuracy  

Phred Quality Score Probability of incorrect base call 

Q10 1 in 10 

Q20 1 in 100 

Q30 1 in 1000 

Q40 1 in 10,000 
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Figure 3.2 Example of the ‘per sequence quality’ output provided by FastQC. This plot was 

taken from read 2, sample 3 of the INS-1 data. The x-axis shows the position in the read. The y-axis 

indicates the Phred score. The yellow boxes illustrate the inter-quartile range (25-75%), the red line 

in the centre of each box represents the median value, the upper and lower whiskers depict the 10% 

and 90% points, respectively, and the blue line portrays the mean quality of the reads.  
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Figure 3.3 Example of a ‘per sequence quality’ output provided by FastQC. This plot was taken 

from read 2, sample 3 of the INS-1 data. The x-axis shows the mean Phred Score. The y-axis displays 

the number of reads. 

 

3.2.2.3 Per base sequence content and per sequence GC content  

The ‘per base sequence content’ plot (Figure 3.4) displays the four normal DNA bases (A, C, G and 

T) and their position in the read. Preferably, there should be little to no variation between each base 

of a sequence run, such that the lines (blue, red, green, and black) would be expected to run in parallel 

with one another. However, it should be noted that RNA-seq data generated by Illumina technology 

usually produces variation of the base call at the start of the read due to the use of hexamer priming 

(354). Hexamer primers are used to prime the reverse transcription of RNA into double stranded 
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complementary DNA (cDNA) (354). However, ‘random’ hexamer priming can introduce bias in 

nucleotide composition at the beginning of the read, as hexamer primers anneal better to sequences 

at the 5’-end of the read (354). Therefore, to prevent the variation between bases having an impact 

on downstream analysis, this effect is removed following trimming of the sequences (see section 

3.2.2.5).  

 

 

Figure 3.4 Example of a ‘per base sequence content’ output provided by FastQC. The plot 

shown was taken from read 2 of sample 3 from the INS-1 data. The x-axis indicates the position in 

the read. The y-axis displays the base call content.  
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The ‘per sequence GC content’ plot (Figure 3.5) illustrates the GC content throughout the entire 

length of the sequence in the file. In a normal sample, the data (red line) is expected to roughly follow 

a normal distribution (blue line). An unusually shaped distribution, e.g., if the curve is shifted to the 

right, is usually an indication of a contaminated RNA library. This might include a specific 

contaminant, such as adapter dimers, or RNA contamination from another species (352). Most of the 

samples analysed in this study roughly followed the theoretical normal distribution.  

 

 

Figure 3.5 Example of a ‘per sequence GC’ output provided by FastQC. A density plot is shown 

for read 2 of sample 3 from the INS-1 data. The x-axis displays the mean GC content (%). The y-axis 

shows the number of reads. The red line illustrates the GC count per read, and the blue line shows the 

theoretical distribution. 
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3.2.2.4 Sequence duplication levels 

The ‘sequence duplication levels’ plot (Figure 3.6) displays the proportion of sequences with different 

degrees of duplication for all sequences in a read. The blue line illustrates how duplication levels are 

distributed in the full sequence set, while the red line shows the proportion of sequences that are de-

duplicated which originate from different duplication levels in the read. In a diverse RNA library (i.e., 

a library that exhibits uniform genome coverage), most sequences should only appear once in the 

final read (352). A high level of duplication usually signifies enrichment of mRNA (e.g., due to 

polymerase chain reaction (PCR) over-amplification) (352). However, genes that are highly 

expressed in an RNA-seq experiment will have a very high level of coverage, so a higher duplication 

level is expected (355). 
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Figure 3.6 Example of a ‘sequence duplication levels’ output provided by FastQC. The plot 

shown is for read 2 of sample 3 from the INS-1 data. The x-axis displays the different duplication 

level bins. The y-axis shows the percentage of duplicated reads. The blue line represents the 

distribution of duplication levels for the entire sequence set. The red line depicts the distribution of 

deduplicated sequences. 

 

3.2.2.5 Trimming of raw sequencing data using Trimmomatic 

To pre-process the raw reads, Trimmomatic version 0.39 (356) was utilised within the Linux operating 

system. Trimmomatic uses a set of algorithms to trim and filter poor-quality reads based on quality 

metrics, in addition to removing any adapter sequences (356). Table 3.3 displays the commands used 

in Trimmomatic in this study.  
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Table 3.3 Commands used to pre-process the raw RNA-seq data in Trimmomatic. 

Command Description 

 

ILLUMINACLIP  

 

 

Remove adapter and other illumina-specific sequences from each 

read 

 

LEADING  

 

 

Remove bases from the beginning of the read, if beneath a 

threshold quality 

 

TRAILING  

 

 

Remove bases from the end of the read, if beneath a threshold 

quality 

 

SLIDINGWINDOW  

 

 

Execute sliding window trimming, which involves starting at the 

5’ end and clipping the read when the average quality within the 

window declines below threshold 

 

MINLEN  

 

 

Exclude the entire read if it is less than a defined length 
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Paired-end reads were processed in Trimmomatic (356), which involved the input of 2 files (forward 

and reverse reads) from each sample and 4 output files (paired forward, paired reverse, unpaired 

forward, unpaired reverse). ‘Paired’ output files contained reads that survived the processing, where 

both files survived, whereas the corresponding ‘unpaired’ output files contained orphan reads, where 

one or neither of the reads survived the processing. The ‘unpaired’ files were discarded and the 

‘paired’ output files were used for subsequent analysis. Quality metrics for the trimmed ‘paired’ 

output files for each sample were then re-analysed in FastQC and compared with the FastQC analysis 

of the raw reads to confirm that reads were of high-quality.  

3.2.2.6 Pseudoalignment of reads to the rat reference transcriptome and quantifying gene expression  

To quantify gene expression levels, pseudoalignment was carried out on pre-processed reads using 

Kallisto version 0.46.1 (357). Unlike normal read alignment, which involves identifying where in the 

genome each sequence is from by mapping reads to a reference genome (i.e., how the nucleotides in 

the read align with those in the target sequence) (358), Kallisto uses pseudoalignment (357), which 

focuses on detecting transcripts from which the reads might have originated. Pseudoalignment 

involves processing a transcriptome file (in this case, the rat transcriptome) to generate a 

‘transcriptome index’. In this study, the rat transcriptome index version 96 was downloaded from the 

Kallisto transcriptome indices site (357). Transcripts were then quantified and transformed into one 

counts file per sample, in transcripts per million (TPM), using Kallisto (357). TPM is a method of 

normalisation for RNA-seq, which estimates the proportion of transcripts in the sample made up by 

a given gene or isoform and multiplies this by 106 (359). Normalisation using TPM is often used to 

enable comparisons to be drawn between RNA transcript expression within a single sample (359). 

To achieve pseudoalignment of the reads and quantification of the transcripts, the following Kallisto 

commands were used: 
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• Obtaining the transcriptome index 

wget - This command is used to download the transcriptome index. 

• Quantifying gene expression 

Quant - To run the quantification algorithm. 

-i - Filename for the Kallisto index to be used for pseudoalignment. 

3.2.2.7 Selecting transcripts for analysis of candidate LC-FFA transporter expression 

Transcripts for candidate LC-FFA transporters were selected from Ensembl genome browser version 

107 (360) for inclusion in plots to visualise their expression (see section 3.2.5). Initially, transcripts 

were selected that were annotated as the ‘principal isoform’, ‘most highly expressed’ or ‘most 

conserved’ version of the gene, in accordance with the recommendations by Morales et al. (361). 

However, transcripts with these labels were not always identified in the counts data generated, 

whereas ‘alternative’ isoforms were present. Moreover, transcripts that were labelled as ‘alternative’ 

isoforms of the gene were occasionally found to be expressed where principal isoforms were not. 

Therefore, transcripts were ultimately selected based on their expression in the counts table (i.e., any 

transcript for a particular gene that was expressed was included). For genes that showed no expression 

for any of their transcripts, a transcript was included at random.  

3.2.3 Data normalisation and gene distribution 

Prior to differential expression analysis and data visualisation, separate counts files (i.e., those 

generated from different samples) produced by HTSeq (for the human data) (362) or Kallisto (for the 

rat INS-1 data) (357) were merged according to cell type in RStudio, to produce one data frame for 

each cell type. Data normalisation of HTSeq counts data was kindly carried out by Dr Patricia Thomas 

using the rlog function in DESeq2 version 4.1.1 (363), which converts the counts data to the log2 
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scale. Normalised counts files were used for any subsequent analysis. To examine gene expression 

values and their frequency, the distribution of the gene counts was assessed (Appendix B - 

Supplementary Figure 1). Both human and rodent counts data showed a negative binomial 

distribution, which provides a good approximation for data where the mean is less than the variance. 

A negative binomial distribution was particularly useful for differential expression analysis (section 

3.2.4), which requires the data to fit a negative binomial distribution to prevent overdispersion (i.e., 

where the variance of the response is greater than assumed by the model, resulting in greater chance 

of rejecting the null hypothesis when it is true (type-I error)) (364).  

3.2.4 Differential expression analysis  

To identify whether the genes for our candidate LC-FFA transporters were differentially expressed 

in ex-vivo pancreatic islets compared to other metabolically active human tissue types (i.e., 

hepatocytes and adipocytes) and the immortal EndoC- βH1 cell line, a differential expression analysis 

was kindly performed by Dr Patricia Thomas using the DESeq2 package (363) in RStudio version 

4.1.1. This involved generating a DESeqDataSet object, using the DESeqDataSetFromMatrix 

function, which is used for read counts matrices prepared from an alternative source. The data was 

then pre-filtered to remove genes with a total of <10 reads. Prefiltering is useful to improve data 

visualisation, as genes with no information for differential gene expression are not plotted. Then, the 

reference gene expression levels to compare against was specified using the factor function. Gene 

expression was compared in islets vs. EndoC- βH1, islets vs. adipocytes and islets vs. hepatocytes. 

Differential gene expression analysis was carried out using the DESeq function, which assumes a 

negative binomial distribution (of counts for a particular gene across all samples) to model RNA-seq 

counts using the following equation:  

Kij ~ NB(sijqij
, ⍺i) 
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where counts K𝑖𝑗 indicates the gene (𝑖) and the sample (𝑗), which are modelled using a fitted mean 

(𝑠𝑖𝑗𝑞𝑖𝑗) which signifies the mean acquired as normalised counts and scaled by a normalisation factor, 

and a gene-specific dispersion parameter (⍺𝑖) which measures the extent that a sample fluctuates 

around the mean value. The coefficients then give an estimate of the log2 fold changes (LFC) for 

each gene in each sample group. Next, a null hypothesis was generated for each gene, such that 

LFC=0, where there was “no differential expression between groups”. For hypothesis testing, a Wald 

statistical test was performed. The Wald test extracts the LFC and divides it by the standard error to 

form a z-statistic. The z-statistic is then compared to a normal distribution and a p-value is calculated. 

The p-value reports the probability that the data occurred under the null hypothesis (i.e., the likelihood 

that the z-statistic is what the observed statistic would be if selected randomly). Differentially 

expressed genes had p-value<0.05. However, due to the large quantity of genes tested in this analysis, 

there is a greater probability of false positive results, owing to the “multiple testing problem”. To 

correct for the multiple testing problem, we also used a Bonferroni correction, to adjust the p-values 

for analysis. In this thesis, adjusted p-values were used to determine statistically significant 

differential gene expression (adjusted p-value<0.05).  

3.2.5 Data visualisation 

All data visualisation was conducted using the R statistical language version 4.1.1. Visualisation of 

candidate LC-FFA transporter gene expression was performed and the expression for each gene 

family (e.g., the FATP family) was summarised graphically, using box plots generated using the 

ggplot2 data visualisation package (365). Histograms were generated using the hist () function to 

show gene distribution. MA plots were generated using the DESeq2 package to illustrate differential 

gene expression. Heatmaps were produced by Dr Patricia Thomas using the pheatmap package to 

display hierarchical clustering of human cell types (Appendix B – Supplementary Figure 2). As 
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counts files were generated according to Ensembl gene ID, gene symbols for each gene of interest 

were determined using the Ensembl genome browser with the corresponding gene ID.  

3.3 Results 

3.3.1 The gene expression profile of candidate LC-FFA transporters in ex-vivo adipocytes, 

hepatocytes, and pancreatic islets, and the immortal EndoC-βH1 cell line 

To identify whether the candidate LC-FFA transporters identified in chapter 2 (and their isoforms) 

are cell type-specific, gene expression profiles were constructed for each candidate LC-FFA 

transporter family (ACSL (Figure 3.7), CAV (Figure 3.8), FATP (Figure 3.9), FABP (Figure 3.10), 

TBC1D1/TBC1D4 (Figure 3.11) and CD36 (Figure 3.12)) in ex-vivo adipocytes, hepatocytes, 

pancreatic islets and the immortal EndoC-βH1 cell line. A heat map was also constructed to produce 

an overview of similarities and differences regarding candidate LC-FFA transporter expression 

between pancreatic islets, adipocytes, hepatocytes and the EndoC-βH1 cell line (Appendix B – 

Supplementary Figure 2).  

In adipocytes and hepatocytes, ACSL1 exhibited very high expression, while ACSL3, ACSL4 and 

ACSL5 showed moderate expression and ACSL6 displayed very low expression (Figure 3.7A and 

3.7B). In ex-vivo pancreatic islets and the immortal EndoC-βH1 cell line (Figure 3.7C and 3.7D), 

ACSL1, 3 and 4 showed high expression, whereas ACSL5 and 6 showed low expression. In 

adipocytes, CAV1 and CAV2 were highly expressed and CAV3 was not expressed (Figure 3.8A). In 

hepatocytes, there was low expression of CAV1 and CAV2, while CAV3 showed no expression at 

all (Figure 3.8B). In both pancreatic islets and the EndoC-βH1 cell line, there was low expression of 

CAV1 and no expression of CAV3 (Figure 3.8C and 3.8D). However, there was moderate expression 

of CAV2 in pancreatic islets (Figure 3.8C) whereas there was low expression in EndoC-βH1 (Figure 

3.8D). In adipocytes, there was a low expression of all FATP family members (Figure 3.9A). In 

hepatocytes, FATP2 and FATP5 were highly expressed, but the other FATP family members showed 
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little to no expression (Figure 3.9B). In both pancreatic islets and the EndoC-βH1, FATP4 was 

identified as highly expressed, while other FATP isoforms exhibited moderate expression (Figure 

3.9C and 3.9D). In adipocytes, FABP4 was found to be highly expressed, with little to no expression 

of the other FABP family members (Figure 3.10A). In hepatocytes, FABP1 was highly expressed, 

with little to no expression of the other FABP family members (Figure 3.10B). There was little to no 

expression of any of the FABP family members in both pancreatic islets and the EndoC-βH1 cell line 

(Figure 3.10C and 3.10D). TBC1D1 and TBC1D4 were found to be moderately expressed in 

adipocytes and hepatocytes (Figure 3.11A and 3.11B). However, TBC1D1 and TBC1D4 were highly 

expressed in pancreatic islets and the EndoC-βH1 cell line (Figure 3.11C and 3.11D). The expression 

of CD36 was found to be extremely high in adipocytes (Figure 3.12). However, there was moderate 

expression of CD36 in hepatocytes, pancreatic islets and the EndoC-βH1 cell line (Figure 3.12). 

Overall, these results illustrate that ex-vivo islets and the immortal EndoC-βH1 cell line exhibit a 

similar pattern of gene expression for all candidate LC-FFA transporters analysed. In contrast, the 

expression pattern of candidate LC-FFA transporters is largely different in ex-vivo adipocytes and 

hepatocytes when compared to pancreatic islets. Highly expressed genes in both islets and EndoC-

βH1 include ACSL1, ACSL3, ACSL4, FATP4, TBC1D1 and TBC1D4. 

 

  



 116 

 

Figure 3.7 The expression profile of the long-chain acyl-CoA synthetase (ACSL) family in 

human adipocytes, hepatocytes, islets and EndoC-βH1 cells. Distribution of transcript expression 

levels of ACSL family members in adipocytes (A), hepatocytes (B), islets (C) and EndoC-βH1 cells 

(D), obtained from combined published bulk RNA-sequencing (RNA-seq) datasets (209, 343, 348, 

349, 350). Each data point shows the expression level of each individual sample. This included a total 

of 33 human adipose tissue, 30 human liver tissue, 56 human pancreatic islets from non-diabetic 

donors and 47 EndoC-βH1 samples. The central line of each box and whisker plot represents the 

median gene expression level, the whiskers represent the minimum and maximum gene expression 

level, and the ends of the boxes represent the upper and lower quartiles. Data was normalised to the 

log2 scale by Dr Patricia Thomas using the DESeq2 package. 
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Figure 3.8 The expression profile of the caveolin (CAV) family in human adipocytes, 

hepatocytes, islets and EndoC-βH1 cells. Box and whisker plots display the distribution of 

transcript expression levels of CAV family members in adipocytes (A), hepatocytes (B), islets (C) 

and EndoC-βH1 cells (D), obtained from combined published bulk RNA-sequencing (RNA-seq) 

datasets (209, 343, 348, 349, 350). Each data point shows the expression level of each individual 

sample. This included a total of 33 human adipose tissue, 30 human liver tissue, 56 human pancreatic 

islets from non-diabetic donors and 47 EndoC-βH1  samples. The central line of each box and whisker 

plot represents the median gene expression level, the whiskers represent the minimum and maximum 

gene expression level, and the ends of the boxes represent the upper and lower quartiles. Data was 

normalised to the log2 scale by Dr Patricia Thomas using the DESeq2 package. 
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Figure 3.9 The expression profile of the fatty acid transport protein (FATP) family in human 

adipocytes, hepatocytes, islets and EndoC-βH1 cells. Box and whisker plots display the distribution 

of transcript expression levels of FATP family members in adipocytes (A), hepatocytes (B), islets (C) 

and EndoC-βH1 cells (D), obtained from combined published bulk RNA-sequencing (RNA-seq) 

datasets (209, 343, 348, 349, 350). Each data point shows the expression level of each individual 

sample. This included a total of 33 human adipose tissue, 30 human liver tissue, 56 human pancreatic 

islets from non-diabetic donors and 47 EndoC-βH1 samples. The central line of each box and whisker 

plot represents the median gene expression level, the whiskers represent the minimum and maximum 

gene expression level, and the ends of the boxes represent the upper and lower quartiles. Data was 

normalised to the log2 scale by Dr Patricia Thomas using the DESeq2 package. 
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Figure 3.10 The expression profile of the fatty acid binding protein (FABP) family in human 

adipocytes, hepatocytes, islets and EndoC-βH1 cells. Box and whisker plots display the distribution 

of transcript expression levels of FABP family members in adipocytes (A), hepatocytes (B), islets 

(C) and EndoC-βH1 cells (D), obtained from combined published bulk RNA-sequencing (RNA-seq) 

datasets (209, 343, 348, 349, 350). Each data point shows the expression level of each individual 

sample. This included a total of 33 human adipose tissue, 30 human liver tissue, 56 human pancreatic 
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islets from non-diabetic donors and 47 EndoC-βH1  samples. The central line of each box and whisker 

plot represents the median gene expression level, the whiskers represent the minimum and maximum 

gene expression level, and the ends of the boxes represent the upper and lower quartiles. Data was 

normalised to the log2 scale by Dr Patricia Thomas using the DESeq2 package. 

 

 

Figure 3.11 The expression profile of TBC1 Domain Family Member 1 (TBC1D1) and 4 

(TBC1D4) in human adipocytes, hepatocytes, islets and EndoC-βH1 cells. Box and whisker plots 

display the distribution of transcript expression levels of ACSL family members in adipocytes (A), 

hepatocytes (B), islets (C) and EndoC-βH1 cells (D), obtained from combined published bulk RNA-

sequencing (RNA-seq) datasets (209, 343, 348, 349, 350). Each data point shows the expression level 

of each individual sample. This included a total of 33 human adipose tissue, 30 human liver tissue, 

56 human pancreatic islets from non-diabetic donors and 47 EndoC-βH1 samples. The central line of 

each box and whisker plot represents the median gene expression level, the whiskers represent the 

minimum and maximum gene expression level, and the ends of the boxes represent the upper and 

lower quartiles. Data was normalised to the log2 scale by Dr Patricia Thomas using the DESeq2 

package. 
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Figure 3.12 The expression profile of cluster of differentiation 36 (CD36) in human adipocytes, 

hepatocytes, islets and EndoC-βH1 cells. Box and whisker plots displaying the distribution of 

transcript expression levels of CD36 in adipocytes, hepatocytes, islets and EndoC-βH1 cells, obtained 

from combined published bulk RNA-sequencing (RNA-seq) datasets (209, 343, 348, 349, 350). Each 

data point shows the expression level of each individual sample. This included a total of 33 human 

adipose tissue, 30 human liver tissue, 56 human pancreatic islets from non-diabetic donors and 47 

EndoC-βH1 samples. The central line represents the median gene expression level, the whiskers 

represent the minimum and maximum gene expression level, the ends of the boxes represent the upper 

and lower quartiles, and the points show the expression level of each individual sample. Data was 

normalised to the log2 scale by Dr Patricia Thomas using DESeq2 and represents a total of 33 human 

adipose tissue samples, 30 human liver tissue samples, 56 human pancreatic islet samples and 47 

EndoC-βH1 samples. 
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3.3.2 Gene expression profile of candidate LC-FFA transporters in the INS-1 cell line 

Constructing the gene expression profile of candidate LC-FFA transporters in the rat INS-1 cell line 

allows the identification of expressed genes. Here, several of the candidate LC-FFA transporters were 

found to be expressed at the RNA level in the immortal INS-1 pancreatic β-cell line (Figure 3.13). 

ACSL1, 3 and 4, showed high expression, while ACSL5 showed low expression and ACSL6 was 

found not to be expressed (Figure 3.13A). Remarkably, no members of the CAV family showed 

expression in this cell line (Figure 3.13B). FATP1, 4 and 5 were expressed at a low level and all other 

members of the FATP family showed no expression (Figure 3.13C). Both TBC1D1 and TBC1D4 

showed little to no expression (Figure 3.13D). No members of the FABP family were found to be 

expressed in this cell line (Figure 3.13E) and, interestingly, CD36 showed low expression (Figure 

3.13F). 
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Figure 3.13 The expression profile of long-chain acyl-CoA synthetase (ACSL), caveolin (CAV), 

fatty acid binding protein (FABP) and fatty acid transport protein (FATP) family members, as 

well as TBC1 Domain Family Member 1 (TBC1D1) and 4 (TBC1D4), and cluster of 

differentiation 36 (CD36) in the INS-1 cell line. Box and whisker plots display the distribution of 

transcript expression levels of ACSL (A), CAV (B), FATP (C), TBC1D1 and TBC1D4 (D), FABP 

(E) and CD36 (F), obtained from a pre-published RNA-sequencing (RNA-seq) dataset (351). The 

central line represents the median gene expression level, the whiskers represent the minimum and 

maximum gene expression level, the ends of the boxes represent the upper and lower quartiles, and 

the points show the expression level of each individual sample. The x-axis shows the candidate LC-

FFA transporter. The y-axis shows the level of gene expression in transcripts per million (TPM). Data 

was obtained from a total of 3 INS-1 samples. 

 

3.3.3 Differentially expressed candidate LC-FFA transporter genes between islets vs. the 

immortal EndoC-βH1 cell line, ex-vivo adipocytes and hepatocytes 

Differential expression analysis was conducted to validate EndoC-βH1 cells as a suitable model of 

human islets to study candidate LC-FFA transporters in future experimental work, by establishing 

which candidate LC-FFA transporter genes were significantly differentially expressed, as well as 

which genes displayed significantly greater or lower expression in EndoC-βH1 cells, adipocytes and 

hepatocytes when compared to pancreatic islets (Table 3.4). MA plots were generated for a visual 

representation of differentially expressed candidate LC-FFA transporters in human pancreatic islets 
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compared with the human-derived EndoC-βH1 cell line (Figure 3.14), as well as ex-vivo human 

adipocytes (Figure 3.15) and hepatocytes (Figure 3.16).  

The expression pattern of candidate LC-FFA transporters was found to be most similar between 

human islets and the EndoC-βH1 cell line than human islets and adipocytes or human islets and 

hepatocytes. However, there was also a significant difference in expression between a selection of 

highly expressed candidate LC-FFA transporters in human islets and the EndoC-βH1 cell line, 

including ACSL1, ACSL3, FATP4 and TBC1D4 (all adjusted p-values<0.001) (Table 3.4). ACSL4 

and TBC1D1 were not differentially expressed between human islets and EndoC-βH1 (adjusted p-

values>0.05). Moreover, CD36 was not differentially expressed between human islets and EndoC-

βH1 (adjusted p-value>0.05). Ultimately, it is determined here that differential gene expression 

analysis supports EndoC-βH1 cells as a suitable model of human islets to study several candidate 

transport proteins, including ACSL4, TBC1D1 and CD36. 
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Table 3.4 Significantly expressed candidate LC-FFA transporters in EndoC-

βH1 cells, adipocytes and hepatocytes compared to pancreatic islets. 

 Greater expression Lower expression No significant difference 

 

EndoC-βH1 

ACSL3, FATP2, 

FATP3, FATP4, 

FABP1, FABP7, FABP8 

and TBC1D4 

ACSL1, ACSL6, 

CAV1, CAV2, FATP1, 

FATP6, FABP2, 

FABP4 and FABP12 

ACSL4, ACSL5, CAV3, 

FABP3, FABP5, FABP6, 

FABP9, FATP5, TBC1D1 

and CD36 

 

Adipocytes 

ACSL1, ACSL4, 

ACSL5, CAV1, CAV2, 

CAV3, FATP1, FATP3, 

FABP1, FABP3, 

FABP4, FABP5, 

FABP8, FABP9, 

TBC1D1 and CD36 

ACSL6, FATP2, 

FATP5, FATP6, FABP2 

and FABP6 

ACSL3, FABP4, FABP12 

and TBC1D4 

 

Hepatocytes 

ACSL1, ACSL3, 

ACSL5, CAV1, CAV2, 

CAV3, FATP3, FATP4, 

FATP5, FABP3, 

FABP4, FABP8 and 

CD36 

FATP6, FABP5, 

FABP6, FABP7 and 

TBC1D4 

ACSL4, ACSL6, FABP1, 

FABP2, FABP9, FABP12, 

FATP1, FATP2 and 

TBC1D1 
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Figure 3.14 Comparison of candidate LC-FFA transporter gene expression in pancreatic islets 

vs the immortal EndoC-BH1 cell line. MA plot, where the x-axis shows the mean expression of 

normalised counts, representative of a total of 56 human pancreatic islet samples from non-diabetic 

donors and 47 EndoC-βH1 samples, and the y-axis represents the log fold change in expression. The 

grey circles represent genes with no significant difference in expression and blue circles represent 

genes that were significantly differentially expressed (adjusted p-values ≤ 0.05) Gene symbols were 

taken from the HUGO Gene Nomenclature Committee (HGNC); PMP2 = FABP8; SLC27A = FATP.  

 

 

 

 

 

 

1e+00 1e+01 1e+02 1e+03 1e+04 1e+05 1e+06 1e+07

−
6

−
4

−
2

0
2

4
6

mean of normalized counts

lo
g

 f
o
ld

 c
h
a

n
g
e

CD36

FABP9

ACSL1

ACSL3

ACSL4

ACSL5

ACSL6

CAV1
CAV2

CAV3

SLC27A1

SLC27A2

SLC27A3 SLC27A4
SLC27A5

SLC27A6

FABP1

FABP2

FABP3

FABP4

FABP5
FABP6

FABP7

PMP2

FABP12

TBC1D1

TBC1D4



 128 

 

Figure 3.15 Comparison of candidate LC-FFA transporter gene expression in ex-vivo 

pancreatic islets vs adipocytes. MA plot, where the x axis shows mean expression of normalised 

counts, representative of a total of 33 human adipose tissue and 56 human pancreatic islet samples 

from non-diabetic donors, and the y axis represents the log fold change in expression. The grey circles 

represent genes with no significant difference in expression and blue circles represent genes that were 

significantly differentially expressed (adjusted p-values ≤ 0.05). Gene symbols were taken from the 

HUGO Gene Nomenclature Committee (HGNC); PMP2 = FABP8; SLC27A = FATP. 
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Figure 3.16 Comparison of candidate LC-FFA transporter gene expression in ex-vivo 

pancreatic islets vs hepatocytes. MA plot, where the x axis shows mean expression of normalised 

counts, representative of a total of 30 human liver tissue and 56 human pancreatic islet samples from 

non-diabetic donors, and the y axis represents the log fold change in expression. The grey circles 

represent genes with no significant difference in expression and blue circles represent genes that were 

significantly differentially expressed (adjusted p-values ≤ 0.05). Gene symbols were taken from the 

HUGO Gene Nomenclature Committee (HGNC); PMP2 = FABP8; SLC27A = FATP. 
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3.4 Discussion 

The primary goal of this chapter was to determine the gene expression levels and which isoforms of 

LC-FFA candidate transport proteins were expressed in human pancreatic β-cells. Next, the 

expression of candidate LC-FFA transporters in different metabolically active mammalian cell types 

was examined. Alongside this, we determined whether the EndoC-βH1 cell line, an immortal human-

derived pancreatic β-cell line, is an appropriate model to study LC-FFA uptake in human β-cells. To 

establish this, the expression of the candidate LC-FFA transport proteins identified in chapter 2 within 

human ex-vivo hepatocytes and adipocytes, as well as the human-derived EndoC-βH1 cell line was 

analysed, then compared with expression in human ex-vivo pancreatic islets. Further, the gene 

expression profile of candidate LC-FFA transporters in the rat INS-1 pancreatic β-cell line was 

constructed. 

3.4.1 Overview of results 

This work has shown that the EndoC-βH1 cell line and human islets exhibit an extremely similar 

gene expression pattern of our candidate LC-FFA transport proteins. Moreover, the gene expression 

pattern of these candidate LC-FFA transport proteins were found to be dissimilar in different human 

tissue types when compared to pancreatic islets. Taken together, these findings suggest that the 

EndoC-βH1 cell line is a valid model for LC-FFA uptake in human pancreatic β-cells. These results 

may also partially explain the conflicting results investigating LC-FFA transport proteins within 

previous literature. Further, several candidate LC-FFA transporters were found to be expressed in the 

INS-1 cell line. 

3.4.2 Candidate LC-FFA transporters in pancreatic β-cells 

To the best of my knowledge, as highlighted in Chapter 2, little is known about LC-FFA candidate 

transport proteins in pancreatic β-cells. Thus, the main aim of this study was to identify which 

candidate LC-FFA transporters are expressed in pancreatic β-cells, as well as which specific 
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isoform(s). Next, this study sought to determine whether data regarding candidate LC-FFA 

transporters from other (more well-characterised) cell types could be extrapolated to pancreatic β-

cells.   

In this work, several highly expressed genes were identified in both pancreatic islets and the EndoC-

βH1 pancreatic β-cell line, including ACSL1, ACSL3, ACSL4, FATP4, TBC1D1 and TBC1D4. 

These genes were also expressed in the rat-derived INS-1 pancreatic β-cell line. The expression 

profile in human adipocytes and hepatocytes were markedly different to human islets. 

3.4.2.1 ACSL1, ACSL3 and ACSL4 are highly expressed in pancreatic β-cells 

Members of the ACSL family have been suggested to contribute towards LC-FFA uptake, possibly 

via vectorial acylation (202). Vectorial acylation involves the conversion of LC-FFA to a plasma 

membrane-impermeable form, through the intrinsic enzymatic activity of ACSLs, to trap the LC-

FFAs within the cell (202, 212). In the study conducted here, high expression of several ACSL 

isoforms was identified in human ex-vivo pancreatic islets. Analogous to these findings, Ansari et al. 

(366) recently identified ACSL3 and ACSL4 mRNA and protein expression in pancreatic islets and 

the INS-1 832/13 cell line. Moreover, elevated ACSL1 mRNA expression has previously been 

identified in pancreatic islets (350) and INS-1 832/13 (366), a subclone of the INS-1 cell line, and 

has recently been reported to be significantly upregulated in response to treatment with C16:0 (a LC-

SFA) in pancreatic islets (350). In summary, a high expression of several ACSL isoforms was 

observed in human pancreatic islets, which agrees with previous reports. Future research should 

investigate the expression of the role of the isoforms in LC-FFA transport in human β-cells. 

Conversely, it was discovered here that only ACSL1 is highly expressed in both ex-vivo adipocytes 

and hepatocytes, whereas other family members show low to moderate expression. These results are 

consistent with previous reports that have identified high ACSL1 protein expression in adipocytes 
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(202, 367) and high ACSL1 mRNA expression in hepatocytes (368). Collectively, these results 

indicate that ACSL1 is highly expressed across a range of human cell types, including pancreatic 

islets, adipocytes, and hepatocytes, suggesting that this gene is an important component of 

metabolically active cell types. Further, this study has shown that ACSL isoforms show cell-type 

specificity, which is consistent with previous reports (369). The substrate specificity of ACSL 

isoforms has been reported to vary in different cell types, for example, many reports (366, 370, 371, 

372, 373) have suggested that ACSL3 and ACSL4 demonstrate a preference for unsaturated fatty 

acids as substrates, while isoforms ACSL1, ACSL5 and ACSL6 prefer saturated fatty acids as 

substrates. Thus, if ACSL isoforms contribute towards LC-FFA uptake via vectorial acylation, this 

mechanism may facilitate the transport of different types of LC-FFAs (i.e., saturated vs unsaturated) 

in different cell types. As such, the results of studies investigating the role of the ACSL family 

members in LC-FFA uptake in other metabolically active cell types cannot be used to deduce the 

function of ACSL isoforms in pancreatic β-cells. 

3.4.2.2 FATP4 is highly expressed in pancreatic β-cells 

As discussed in section 2.4.2, members of the FATP family have been suggested to transport LC-

FFA across the plasma membrane via a direct transport mechanism, or their intrinsic enzymatic 

activity (i.e., vectorial acylation). In the study conducted within this chapter, a high level of 

expression of FATP4 was identified in pancreatic islets and the human pancreatic β-cell line EndoC-

βH1. Moreover, in the rat INS-1 pancreatic β-cell line, Fatp4 was highly expressed in comparison to 

other Fatp family members. Fitscher et al. (374) have also demonstrated that FATP4 is expressed in 

the human pancreas, which supports these results. However, very little research has investigated the 

expression nor function of FATP4 in pancreatic β-cells. 

Previous studies have shown FATP2 to be primarily expressed in the liver and kidneys (307), while 

FATP5 is thought to be expressed exclusively in the liver (307, 375). Observations made here also 
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found a high level of expression of FATP5 and FATP2 in ex-vivo hepatocytes, which is consistent 

with these studies.  

Surprisingly, in adipocytes, no FATP family members were expressed at a high level. This was 

particularly unexpected considering the number of publications identified within this thesis (chapter 

2) that support the role of FATP1 in LC-FFA uptake in adipocytes. There are several possible 

explanations for this observation. First, it has been reported that the expression levels of FATP1 might 

be affected by insulin levels in adipocytes. FATP1 is reported to contain an insulin response sequence, 

and insulin has been shown to reduce FATP1 transcript levels in white adipose tissue (376, 377). In 

this study, the retrieved pre-published data for adipocytes (Appendix – Supplementary Table 2) did 

not provide a history of diabetes or the diabetes status (haemoglobin A1c (HbA1c) test) for the 

donors; high levels of insulin in a patient with diabetes could possibly result in the reduced expression 

level of FATP1. Secondly, nutrient depletion has been reported to upregulate FATP1 levels in murine 

3T3-L1 adipocytes (377), which is the model primarily used to study LC-FFA uptake in adipocytes 

(Appendix A – Supplementary Table 1). Pre-published data collected here for adipocytes did not 

provide the BMI of all donors (Appendix B – Supplementary Table 2); if the donors were obese, they 

would have had nutrient overload and subsequently a potential downregulation of FATP1. 

Remarkably, Man et al. (377) reported that, in 3T3-L1 adipocytes, FATP1 mRNA increases 11-fold 

above control level following a 48h fast, then declines to control level after refeeding for 72h. 

Therefore, nutrient control should be considered when investigating the expression of isoforms of the 

FATP family and their role in LC-FFA uptake. Moreover, disparities in these results could be due to 

the model used, as the 3T3-L1 cell line is a mouse cell line, whereas the results found here are in ex-

vivo human adipocytes. Collectively, these results imply that the role of the FATP isoforms cannot 

be directly extrapolated from different cell types to pancreatic β-cells.  
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3.4.2.3 TBC1D1 and TBC1D4 are highly expressed in pancreatic β-cells 

Previous reports have suggested that TBC1D1 and TBC1D4 may act as negative regulators of LC-

FFA uptake, potentially via inhibiting the translocation of FATP4 or CD36 to the plasma membrane 

(238, 241). Here, it was established that both TBC1D1 and TBC1D4 are highly expressed in 

pancreatic islets and the EndoC-βH1 pancreatic β-cell line. Both TBC1D1 and TBC1D4 were also 

expressed in the rat INS-1 pancreatic β-cell line. This is consistent with previous reports that TBC1D1 

and TBC1D4 are expressed at the mRNA level in human pancreatic β-cells (378, 379). On the other 

hand, we identified low to moderate expression of TBC1D1 and TBC1D4 in adipocytes and 

hepatocytes. Previous publications (380, 381, 382) have reported that TBC1D1 is expressed at low 

levels in adipocytes and hepatocytes, consistent with the results observed here. Moreover, Moltke et 

al. (383) reported that TBC1D4 is expressed in human liver tissue, to a lower degree than in pancreatic 

islets, which agrees with the results in this study. However, the same study identified a higher level 

of expression of TBC1D4 in human adipose tissue when compared to pancreatic islets, which is not 

observed here. This could be due to several factors, including heterogeneity between sample 

populations, biases introduced during construction of the cDNA library and sequence alignment (e.g., 

heterogeneity between sample populations or differences in experimental procedures), or different 

read depths (i.e., the number of times each nucleotide base was sequenced) (384). Taken together, 

these results imply that the role of TBC1D1 and TBC1D4 is cell-type specific, therefore, 

investigations into the function of TBC1D1 and TBC1D4 in LC-FFA uptake should account for this.  

3.4.2.4 CD36 is moderately expressed in pancreatic β-cells 

To date, a wealth of literature supports CD36 as a candidate LC-FFA transport protein. The work 

conducted here has identified a high expression of CD36 in adipocytes, which parallels the results 

found in previous studies, where this protein was found to facilitate LC-FFA uptake in all almost all 

studies using this cell type (section 2.3.2). Comparatively, a moderate expression of CD36 is observed 
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in the study conducted here in hepatocytes. This coincides with the observations of a case control 

study (284), which compared LC-FFA uptake in a range of cells from individuals with sufficient and 

deficient levels of CD36. Hames et al. (284) reported that CD36 facilitates transport in adipocytes, 

myocytes and cardiomyocytes, but that it does not facilitate LC-FFA uptake in hepatocytes, which 

suggests that the role of CD36 is cell-type specific. Intriguingly, CD36 showed moderate expression 

in human islets and the EndoC-βH1 cell line. However, it should be noted that the expression of CD36 

in pancreatic β-cells was evidently less than in adipocytes. Taken together, these findings suggest that 

the role of CD36 in other cell types should not be directly extrapolated to pancreatic β-cells. Due to 

the vast amount of literature supporting CD36 as a candidate LC-FFA transporter (as outlined in 

chapter 2), further research should investigate the expression of CD36 at protein level in pancreatic 

β-cells to gain additional insight into the role of CD36 in this cell type, specifically.  

As outlined in chapter 2 of this thesis, many studies investigating the role of CD36 in LC-FFA uptake 

use rat models. The rat ortholog of CD36 was initially discovered as a fatty acid translocase (FAT) 

(230) and shows 75% amino acid identity with human CD36 (385). Here, gene expression of Cd36 

was identified in the INS-1 cell line, a rat insulinoma cell line. Intriguingly, the transcript for Cd36 

flagged as ‘Ensembl Canonical’, a label given to the most conserved and highly expressed transcript, 

did not show expression in the transcript counts table generated here. Rather, an alternative transcript 

(ENSRNOT00000008319) was used at this was the only transcript available for Cd36 which showed 

expression. These different transcripts for Cd36 arise through alternative splicing events (386). As 

such, the transcript for Cd36 identified here does not have a great deal of evidence of functional 

potential in comparison to the transcript flagged as ‘Ensembl Canonical’. Thus, although this study 

has identified the expression of a Cd36 transcript in rodent INS-1 cells, the resultant protein may 

function differently, and therefore may have a different effect on LC-FFA transport when compared 
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to the protein that arises from the most highly conserved transcript. These results should be considered 

in functional studies for Cd36 in the rodent INS-1 cell line.  

3.4.3 The immortal EndoC-βH1 cell line appears to be a suitable cell line to study candidate 

LC-FFA transporters 

One of the main obstacles this study aimed to overcome is the difficulty in obtaining samples of ex-

vivo pancreatic β-cells, by finding a suitable in vitro model for LC-FFA uptake that would mimic the 

physiological process. We chose to assess the EndoC-βH1 cell line, a human cell line, as previous 

findings (387) support it as a valid model of human β-cells.  

To identify whether highly expressed candidate LC-FFA transporter RNA, as well as CD36 (which 

was expressed at a moderate level), in pancreatic islets was statistically similar to EndoC-βH1, a 

differential gene expression analysis was used. Albeit highly expressed in both human islets and 

EndoC-βH1 cells, four of the candidate LC-FFA transporters were differentially expressed (ACSL1, 

ACSL3, FATP4 and TBC1D4). Ryaboshapkina et al (388) suggest that discrepancies in transcript 

expression between EndoC-βH1 cells and adult human β-cells are due to the greater proliferation rate 

of EndoC-βH1 cells, which may explain the differential expression of candidate LC-FFA transporters 

observed here. Future work should investigate candidate LC-FFA transporter expression in the 

conditionally immortalised pancreatic β-cell lines, EndoC-βH2 or EndoC-βH3, which proliferate at a 

much lower rate than EndoC-βH1 cells and are, therefore, more similar to human β-cells in-vivo (389, 

390). Further, the difference in expression between EndoC-βH1 cells and pancreatic islets should be 

taken into consideration in future experimental work. The remainder of these highly expressed 

candidate LC-FFA transporters (along with CD36) showed a statistically similar level of expression 

between human islets and EndoC-βH1 cells. In summary, the results of this study imply that the 

EndoC-βH1 cell line may be a suitable model to study candidate LC-FFA transporters, however, 

further investigations are required to consolidate these findings.  
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This study is not the first to demonstrate that EndoC-βH1 cells are a physiologically relevant cell line 

for human β-cells. Tsonkova et al. (387) transplanted two million EndoC-βH1 cells into diabetic mice 

to validate in-vivo functionality of the cell line. Six weeks post-transplantation, the cells were able to 

produce sufficient insulin to restore glucose levels to normal, which provides good evidence that the 

EndoC-βH1 cell line is functional. In support of this, other studies have shown similar results in terms 

of the analogy of the cell line to human islets, including comparable electrophysiological properties, 

such as voltage-gated ion channels (391), and similar responses to glucose (193). It has also been 

noted that, at the transcriptional level, the EndoC-βH1 cell line is more akin to adult than to foetal 

human β-cells (391), which is where EndoC-βH1 cells are derived from (193). However, EndoC-βH1 

cells have been reported to display a different response to cytokines than human islets (392), so 

perhaps not all physiological processes can be recapitulated in this cell line. Seemingly, this work is 

the first to report that the EndoC-βH1 cell line may be a valid model of LC-FFA uptake in human 

pancreatic β-cells.  

In summary, EndoC-βH1 cells may be a suitable model to study the role of candidate LC-FFA 

transporters. However, future studies investigating ACSL1, ACSL3, FATP4 and TBC1D4 in EndoC-

βH1 cells should consider that these genes were differentially expressed. 

3.4.4 Limitations 

Limitations of this study are associated with the restricted information obtained from analysing gene 

expression (as opposed to protein expression), the use of bulk RNA-seq rather than scRNA-seq, 

differentially expressed genes between pancreatic islets and the EndoC- βH1 cell line, and the 

difficulties associated with interspecies gene expression analysis.  

First, genome-wide association between mRNA and protein expression levels are infamously poor, 

with only around 40% explanatory power, typically due to additional levels of regulation between 
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transcript and protein product (357). Thus, this analysis only gives an indication of the potential 

candidate LC-FFA transport protein expression. Additionally, this study uses pre-published bulk 

RNA-seq data to analyse gene expression in human islets, which prevents differentiation between the 

specific cell types which make up the islet (-cells, -cells, PP-cells, and β-cells). Despite this 

limitation of bulk RNA-seq, this technique was utilised in the present study because, to the best of 

our knowledge, there is no published scRNA-seq data using the EndoC-βH1 cell line. Moreover, it 

would be challenging to compare scRNA-seq data of human β-cells to bulk RNA-seq data using the 

EndoC-βH1 cell line due to the differences in the amplification process of genes; there is a large gene 

amplification in bulk RNA-seq and a comparatively lower signal for scRNA-seq (393). While this 

presents a flaw in the study design, the majority (~70%) of islets is composed of β-cells (394), which 

suggests that the gene expression observed in whole-islet samples is likely to be observed in β-cells 

alone.  

This study used differential gene expression analysis to establish whether the genes for our candidate 

LC-FFA transporters were expressed at different levels in ex-vivo pancreatic islets compared to other 

metabolically active human tissue types (i.e., hepatocytes and adipocytes) and the immortal EndoC-

βH1 cell line. Using this analysis, many of the highly expressed candidate LC-FFA transporters 

(ACSL1, ACSL3, FATP4, and TBC1D4) were shown to be differentially expressed between 

pancreatic islets and the EndoC-βH1 cell line. This study analysed the expression of 47 different 

EndoC-βH1 samples, taken from two different publications (343, 349). Recently, Ben-David et al. 

(395) reported that cancer cell lines, which are generally considered to be clonal, exhibit a high degree 

of genetic heterogeneity. This heterogeneity may result from the presence of new genetic variants or 

changes in the abundance of pre-existing subclones, possibly due to selection of genes by specific 

conditions (e.g., growth medium) (395). Therefore, as the EndoC-βH1 cell line expresses the 

oncoprotein, SV40LT (396), genomic evolution may result in a high magnitude of variation across 
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cell line strains, which might account for differentially expressed genes in human islets and EndoC-

βH1 cells. However, owing to the observation made here that several candidate LC-FFA transporters 

(ACSL1, ACSL3, ACSL4, FATP4, TBC1D1 and TBC1D4) are highly expressed in both human 

pancreatic islets and EndoC-βH1 cells (section 3.3.1), it can be determined here that the EndoC-βH1 

cell line may be a suitable model to study LC-FFA uptake.  

As previously discussed in section 2.1.4, rodent pancreatic β-cells have differences when compared 

to human β-cells, including islet composition, glucose transporters, expression of genes for insulin 

and the routing of LC-SFA. This raises questions as to whether rodent β-cells provide a suitable model 

for studying LC-FFA uptake. The rat INS-1 cell line, is considered an appropriate model for glucose-

stimulated insulin secretion (397, 398),  which is the primary function of pancreatic β-cells (399). 

However, to the best of our knowledge, no studies have investigated whether the INS-1 cell line is a 

physiologically relevant model to study LC-FFA uptake. Comparing the expression levels of 

candidate LC-FFA transport proteins between the rat INS-1 cell line and human cell types might 

provide further insight into this. However, it was not possible to conduct such an experiment due to 

the challenges associated with interspecies comparisons of gene expression. These challenges include 

differences in the genome, and thus differences in the transcriptomes between the human and rat 

(400). For example, although genes from different species might have a shared common ancestry 

(orthologs), they might not be entirely analogous, since gene duplications following speciation may 

have resulted in the development of one or more extra gene copies (in-paralogs) (400). Therefore, 

data from all genes, including orthologs and paralogues, must be considered for interspecies 

comparisons of gene expression. Future studies might consider using a method by Kristiansson et al. 

(400) to analyse differentially expressed candidate LC-FFA transporter genes between rat and human, 

as this technique was devised to overcome the limitations of interspecies gene expression analysis. 
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This might provide further insight into the suitability of the rat INS-1 cell line as a model for LC-

FFA uptake in pancreatic β-cells. 

3.4.5 Summary 

In summary, ACSL1, ACSL3, ACSL4, FATP4, TBC1D1 and TBC1D4 were identified as the most 

highly expressed candidate LC-FFA transporters in human β-cells and islets. We have also 

determined here that the EndoC-βH1 cell line may be a suitable model for human islets when 

investigating LC-FFA candidate transport proteins. Moreover, the gene expression of LC-FFA 

candidate transport proteins varies between adipocytes and hepatocytes when compared to pancreatic 

islets. Future work should aim to validate these findings at protein level, which can be achieved using 

immunocytochemistry to detect and visualise candidate LC-FFA transporters in human pancreatic β-

cells.  
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Chapter 4 

Using experimental techniques to investigate long-chain fatty acid transport in the rat INS-1 

832/13 and the human EndoC-βH1 cell lines 
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4.1 Introduction 

As discussed in chapter 2, there is a wealth of evidence supporting a role for proteins in LC-FFA 

uptake. However, there is very little evidence for a role for these proteins in pancreatic β-cells, 

specifically. In chapter 3, the gene expression of several candidate LC-FFA transporters was 

identified in pancreatic islets and the human-derived EndoC-βH1 pancreatic β-cell line. Moreover, it 

was also shown that EndoC-βH1 may a suitable model to study LC-FFA uptake in-vivo (chapter 3). 

As outlined in section 1.7, there is evidence to suggest that an increased circulating concentration of 

LC-SFAs, particularly the LC-SFA C16:0, is associated with the death and dysfunction of pancreatic 

β-cells, via a process known as lipotoxicity (38, 123). Characterising the mechanism of LC-SFA 

uptake in β-cells will enable the production of therapeutics to control their entry, thereby possibly 

decelerating or inhibiting the progression of T2D. Thus, the next aim of this study was to investigate 

protein-mediated LC-SFA uptake in the EndoC-βH1 pancreatic β-cell line, to model LC-SFA uptake 

into in-vivo pancreatic β-cells. A recent study by Hao et al. (219) suggests that LC-FFA uptake is 

facilitated by CD36-mediated caveolar endocytosis in adipocytes. To investigate this theory in 

pancreatic β-cells, a potent dynamin inhibitor (Dyngo-4a) was applied to EndoC-βH1 cells, to inhibit 

dynamin-dependent endocytosis (including caveolae-mediated endocytosis) (218, 401). In this way, 

it could be identified whether the uptake of C16:0 into β-cells is mediated by dynamin-dependent 

endocytosis.  

In addition to the evidence supporting a role for a protein-mediated mechanism in the cellular uptake 

of LC-FFA, there is also evidence to support a role for passive diffusion that should not be 

overlooked. In the passive diffusion model of LC-FFA uptake, it is thought that LC-FFAs can cross 

the plasma membrane without the support of proteins (184). Evidence to support a passive diffusion 

mechanism for the uptake of LC-FFAs includes 1) physics-based models (i.e., the Meyer-Overton 

rule) (186), 2) the ionisation properties of LC-FFAs (187) and 3) LC-SFA can enter giant unilamellar 



 143 

vesicles (GUVs) via simple diffusion (unpublished data from Thomas et al. (402)). GUVs are simple 

model membranes that are of a similar size to human cells (approximately 1-100μm in diameter) and 

contain no proteins (403). Indeed, the composition of the plasma membrane of GUVs is not akin to 

the complexity of the pancreatic β-cell membrane. Therefore, it is important to validate this 

mechanism of simple diffusion of LC-SFA in pancreatic β-cells, to gain a better understanding of the 

mechanism of LC-FFA uptake in-vivo. However, it would be technically challenging to remove all 

proteins from the β-cell membrane and the cell would not survive. Instead, we suggest that the most 

appropriate solution to investigate the role of passive diffusion in LC-SFA uptake is to manipulate 

the lipid order of the plasma membrane. Seemingly, there are three main lipid phases of the plasma 

membrane: 1) solid gel (Lβ), 2) liquid ordered (Lo) and 3) liquid disordered (Ld) (404). Thus, this 

chapter also aimed to modify the overall lipid phase of the membrane of human pancreatic β-cells to 

determine whether this will change the acute uptake of LC-SFA. This will provide further insight into 

the mechanism of LC-SFA uptake by pancreatic β-cells. For instance, this study may offer additional 

evidence for passive diffusion, or it might imply that candidate LC-FFA transport proteins are 

involved in uptake, and that the lipid order of the membrane is an important factor that influences 

protein interactions for facilitating LC-FFA uptake. 

4.1.1 Finding the rate of LC-FFA uptake 

Finding the initial rate of uptake of the LC-FFA is seemingly the main model used to discriminate 

between simple diffusion and facilitated transport (207). This model is used in accordance with Fick’s 

law of simple diffusion, which implies that the rate of diffusion increases linearly as the concentration 

of the substance (i.e., LC-FFA) increases (405). Further, this model is used in agreement with 

Michaelis-Menten saturation kinetics (207, 406), which suggests that proteins become saturated at 

high concentrations of a substance and diffusion will taper off in facilitated transport. Over 40 years 

ago, Abumrad et al. (207) determined that the initial rate of uptake of the LC-MUFA, C18:1, into 
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adipocytes is a protein-facilitated process when the concentrations of C18:1 are low, although at high 

concentrations of C18:1, uptake is seemingly via passive diffusion. Saturable uptake has also been 

reported for the LC-SFA, C16:0, in giant sarcolemmal vesicles (204), suggesting that both saturated 

and unsaturated LC-FFAs are transported across the plasma membrane via facilitated diffusion. 

However, as outlined in chapters 2 and 3, it is likely that the mechanism of LC-FFA uptake is different 

in different cell types. Therefore, it is important to determine the rate of LC-FFA uptake in pancreatic 

β-cells, specifically, as this will provide further insight into whether LC-FFA transport across the 

membrane of these cells using simple diffusion or a protein-mediated mechanism. 

4.1.2 Phases of the lipid membrane 

The role of passive diffusion in LC-SFA uptake can be investigated by manipulating the lipid order 

of the plasma membrane. Figure 4.1 illustrates the three main lipid phases of the membrane. In the 

Lβ phase, fatty acid chains of phospholipids are tightly packed, resulting in their low lateral mobility 

(404, 407). The Lo phase is like the Lβ phase in that the fatty acyl chains in the membrane are extended 

and ordered (i.e., tightly packed together), however, the two can be distinguished by a greater lateral 

mobility of the lipids in the Lo phase (407). Moreover, in the Lo phase, the hydroxy groups of 

cholesterol molecules associate with the polar head groups of phospholipid molecules, resulting in a 

reduced lateral mobility (404). On the other hand, in the Ld phase, the fatty acid chains of 

phospholipids are fluid and disordered (i.e., not tightly packed together) (404, 408). Additionally, in 

the Ld phase, the headgroup region of the phospholipids in the membrane are more hydrated than in 

the Lo phase (408), which means that there are a greater number of water molecules associated with 

the headgroup region of phospholipids in the Ld phase. Several factors can influence the lipid phase 

of the membrane, including temperature (409), cholesterol content (410), as well as the type of FFA 

and/or ratio of different FFAs in the membrane (411). It is out of the scope of this thesis to discuss 

all these factors; instead, this work focuses on the influence of FFAs on membrane fluidity. Moreover, 
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different lipid phases of the membrane may regulate the permeability of the membrane to certain 

substances (412). 

 

Figure 4.1 The main lipid phases of the membrane are solid gel (Lβ), liquid ordered (Lo) and 

liquid disordered (Ld) (404). Figure adapted from Barba-Bon et al (413) . 

 

4.1.2.1 The effect of FFAs on membrane fluidity 

The lipid composition of the plasma membrane is thought to regulate its physicochemical properties, 

including structure, fluidity and permeability (414). Further, such properties of the plasma membrane 

seemingly regulate protein functions, including protein-membrane interactions, enzyme activity and 

receptor binding (414, 415, 416). Fatty acids are constituents of the lipids within the cell membrane 

(417), mainly constituting phospholipids and cholesterol esters (414), although a small fraction 

(approximately 0.3-10% of total membrane lipids) are present in their free (non-esterified) form (411, 

414). Phospholipids, which are components of the phospholipid bilayer, consist of two chains fatty 

acids (either saturated or unsaturated or both) which are linked to the phosphatidyl group (411), 

whereas cholesterol esters consist of cholesterol joined by an ester bond to a fatty acid (418). There 

is evidence (417, 419) to suggest that fatty acids, in their free form or following their incorporation 

into phospholipids or cholesterol esters, influence the physical properties of the plasma membrane. 

Several factors have been named to influence the order of the plasma membrane (i.e., how fluid or 
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rigid it is), including the degree of saturation of FFAs and the ratio of FFAs in the membrane (411). 

Fatty acid chain length has also been suggested to influence membrane order; however, most studies 

(420, 421) have used bacterial membranes to investigate this, so the impact of fatty acid chain length 

will not be discussed further in this thesis. 

The degree of saturation of the FFA is thought to alter membrane fluidity, such that saturated FFAs 

make the membrane more rigid (i.e., towards the Lo phase) whereas unsaturated FFAs increase 

membrane fluidity (i.e., towards the Ld phase) (411). Thus, the ratio of saturated to unsaturated FFA 

in the membrane can be said to influence membrane fluidity. For example, the incorporation of the 

LC-MUFA, C18:1, or the unsaturated fatty acid, α-linolenic acid, to the membrane have been reported 

to increase the membrane fluidity, whereas the addition of the LC-SFA, C18:0, results in reduced 

fluidity in model cholesterol/phospholipid membranes (411). Moreover, the work of Koike et al. 

(422) has demonstrated that an increased ratio of saturated to unsaturated fatty acids is associated 

with reduced membrane fluidity in human and mouse fibroblasts. The differing effects of saturated 

vs unsaturated FFA on membrane order is supposedly due to the geometry of these molecules, where 

an increase in the number of double bonds (in the cis configuration) results in a more “bent” 

hydrocarbon chain, whereas a completely saturated FFA (e.g., C18:0 or C16:0) has a fully extended 

chain that resembles a rod (411). The bent shape of unsaturated hydrocarbons (e.g., C18:1) results in 

an increased distance between FFAs in the membrane, preventing them from packing tightly together, 

thereby increasing membrane fluidity (411). Taken together, it can be inferred that saturated and 

unsaturated FFA exert opposing effects on the fluidity of the phospholipid membrane. Hence, 

modification of the lipid phase of the phospholipid membrane could be achieved by varying the ratio 

of saturated to unsaturated FFA that cells are exposed to. 

It is important to determine membrane fluidity because a change in membrane fluidity can affect the 

physicochemical properties of the cell and thus could influence LC-FFA uptake. An increase in 
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rigidity (increase in order) of the membrane is thought to result in reduced flexibility and increased 

fragility of the membrane (411), however, an increase in fluidity (increase in disorder) of the 

membrane can render the cells more vulnerable to osmotic lysis (423). Moreover, there is the potential 

that a change in lipid order might regulate membrane permeability to certain substances (as discussed 

in section 4.1.2.2), which could include LC-FFAs. Therefore, it is vital that the cell maintains a 

desirable membrane order (e.g., via regulating the quantity of saturated and unsaturated fatty acid 

chains in the membrane) in order to efficiently regulate the physicochemical properties of the 

membrane (411).  

4.1.2.2 The impact of membrane fluidity on membrane permeability 

It has been proposed that the fluidity of the membrane can influence the permeability of the 

membrane. The fluidity of the membrane might alter the uptake of substances by passive diffusion 

(412) or influence membrane protein dynamics (424), thereby disrupting the function of proteins 

involved in the transport of substances across the plasma membrane. As such, the uptake of LC-FFAs 

into pancreatic β-cells, should this process be via passive diffusion and/or facilitated by proteins, 

could be altered by a change in membrane fluidity. 

Previous studies (412, 425) have determined that membrane fluidity regulates the passive diffusion 

of substances, including water, oxygen, methanoic acid and glycerol. It is generally thought that the 

permeability of the membrane is reduced for various molecules in the Lo phase (more rigid), when 

compared to the Ld phase (more fluid) (412). For instance, simulation-based research (i.e., research 

that uses an artificial membrane to mimic the lipid membrane) has suggested that the permeabilities 

of oxygen and water are 3- and 7-fold lower, respectively, in the Lo phase when compared to the Ld 

phase (412). Recently, one simulation-based study reported that the transition from the Ld phase to 

the Lβ phase dramatically reduces membrane permeability of water (by 200-fold) and for both 

methanoic acid and glycerol (by 2000-fold) (425). Collectively, this evidence raises questions as to 
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whether a change in the overall lipid phase of the membrane might alter the uptake, by passive 

diffusion, of other substances (e.g., LC-FFAs) into cells.  

The function of membrane proteins (e.g., ion channels, receptors and transporters) may also be 

influenced by membrane fluidity (424). Thus, any process that depends on the function of such 

proteins, including transmembrane transport, may be affected by membrane fluidity (424). The recent 

work of Stieger et al. (426) suggests that membrane lipids regulate the activity of transport proteins 

within the membrane in two ways: 1) lipids are tightly bound to protein transporters, and 2) via the 

overall lipid composition within the membrane. For example, membrane lipids might interact with 

clefts found on the surface of the protein transporter, either between transmembrane helices or on 

hydrophobic surfaces of the protein (426). Alternatively, lipids might interact with protein 

transporters from a distance, which can be observed as an altered ratio of lipids to proteins within the 

membrane (427). A change in membrane lipid composition is also expected to change the fluidity of 

the membrane (as outlined in section 4.1.2), therefore, a change in membrane fluidity could alter 

these lipid-protein interactions and affect the function of membrane transporter proteins. Taken 

together, this evidence could imply that a change in membrane fluidity could interfere with the 

function of candidate LC-FFA transport proteins, and thus alter LC-FFA uptake. 

4.1.3 Aims and objectives 

There is a wealth of evidence implicating a role for passive diffusion (section 1.8.1), as well as a role 

for proteins (section 1.8.2) in LC-SFA uptake. Thus, it was hypothesised here that LC-SFA uptake 

into human pancreatic β-cells may involve both passive diffusion and a protein-mediated process. 

The aims and objectives of this chapter were, therefore: 
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Aims: 

1) To examine whether acute LC-SFA uptake into human pancreatic β-cells is a passive and/or 

protein-facilitated process 

2) To investigate the role of dynamin-mediated endocytosis in acute LC-SFA uptake 

3) To investigate the role of the lipid phase of the membrane in acute LC-SFA uptake 

Objectives: 

A. Determine the rate of acute uptake of LC-SFA by INS-1 832/13 and EndoC-βH1 cells (aim 

#1) 

B. Establish the rate of acute LC-SFA uptake in INS-1 832/13 and EndoC-βH1 cells in the 

presence of an inhibitor of dynamin (aim #2) 

C. Establish the lipid phase of INS-1 832/13 and EndoC-βH1 cells with no LC-FFA treatment 

(aim #3) 

D. Culture INS-1 832/13 and EndoC-βH1 cells in varying LC-SFA:LC-MUFA ratios and 

determine the lipid phase of the membrane (aim #3) 

E. Measure the rate of acute LC-SFA uptake in EndoC-βH1 cells cultured in varying LC-

SFA:LC-MUFA ratios (aim #3) 

4.2 Materials and methods 

4.2.1 Source of reagents 

The sources of all reagents are listed in Table 4.1 
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Table 4.1 Sources of reagents 

Processes Reagent with manufacturer 

Cell culture Foetal Bovine serum (FBS) (Life Technologies); 

L-glutamine (Life Technologies); 

Penicillin-streptomycin (Gibco); 

HEPES (Merck); 

Sodium pyruvate (Gibco); 

β-mercaptoethanol (Sigma-Alderich); 

Low glucose Dulbecco’s Modified Eagles Medium (DMEM) (Gibco); 

Extracellular matrix (ECM) (Merck); 

Fibronectin (Merck); 

Bovine serum albumin fraction V (BSA) (Merck); 

Phosphate buffered saline (PBS) (Gibco); 

RPMI-1640 (Life Technologies); 

Nicotinamide (VWR); 

Transferrin (Sigma-Alderich); 

Sodium selenite (Sigma-Alderich); 

0.05% Trypsin (v/v) 0.53mM EDTA (Life Technologies) 

Fatty acids All fatty acids were purchased from Sigma-Alderich  
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pHrodo assay pHrodo Green AM Intracellular pH Indicator (ThermoFisher Scientific) 

pHrodo Red AM Intracellular pH Indicator (ThermoFisher Scientific) 

Laurdan assay Laurdan dye (Cambridge BioScience) 

 

4.2.2 Cell lines 

Two different immortalised clonal β-cell lines were used in this study: the rat INS-1 832/13 and the 

human-derived EndoC-βH1. The rat pancreatic β-cell line, INS-1, was originally established from 

cells that were derived from an x-ray-induced rat insulinoma (399). The continuous growth of this 

cell line requires β-mercaptoethanol (399). Hohmeier et al. (398) introduced a human proinsulin gene 

into the INS-1 cell line to amplify the responsiveness of the cells to glucose, thus producing the INS-

1 832/13 cell line. The human-derived pancreatic β-cell line, EndoC-βH1, was generated using 

targeted oncogenesis of human foetal tissue (396). Briefly, this involved the transduction of human 

foetal pancreatic buds with a lentiviral vector encoding large T antigen of simian virus 40 (SV40LT), 

which is an oncoprotein (396). The transduced pancreatic buds were then grafted (implanted) into 

mice to enable their development into mature pancreatic tissue. As the expression of the oncoprotein, 

SV40LT, was controlled by the insulin promoter, this promoted the proliferation of the human β-

cells, forming insulinomas. Subsequently, the β-cells were transfected with human telomerase reverse 

transcriptase (hTERT), to generate an immortalised cell line, then expanded in vitro (396). The INS-

1 and EndoC-βH1 cell lines have both been reported to secrete insulin, as demonstrated by Thomas 

et al. (428), and express β-cell specific markers, including PDX1 and NKX6-1 (429, 430). 
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4.2.2.1 Cell culture conditions 

The INS-1 832/13 cell line was cultured in RPMI-1640 medium containing 11mM glucose, which 

was supplemented with 10% (v/v) foetal bovine serum, 2mM L-glutamine, 100ug/ml streptomycin, 

100U/ml penicillin, 10mM HEPES, 1mM sodium pyruvate and 50 mM/L β-mercaptoethanol. 

Supplemental reagents were added to facilitate growth. Cells were cultured in complete medium 

(which was pre-heated to 37C) and grown in 75cm2 flasks, in a 37C incubator containing a 5% CO2 

humidified atmosphere. Cells were passaged twice weekly.  

EndoC-βH1 cells were cultured on 25cm2 flasks that were coated 1h before seeding to facilitate 

cellular adherence. Coating medium consisted of DMEM (25mM glucose) supplemented with 1% 

(v/v) extracellular matrix (ECM), 2g/ml fibronectin and 1% (v/v) penicillin/streptomycin (P/S) and 

was maintained at 4C while coating the flasks, then at 37C for the 1h incubation period prior to cell 

seeding. The EndoC-βH1 cell line was cultured in DMEM containing 5.6mM glucose, which was 

supplemented with 2% (w/v) bovine serum albumin fraction V (BSA), 10mM nicotinamide, 5.5ug/ml 

transferrin, 2.7nM sodium selenite, 100ug/ml streptomycin and 100U/ml penicillin, and 50M/L β-

mercaptoethanol. Cells were grown in a 37C incubator containing a 5% CO2 humidified atmosphere. 

Culture medium was replaced twice weekly.  

4.2.2.2 Cell passage 

Both the INS-1 832/13 and EndoC-βH1 cell lines were subcultured when cells had grown to a 

confluency of approximately 80%.  

INS-1 832/13 cells were lifted from flasks by incubating (37C) with 0.05% trypsin-0.53mM EDTA 

for 5 min. Trypsin was neutralised with the aid of culture medium containing 10% (v/v) FBS, then 

cells were centrifuged at 89g for 5 min. INS-1 832/13 cells were seeded into a new flask at 1/10th of 

the original population.  
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To detach EndoC-βH1 cells from flasks, cells were washed twice in PBS, then incubated (37C) in 

0.05% (v/v) trypsin-0.53mM EDTA for 3min. To neutralise the trypsin, 20% FBS/ 80% (v/v) PBS 

was added. Cells were then centrifuged at 89g for 3 min. To sustain the cell line, EndoC-βH1 cells 

were seeded into a new flask at 2.5x106 cells/flask.  

4.2.2.3 Cell seeding 

Cells were seeded in a monolayer at the seeding densities listed in Table 4.2 for subsequent use in 

experiments. 

 

 

In experiments using fixed or live cell imaging, glass coverslips were sterilised in 95% (v/v) ethanol 

(EtOH) for 30 min, repeated 3 times, prior to cell seeding.  

4.2.3 Preparing fatty acids and treatment of cells 

The fatty acids used in this study were C18:1 and C16:0. Both fatty acids (C18:1 and C16:0) were 

suspended in 50% (v/v) EtOH. To dissolve the fatty acids in EtOH, they were heated at 70C for 10 

min. Fatty acids dissolved in EtOH were then conjugated to albumin by adding the fatty acids to a 

Table 4.2 Cell seeding densities 

Cell line Plate size Seeding density (per well) 

INS-1 832/13 6-well plate 1x106 

INS-1 832/13 12-well plate 0.2x106 

EndoC-βH1 6-well plate 1x106 

EndoC-βH1 12-well plate 0.2x106 
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10% (w/v) bovine fatty acid-free albumin solution (BSA) at a 1:10 dilution, then incubating for 1h at 

37C. Fatty acids conjugated to albumin were then added to serum-free media (i.e., without BSA for 

EndoC-βH1 cells or without FBS for INS-1 832/13 cells) at 1:10 dilution. This yielded a final 

concentration of 0.5% (v/v) EtOH and 1% (w/v) BSA. Cells were seeded (Table 4.2) 24h prior to 

treatment with fatty acid-BSA complexes. Vehicle control (VC) samples received vehicle only (i.e., 

no fatty acids), which comprised of a final concentration of 0.5% (v/v) EtOH and 1% (w/v) BSA. 

Media control (MC) samples received EtOH alone in serum-free media, which consisted of a final 

concentration of 0.5% (v/v) EtOH in serum-free media and no fatty acids.  

4.2.4 Determining the rate of acute long-chain saturated fatty acid uptake 

4.2.4.1 pHrodo AM intracellular pH indicator 

The pHrodo AM intracellular pH indicators are modified with acetoxymethyl (AM) ester groups 

(431). These groups are added to yield an uncharged molecule, so that it can permeate the cell 

membrane (431). Once the probe has entered the cell, these AM groups are cleaved by nonspecific 

esterases, which traps the compound within the intracellular environment and selectively labels the 

cytosol (432). This generates a pH probe which emits a greater fluorescence as the pH of the 

intracellular environment drops (that is, as the intracellular environment becomes more acidic) (433). 

Thus, due to the acidic nature of LC-FFAs, it should be expected that fluorescence intensity will 

increase as LC-FFAs are taken into the cell. 

4.2.4.2 pHrodo assay  

INS-1 832/13 and EndoC-βH1 cells were seeded in a 6-well plate (Table 4.2) 24h before the 

experiment. On the day of imaging, live cell imaging media (LCIM) was made up using HEPES-

bicarbonate buffer, comprising (in mmol/L) 5 HEPES, 120 NaCl, 24 NaHCO3, 4.8 KCl, 0.5 

Na2HPO4, 2.5 CaCl2 and 1.2 MgCl2, then a gas mixture (95% O2, 5% CO2) was applied for 10 min to 

dissolve the CaCl2 and incubated at 37C in a water bath. Treatments (i.e., the MC, VC, and 0.5mM 



 155 

C16:0) were prepared and incubated at 37C for 1h to allow conjugation of the fatty acid to the 

vehicle. To prepare the dye, the pHrodo probe was added to powerload concentrate (1:10 dilution), 

then diluted further in LCIM (1:10). To prepare slides for imaging, the culture medium was removed, 

and cells were washed once in LCIM. The cells were then incubated in the dye for 30 min at 37C, 

5% CO2. After a 30 min incubation period, the dye was removed, and cells were washed in LCIM.  

Cells were subsequently imaged in LCIM at 37C using a Nikon Ti Eclipse spinning disk confocal 

microscope (20x objective) and Metamorph imaging software. Excitation/emission was set to 

470/533 nm (green probe) or 555/580 nm (red probe). A timelapse of the cells was acquired, where 

1 image was captured every 4 sec for 20 min, providing a total of 301 time points. At the 26th time 

point, the MC, VC or C16:0 was slowly injected (at 1:10 dilution) onto the cells. The same process 

was completed for each well, with the only disparity being the injected treatment (MC/VC/C16:0). 

All experiments were performed on three separate occasions using two replicate wells (for EndoC-

βH1 cells) or either one or three replicate wells (for INS-1 832/13 cells) per each experimental 

condition. Quantitative analysis was carried out as described in section 4.2.4.3.  

4.2.4.3 Quantitative analysis  

Intracellular pHrodo dye fluorescence was quantified using ImageJ (version 1.53k) (434). Using 

ImageJ, a region of interest (ROI) was drawn around 20 cellular membranes to isolate each cell. The 

multi-measure function was used to measure the mean grey value (the sum of the grey values in the 

ROI divided by the number of pixels) in each ROI in all 301 time points. Using freehand selections 

in ImageJ, 20 circles were drawn to select the background, avoiding the cells. Again, the mean grey 

value was calculated in ImageJ. The average background for each time point was then calculated in 

excel. To obtain a more accurate measure of fluorescence intensity of the cells, the average 

background for each time point was subtracted from each ROI (each cell) in that time point. Then, 

the average fluorescence intensity was calculated for each time point (without background).  
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For comparisons of the INS-1 832/13 and the EndoC-βH1 data, min-max normalisation was used to 

quantify intracellular pHrodo dye fluorescence, where the minimum fluorescence intensity was 

assigned “0” and the maximum fluorescence intensity was assigned “1”. The following equation was 

applied:  

(average fluorescence intensity – minimum fluorescence intensity)

(maximum fluorescence intensity – minimum fluorescence intensity)
 

For the EndoC-βH1 data, the average fluorescence intensity for cells treated with VC/C16:0 was also 

normalised to the average fluorescence intensity for cells treated with serum-free media only. This 

method of normalisation involved taking the average fluorescence intensity of cells treated with 

VC/C16:0 at each time point and dividing this value by the average fluorescence intensity of cells 

treated with serum-free media only at each time point. A global average for each treatment was then 

calculated and visualised using line charts. 

To further quantify uptake of the VC/C16:0, the mean fold change from basal fluorescence intensity 

to maximum intensity was calculated. To determine the rate of uptake, the time taken to reach 

maximum intensity was also calculated (time at maximum fluorescence intensity – time at the point 

of acute injection). 

4.2.4.4 Optimisation of quantitative analysis 

Initially, min-max normalisation was used to quantify intracellular pHrodo dye fluorescence. 

Ultimately, the average fluorescence intensity for cells treated with VC/C16:0 to treated with serum-

free media only was selected as the normalisation method, as this technique was found to retain more 

information. However, both methods of normalisation are viable. 
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4.2.5 Inhibiting dynamin-mediated endocytosis 

EndoC-βH1 cells were seeded in a 6-well plate (Table 4.2) 24h before the experiment. On the day of 

imaging, LCIM and treatments were prepared as described previously (section 4.2.4.2).  

The pHrodo dye was prepared as outlined previously (section 4.2.4.2), but with the inclusion of 

dimethyl sulfoxide (DMSO) (control) or Dyngo-4a (a dynamin inhibitor (Figure 4.2)). This yielded 

a final concentration of 0.001% (v/v) for DMSO or 50μM Dyngo-4a. The dye mixtures were then 

incubated at 37C. Cells were then exposed to pHrodo dye/LCIM +/- Dyngo-4a for 30 min, following 

the same procedure described in section 4.2.4.2. When imaging, the VC or C16:0 was slowly injected 

(at 1:10 dilution) at the 26th time point.  

The results obtained from this assay were provided by Dr Patricia Thomas. Experiments were 

performed on two separate occasions using 3 replicate wells for each experimental condition. I carried 

out a third repetition (Appendix B – Supplementary Figure 3), however, this result could not be 

included in the results section of this thesis due to an issue with the microscope when using the 

pHrodo red probe, resulting in large fluctuations in fluorescence intensity.  
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Figure 4.2 Dyngo-4a inhibits dynamin I and dynamin-mediated endocytosis. Dyngo-4a is an 

analogue of dynasore (a dynamin inhibitor). Dynamin is a GTPase, that is essential for several types 

of endocytosis including clathrin- and caveolae-mediated endocytosis (218). Figure taken from 

McCluskey et al (401).   

 

 

4.2.5.1 Quantitative analysis 

Min-max normalisation was used to quantify the intracellular pHrodo dye fluorescence, as outlined 

in section 4.2.4.3. 

4.2.6 Determining the lipid phase of the membrane  

4.2.6.1 Laurdan  

The fluorescent probe 2-Dimethylamino-6-lauroylnaphthalene (Laurdan) has been used in many 

membrane studies (435, 436, 437) to distinguish the lipid phase of the membrane. This dye is 

incorporated into the plasma membrane, where it is evenly distributed (438). The function of this 

probe is attributed to its sensitivity to the polarity of its environment, such that variations in the water 

content in the membrane causes shifts in the emission spectrum (439). This is because water is a polar 

molecule, due to the uneven distribution of electrons between oxygen and hydrogen atoms that it is 
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composed of (440). In this way, the difference in polarity detected by Laurdan is thought to be a 

consequence of the changes in number and/or mobility of these water particles present at the glycerol 

backbones of the phospholipids in the membrane (439). Laurdan fluoresces more intensely at blue 

wavelengths (when the membrane is in the gel/liquid ordered phase), where the emission maximum 

is read at 430~470nm according to the work of Pilkington et al. (441). Conversely, the emission 

maximum shifts to green wavelengths when the membrane is in the liquid disordered phase, read at 

480~550nm (441). Then, to quantify the order of the membrane, the spectral properties of this probe 

can be analysed using the generalised polarisation (GP) value (435).  

4.2.6.2 Laurdan assay  

INS-1 832/13 and EndoC-βH1 cells were seeded on coverslips in a 12-well plate (please refer to 

Table 4.2 for seeding density), 24h before the experiment. Cells were then exposed to one of the 

following treatments: 1) VC, 2) 375μM C16:0 and 125μM C18:1, 3) 125μM C16:0 and 375μM 

C18:1, and 4) 250μM C16:0 and 250μM C18:1. 

Treatments were added to cells at 1:10 dilution in serum-free media. Cells were then incubated for 1, 

3 or 5 days before fixing. For 5-day treatments, cells were replenished with nutrients on the 3rd 

(ideally) or 4th day.  

After the specified incubation period (1 day, 3 days or 5 days), media was removed from the cells 3 

wells at a time, to prevent dehydration of the cells. The cells were then washed once in LCIM (made 

up as described in section 4.2.4.2) and Laurdan (4mM suspended in DMSO) was added to each well 

(12.5l dye + 988l LCIM). Cells were then incubated with the dye for 30 min at 37C, in a 5% CO2 

atmosphere, then washed once in LCIM. An equal ratio of LCIM and 4% (w/v) paraformaldehyde 

(PFA) was added to each well and cells were incubated at room temperature for 15 min. Fixed cells 

were then washed twice in phosphate-buffered saline (PBS) and coverslips were mounted onto slides, 
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using a fluorescence mounting medium (Dako, Agilent). Slides were stored for at least 48h to ensure 

the mounting media had solidified. Imaging was carried out using a Nikon eclipse Ti2 equipped with 

a spinning disk and N-SIM units (100x oil immersion objective), using NIS-Elements software. 

Excitation was set to 405nm, and emissions were read at 430-470nm for the gel/liquid ordered phase 

(blue) and at 480-550nm for the liquid disordered phase (green). All experiments were performed on 

4 separate occasions.  

4.2.6.3 Experimental optimisation of the Laurdan assay 

Cells were originally seeded at 0.5 x 106 cells/ml (1 ml/well), but this returned a high confluency 

(~75%). To optimise, cells were seeded at 0.2 x 106 cells/ml (~50% confluency).  

4.2.6.4 Quantitative analysis 

Quantitative analysis of membrane order for rat INS-1 832/123 and human EndoC-βH1 cells was 

kindly undertaken by Luca Panconi. Briefly, cell membranes were identified using CellPose 

segmentation software version 1.0 in Python version 3.8 (442) by locating cells with a mean diameter 

of 10μm (the approximate size of a pancreatic β-cell) (Figure 4.3) (265). Whole-cell outlines were 

obtained, and their corresponding GP values were computed (I1-I2/ I1+I2 where I1 refers to the ordered 

channels and I2 the disordered) to determine the average membrane GP values for each cell. Outward-

facing cell membranes, from cell clusters, were then detected using the TOBLERONE cell 

segmentation package version 1.0.0 (443) in the R programming language version 4.2.1 (Figure 4.3). 

The difference between the whole-cell membranes and outward-facing membranes was calculated to 

determine the inward-facing membranes (i.e., intercell membranes) (Figure 4.3) and GP values were 

obtained from both outlines. Statistical analyses were undertaken in RStudio Desktop version 

2022.07.1.554.  
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Figure 4.3 Determination of cell membrane borders. CellPose is used to determine individual cell 

segmentation (i.e., the whole-cell membrane) (left). TOBLERONE is used to determine cell 

segmentation of the outward-facing membranes of cell clusters (middle) and the segmentation of cell 

membranes that are connecting with other membranes (intercell membranes) (right). The images 

presented here were kindly provided by Luca Panconi. 

 

 

4.2.6.5 Optimisation of quantitative analysis 

Initially, GP analysis was conducted using a plugin in ImageJ (version 1.53k) (434), using an in-

house script kindly provided by Dr Meurig Gallagher, adapted from Owen et al. (444). Ultimately, 

however, using the CellPose segmentation software and TOBLERONE software for analysis (section 

4.2.6.4) was ideal for this experiment as it enabled confirmation of the membrane localisation of 

Laurdan, as well as the examination of membrane domains (outward- and inward-facing membranes, 

as well as whole cell membranes). 

4.3 Results 

4.3.1 The rate of LC-SFA uptake in human and rodent pancreatic β-cells 

The rate of LC-FFA uptake can be used to determine whether transport is via simple diffusion or a 

protein-mediated process. According to Fick’s law of diffusion and Michaelis-Menten saturation 

kinetics, passive diffusion displays a linear relationship (uptake vs. time) (405), whereas protein-
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mediated uptake is a saturable process (i.e., transport reaches a maximum when all solute binding 

sites are occupied) (207, 406).  

To gain insight into whether acute C16:0 uptake into EndoC-βH1 and INS-1 832/13 cells is via 

simple-diffusion or a protein-mediated process, the rate of acute C16:0 uptake into EndoC-βH1 and 

INS-1 832/13 cells was measured. It was observed here that the time taken to reach maximum 

fluorescence intensity (i.e., for the maximum increase in pH) was rapid following C16:0 injection in 

EndoC-βH1 (80 seconds) and INS-1 832/13 cells (108 seconds), suggesting that the uptake of C16:0 

is rapid in these cell types (Table 4.3). Interestingly, the mean fold change in fluorescence intensity 

was markedly smaller following the acute injection of C16:0 to EndoC-βH1 cells when compared to 

the acute injection of BSA to EndoC-βH1 cells, or BSA/C16:0 to INS-1 832/13 cells, which could 

imply that the uptake of C16:0 into EndoC-βH1 cells is restricted (Table 4.3). Remarkably, the VC 

also appeared to be rapidly taken up in both EndoC-βH1 and INS-1 832/13 cells, with an extremely 

similar time taken to reach maximum fluorescence intensity in both cell lines (Table 4.3). Overall, 

following acute injection of 0.5mM C16:0, uptake was rapid but modest in both EndoC-βH1 and 

INS-1 832/13 cells (Figure 4.4) and, intriguingly, a similar pattern was observed following the 

injection of the vehicle in both cell lines (Figure 4.4). Moreover, a similar pattern of VC and C16:0 

uptake is shown in EndoC-βH1 cells using a different normalisation method (Figure 4.5).  

Taken together, this evidence suggests that the acute uptake of C16:0 and BSA is a saturable process 

in both EndoC-βH1 and INS-1 832/13 cells. 
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Table 4.3 Mean fold change in fluorescence intensity and the time taken to reach maximum 

intensity following the injection of palmitate (C16:0) or the vehicle (VC). Data is included from 

three independent experiments using min-max normalisation. 

Cell line Acute injection Mean fold change in 

fluorescence intensity 

Time taken to reach 

maximum fluorescence 

intensity (seconds) 

EndoC-βH1 VC 2.1 152 

C16:0 1.2 80 

INS-1 832/13 VC 2.4 156 

C16:0 2.3 108 
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Figure 4.4 Acute uptake of palmitate and the vehicle in human-derived EndoC-βH1 cells and rat-derived INS-1 832/13 cells. EndoC-

βH1 and INS-1 832/13 cells were incubated with pHrodo Green AM intracellular pH indicator for 30 min. After 30 min, the pH indicator 

was removed, and cells were imaged in live cell imaging media. Basal intracellular pH (fluorescence intensity) was measured for 104 s. After 

104 s, EndoC-βH1 (A and B) and INS-1 832/13 (C and D) cells were injected with the vehicle control (VC) (A and C) or 0.5mM C16:0 (B 

and D); intracellular pH was measured every 4 s for a total of 20 min. Imaging was conducted on a Nikon Ti Eclipse spinning disk confocal 

using an excitation/emission of 470/533 nm. To quantify changes in intracellular pH, the fluorescence intensity of time series images was 

analysed using ImageJ. All data was normalised using min-max normalisation. Results are displayed as the mean  S.E.M, representative of 

three independent experiments.  
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Figure 4.5 Acute uptake of palmitate and the vehicle in human-derived EndoC-βH1 cells. EndoC-βH1 cells were incubated with pHrodo 

Green AM intracellular pH indicator for 30 min. After 30 min, the pH indicator was removed, and cells were imaged in live cell imaging 

media. Basal intracellular pH (fluorescence intensity) was measured for 104 s. After 104 s, EndoC-βH1 cells were injected with the vehicle 

control (VC) (A) or 0.5mM C16:0 (B); intracellular pH was measured every 4 s for a total of 20 min. Imaging was conducted on a Nikon Ti 

Eclipse spinning disk confocal using an excitation/emission of 470/533 nm. To quantify changes in intracellular pH, the fluorescence intensity 

of time series images was analysed using ImageJ. Data was normalised using the rate of uptake of serum-free media only into cells. Results 

are displayed as the mean  S.E.M, representative of three independent experiments. 
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4.3.2 Effects of inhibition of dynamin-mediated endocytosis on LC-SFA uptake in human 

pancreatic β-cells 

Hao et al. (219) have recently proposed a model of LC-FFA uptake in adipocytes that involves an 

endocytosis-mediated process. However, to the best of our knowledge, this has not yet been 

investigated in pancreatic β-cells. Thus, in the present study, we sought to examine the role of 

dynamin-mediated endocytosis in the uptake of the LC-SFA, C16:0, in the human pancreatic β-cell 

line, EndoC-βH1. To establish whether dynamin-mediated endocytosis is involved in the uptake of 

C16:0 across the plasma membrane of β-cells, we have determined the acute uptake of C16:0 and the 

vehicle (BSA) in the presence and absence of a potent dynamin inhibitor (Dyngo-4a) (Figure 4.6). 

Strikingly, the uptake of both the vehicle and C16:0 was prevented in the presence of Dyngo-4a, 

which is shown by a steep reduction in intracellular fluorescence (i.e., a considerable increase in 

intracellular pH). A similar trend was also observed using a third repetition (Appendix B - 

Supplementary Figure 3), however, the results were not included in the results section of this chapter 

due to an issue with the microscope light source. Due to these issues, we accept that this is a limitation 

of this thesis as, without a third repeat, we are unable to determine the significance of the results 

shown here. Given the trend, these results indicate that C16:0 may be taken into pancreatic β-cells 

via a dynamin-mediated process, which supports the role of proteins in LC-SFA uptake. However, 

further repeats are necessary, along with further experiments, to eliminate the possibility of off-target 

effects. Moreover, as the observations made here were carried out using qualitative data, additional 

repeats should be carried out to quantify specific differences in response (i.e., to compare the mean 

fold change in fluorescence intensity, following injection of VC or C16:0, between control (DMSO) 

and Dyngo-4a treated cells).  
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Figure 4.6 Acute uptake of palmitate (C16:0) and the vehicle in EndoC-βH1 cells is prevented in the presence of an inhibitor of 

dynamin-mediated endocytosis (Dyngo-4a). EndoC-βH1 cells were pretreated with either 0.001% (v/v) DMSO control (A and C) or 50μM 

Dyngo-4a suspended in 0.001% (v/v) DMSO (B and D) and incubated with pHrodo Red AM intracellular pH indicator for 30 min. After 30 

min, Dyngo-4a/DMSO and the pH indicator were removed, and cells were imaged in live cell imaging media. Basal intracellular pH 

(fluorescence intensity) was measured for 104 s. After 104 s, EndoC-βH1 cells were injected with the BSA vehicle control (VC) (A and B) 

or 0.5mM palmitate (C16:0) (C and D); intracellular pH was measured every 4 s for a total of 20 min. Imaging was conducted on a Nikon 

Ti Eclipse spinning disk confocal using an excitation/emission of 555/580 nm. To quantify changes in intracellular pH, the fluorescence 

intensity of time series images was analysed using ImageJ. Results are displayed as the mean  S.E.M, representative of two independent 

experiments. The graphs presented here were derived from the work of Dr Patricia Thomas. 
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4.3.3 The lipid phase of the plasma membrane in human and rodent pancreatic β-cells 

After investigating of the involvement of protein-mediated processes in LC-SFA uptake, this study 

next sought to explore the role of passive diffusion in LC-SFA uptake. As outlined in section 4.1.2.2, 

Ghysels et al. (412) have previously suggested that the lipid composition of the plasma membrane 

could regulate the uptake of substances by passive diffusion. Further, Bastiaanse et al. (424) and 

Stieger et al. (426) have proposed that the lipid composition of the membrane might influence 

membrane protein dynamics, thereby disrupting the function of proteins that regulate transport of 

substances across the plasma membrane. Due to their ease of culture, this experiment was first 

optimised in the rat-derived INS-1 832/13 cell line, by exploring the composition of the cell 

membrane in INS-1 832/13 cells prior to experiments using EndoC-βH1 cells. The lipid phase of the 

membrane was explored in INS-1 832/13 cells and human pancreatic β-cells, following culture for 1, 

3 and 5 days in varying ratios of the LC-SFA, C16:0, and the LC-MUFA, C18:1, including: 1) VC 

only, 2) 250μM C16:0 and 250μM C18:1, 3) 125μM C16:0 and 375μM C18:1, or 4) 375μM C16:0 

and 125μM C18:1.  

On account of the importance of the findings detailed below, results are displayed following 3-day 

incubation (Figure 4.7). Similar results were also obtained following 1 and 5-day culture, however 

this data was omitted due to the length of this thesis (data available upon request).  

Differences in GP values between human and rodent β-cells were averaged for cells cultured in each 

treatment for 3 days (Figure 4.7). Strikingly, there was a considerable difference in GP values 

between the human-derived EndoC-βH1 cells and rat-derived INS-1 832/13 groups (EndoC-βH1 cells 

averaged at around -0.8 whereas INS-1 832/13 averaged at around 0.80), which suggests that the 

membrane of INS-1 832/13 cells is much more ordered than the membrane of EndoC-βH1 cells. 

Intriguingly, there was a significant difference between INS-1 832/13 and EndoC-βH1 cells treated 

with the VC only, which suggests that the membrane order is different in rat pancreatic β-cells when 
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compared to human, even without the presence of LC-FFAs. To the best of our knowledge, this is the 

first study to report that the order of the lipid membrane is markedly different in rat pancreatic β-cells 

when compared to human pancreatic β-cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 The lipid phase of the membrane is different between human and rodent pancreatic 

β-cells. EndoC-βH1 and INS-1 832/13 cells were cultured for 3 days in either vehicle control only 

(A), 250μM C16:0 and 250μM C18:1 (B), 125μM C16:0 and 375μM C18:1 (C), or 375μM C16:0 

and 125μM C18:1 (D). Box and whisker plots display the distribution of the generalised polarisation 

(GP) values, where the central line represents the median GP value, the whiskers represent the 

minimum and maximum GP value, and the ends of the boxes represent the upper and lower quartiles. 

P-values are relative to the mean GP value of EndoC-βH1 cells, where *** denotes p<0.001. 
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Pseudocoloured images depict the GP values of a cluster of EndoC-βH1 and INS-1 832/13 cells 

treated for 3 days with vehicle control only are shown (E), where blue illustrates the liquid disordered 

phase and red illustrates the gel/liquid ordered phase. Data included from 2-3 individual experiments. 

Graphs and pseudocoloured images presented here were kindly provided by Luca Panconi. 

 

4.3.4 The lipid phase of the plasma membrane in human-derived EndoC-βH1 cells following 1-

, 3-, and 5-day culture in varying ratios of LC-SFA:LC-MUFA 

The ratio of saturated to unsaturated FFA in the membrane is thought to alter membrane fluidity, such 

that saturated FFAs make the membrane more rigid (i.e., towards the Lo phase) whereas unsaturated 

FFAs increase membrane fluidity (i.e., towards the Ld phase) (see section 4.1.2.1) (411). As such, the 

lipid phase of the membrane was examined in human pancreatic β-cells (Figure 4.8), following 

culture for 1, 3 and 5 days in varying levels of the LC-SFA, C16:0, and the LC-MUFA, C18:1, 

including: 1) VC only, 2) 250μM C16:0 and 250μM C18:1, 3) 125μM C16:0 and 375μM C18:1, or 

4) 375μM C16:0 and 125μM C18:1.  

Cells cultured for 1, 3 or 5 days in VC alone (BSA), or in 250μM C16:0 and 250μM C18:1, did not 

show any significant difference in membrane order. On the other hand, the whole-cell membranes of 

EndoC-βH1 cells cultured in 375μM C16:0 and 125μM C18:1 showed a significant increase in 

membrane order at 3 days (p<0.05), which was in line with the expected hypothesis. Surprisingly, 

however, the whole-cell membranes of EndoC-βH1 cells cultured in 125μM C16:0 and 375μM C18:1 

also showed significantly increased membrane order at 1 day (p<0.01) and 3 days (p<0.05). Taken 

together, these results suggest that a high level of either the LC-SFA, C16:0, or the LC-MUFA, C18:1, 

can alter the composition of the β-cell plasma membrane by reducing membrane fluidity.   

No significant difference in GP value was observed for inward-facing cell membranes nor outward-

facing cell membranes following culture in any of the treatments, which could indicate that the culture 
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of pancreatic β-cells in varying ratios of LC-SFA:LC-MUFA does not impact the membrane order of 

outward-facing and inward-facing cell membranes, or it could imply an experimental error.
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Figure 4.8 The lipid phase of the membrane in human pancreatic β-cells following 1-, 3-, and 5-day culture in varying ratios of LC-

SFA:LC-MUFA. EndoC-βH1 cells were cultured for 1 (A, D, G), 3 (B, E, H) and 5 (C, F, I) days in either the vehicle (BSA/EtOH), 250μM 

C16:0 and 250μM C18:1 (Equal C16:0 C18:1), 125μM C16:0 and 375μM C18:1 (Low C16:0 High C18:1), or 375μM C16:0 and 125μM 

C18:1 (High C16:0 Low C18:1) before cell membranes were labelled with the fluorescent probe Laurdan for 30 min. Cells were then fixed 
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in paraformaldehyde. Imaging was conducted on a Nikon eclipse Ti2 using an excitation of 405nm, and emissions of 430-470nm for the 

gel/liquid ordered phase (blue) and 480-550nm for the liquid disordered phase (green). Confocal images were analysed using CellPose and 

TOBLERONE segmentation softwares to quantify generalised polarisation (GP) values. Box and whisker plots display the distribution of the 

GP values of whole-cell membranes (A-C), outward-facing membranes (D-F) and inward-facing membranes (G-I). The central line of each 

box and whisker plot represents the median GP value, the whiskers represent the minimum and maximum GP value, and the ends of the 

boxes represent the upper and lower quartiles. * p<0.05 and ** p<0.01 relative to the vehicle. Results are representative of three independent 

experiments. All graphs presented here were kindly provided by Luca Panconi. 
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4.3.5 The rate of LC-SFA uptake in human pancreatic β-cells following 3-day culture in varying 

ratios of LC-SFA:LC-MUFA  

Alongside investigations of the lipid phase of the plasma membrane following culture in varying 

ratios of LC-SFA:LC-MUFA, this study investigated whether culturing cells in varying ratios of LC-

SFA:LC-MUFA for 3 days could influence the rate of C16:0 or VC uptake.  

It was observed here that in EndoC-βH1 cells cultured for 3 days in the VC only (BSA), the acute 

uptake of the VC is inhibited, whereas the uptake of C16:0 is rapidly elevated (nearly 6-fold in 132 

seconds) (Table 4.4) (Figure 4.9). In 250μM C16:0 + 250μM C18:1, however, acute uptake of C16:0 

into cells was inhibited, whereas the VC increased (2.2-fold) in a slow, linear fashion (1064 seconds) 

(Table 4.4) (Figure 4.10). Taken together, these results imply that the order of the plasma membrane 

of human β-cells does not play a role in LC-SFA uptake. 

As stated above, EndoC-βH1 cells cultured for 3 days in 125μM C16:0 + 375μM C18:1 or 375μM 

C16:0 + 125μM C18:1 show an increase in membrane order when compared to cells cultured in BSA 

alone. Interestingly, for cells cultured in 125μM C16:0 + 375μM C18:1, the uptake of C16:0 and the 

VC was slow and modest (Table 4.4) (Figure 4.11). In cells cultured in 375μM C16:0 + 125μM C18:1 

for 3 days, however, acute uptake of the VC was 4.8-fold compared to baseline, whereas uptake of 

C16:0 was seemingly prevented (Table 4.4) (Figure 4.12). Collectively, these results suggest that the 

treatment of EndoC-βH1 cells in varying ratios of LC-SFA:LC-MUFA can influence LC-SFA uptake 

rate. Further, the uptake of BSA seemingly occurs via a different mechanism to C16:0 uptake. 

In section 4.3.1, it was shown that BSA is taken up into EndoC-βH1 cells following the culture of 

cells in 2% (w/v) BSA. Remarkably, however, culturing cells in a lower % BSA (1% (w/v)) and no 

LC-FFA appears to inhibit BSA uptake but promote C16:0 uptake (Figure 4.9). Taken together, these 
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results suggest that the culture of EndoC-βH1 cells in 1% (w/v) BSA and no LC-FFA could be a more 

appropriate model to study LC-FFA uptake.  

Collectively, these results suggest that the order of the plasma membrane of human β-cells does not 

mediate LC-SFA uptake. Moreover, the uptake of BSA seemingly occurs via a different mechanism 

to C16:0 uptake. Finally, the culture of EndoC-βH1 cells in 1% (w/v) BSA and no LC-FFA could be 

a suitable model to study LC-FFA uptake, as LC-FFA uptake is promoted while the VC is not taken 

into the cell (i.e., the VC remains a control).  

 

 

Table 4.4 Mean fold change in fluorescence intensity and the time taken to reach maximum 

intensity following the injection of palmitate (C16:0) or the vehicle (VC) after 3-day 

treatment of EndoC-βH1 cells in varying ratios of LC-SFA:LC-MUFA. Data is included from 

two or three independent experiments using min-max normalisation. 

Treatment Acute injection Mean fold change 

in fluorescence 

intensity 

Time taken to reach 

maximum fluorescence 

intensity (seconds) 

VC VC 1.0 1080 

C16:0 5.9 132 

250uM C16:0 + 250uM C18:1 VC 2.2 1064 

C16:0 1.4 1048 

125uM C16:0 + 375uM C18:1 VC 1.6 312 

C16:0 1.4 340 

375uM C16:0 + 125uM C18:1 VC 4.8 160 

C16:0 1.5 1080 
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Figure 4.9 Acute uptake of palmitate and the vehicle in human-derived EndoC-βH1 cells following 3-day culture in the vehicle control 

only (BSA). (A-C) EndoC-βH1 cells cultured for 1, 3 or 5 days in the vehicle control (VC) only. The mean generalised polarisation (GP) 

values are displayed in bar charts for whole-cell membranes (A), outward facing membranes (B) and intercell membranes (C). Cell 

membranes labelled with the fluorescent probe Laurdan for 30 min. Cells were then fixed in paraformaldehyde. Imaging was conducted on 

a Nikon eclipse Ti2 using an excitation of 405nm, and emissions of 430-470nm for the gel/liquid ordered phase (blue) and 480-550nm for 
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the liquid disordered phase (green). Confocal images were analysed using CellPose and TOBLERONE segmentation softwares to quantify 

GP values. Each bar chart represents the mean GP value with independent data points. Graphs A-C provided by Luca Panconi. (D and E) 

EndoC-βH1 cells cultured for 3 days in VC only (BSA). Cells were incubated with pHrodo Green AM intracellular pH indicator for 30 min. 

After 30 min, the pH indicator was removed, and cells imaged in live cell imaging media. Basal intracellular pH (fluorescence intensity) was 

measured for 104 s. After 104 s, cells were injected with the VC (D) or 0.5mM palmitate (C16:0) (E); intracellular pH was measured every 

4 s for a total of 20 min. Imaging was conducted on a Nikon Ti Eclipse spinning disk confocal using an excitation/emission of 470/533 nm. 

To quantify changes in intracellular pH, the fluorescence intensity of time series images was analysed using ImageJ. Data was normalised to 

media. All results are representative of two or three independent experiments. 
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Figure 4.10 Acute uptake of palmitate and the vehicle in human-derived EndoC-βH1 cells following 3-day culture in 250μM C16:0 

and 250μM C18:1. (A-C) EndoC-βH1 cells cultured for 1, 3 or 5 days in the culture in 250μM C16:0 and 250μM C18:1. The mean 

generalised polarisation (GP) values are displayed in bar charts for whole-cell membranes (A), outward facing membranes (B) and intercell 

membranes (C). Cell membranes labelled with the fluorescent probe Laurdan for 30 min. Cells were then fixed in paraformaldehyde. Imaging 

was conducted on a Nikon eclipse Ti2 using an excitation of 405nm, and emissions of 430-470nm for the gel/liquid ordered phase (blue) and 

480-550nm for the liquid disordered phase (green). Confocal images were analysed using CellPose and TOBLERONE segmentation 
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softwares to quantify GP values. Each bar chart represents the mean GP value with independent data points. Graphs A-C provided by Luca 

Panconi. (D and E) EndoC-βH1 cells cultured for 3 days in VC only (BSA). Cells were incubated with pHrodo Green AM intracellular pH 

indicator for 30 min. After 30 min, the pH indicator was removed, and cells imaged in live cell imaging media. Basal intracellular pH 

(fluorescence intensity) was measured for 104 s. After 104 s, cells were injected with the VC (D) or 0.5mM palmitate (C16:0) (E); 

intracellular pH was measured every 4 s for a total of 20 min. Imaging was conducted on a Nikon Ti Eclipse spinning disk confocal using an 

excitation/emission of 470/533 nm. To quantify changes in intracellular pH, the fluorescence intensity of time series images was analysed 

using ImageJ. Data was normalised to media. All results are representative of two or three independent experiments.  
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Figure 4.11 Acute uptake of palmitate and the vehicle in human-derived EndoC-βH1 cells following 3-day culture in 125μM C16:0 

and 375μM C18:1. (A-C) EndoC-βH1 cells cultured for 1, 3 or 5 days in the culture in 125μM C16:0 and 375μM C18:1. The mean 

generalised polarisation (GP) values are displayed in bar charts for whole-cell membranes (A), outward facing membranes (B) and intercell 

membranes (C). Cell membranes labelled with the fluorescent probe Laurdan for 30 min. Cells were then fixed in paraformaldehyde. Imaging 
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was conducted on a Nikon eclipse Ti2 using an excitation of 405nm, and emissions of 430-470nm for the gel/liquid ordered phase (blue) and 

480-550nm for the liquid disordered phase (green). Confocal images were analysed using CellPose and TOBLERONE segmentation 

softwares to quantify GP values. Each bar chart represents the mean GP value with independent data points. Graphs A-C provided by Luca 

Panconi. (D and E) EndoC-βH1 cells cultured for 3 days in VC only (BSA). Cells were incubated with pHrodo Green AM intracellular pH 

indicator for 30 min. After 30 min, the pH indicator was removed, and cells imaged in live cell imaging media. Basal intracellular pH 

(fluorescence intensity) was measured for 104 s. After 104 s, cells were injected with the VC (D) or 0.5mM palmitate (C16:0) (E); 

intracellular pH was measured every 4 s for a total of 20 min. Imaging was conducted on a Nikon Ti Eclipse spinning disk confocal using an 

excitation/emission of 470/533 nm. To quantify changes in intracellular pH, the fluorescence intensity of time series images was analysed 

using ImageJ. Data was normalised to media. All results are representative of two or three independent experiments.  

 

 

 

 

 

 

 

 

 

 

 

 



 182 

 

Figure 4.12 Acute uptake of palmitate and the vehicle in human-derived EndoC-βH1 cells following 3-day culture in 375μM C16:0 

and 125μM C18:1. (A-C) EndoC-βH1 cells cultured for 1, 3 or 5 days in the culture in 375μM C16:0 and 125μM C18:1. The mean 

generalised polarisation (GP) values are displayed in bar charts for whole-cell membranes (A), outward facing membranes (B) and intercell 

membranes (C). Cell membranes labelled with the fluorescent probe Laurdan for 30 min. Cells were then fixed in paraformaldehyde. Imaging 

was conducted on a Nikon eclipse Ti2 using an excitation of 405nm, and emissions of 430-470nm for the gel/liquid ordered phase (blue) and 
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480-550nm for the liquid disordered phase (green). Confocal images were analysed using CellPose and TOBLERONE segmentation 

softwares to quantify GP values. Each bar chart represents the mean GP value with independent data points. Graphs A-C provided by Luca 

Panconi. (D and E) EndoC-βH1 cells cultured for 3 days in VC only (BSA). Cells were incubated with pHrodo Green AM intracellular pH 

indicator for 30 min. After 30 min, the pH indicator was removed, and cells imaged in live cell imaging media. Basal intracellular pH 

(fluorescence intensity) was measured for 104 s. After 104 s, cells were injected with the VC (D) or 0.5mM palmitate (C16:0) (E); 

intracellular pH was measured every 4 s for a total of 20 min. Imaging was conducted on a Nikon Ti Eclipse spinning disk confocal using an 

excitation/emission of 470/533 nm. To quantify changes in intracellular pH, the fluorescence intensity of time series images was analysed 

using ImageJ. Data was normalised to media. All results are representative of two or three independent experiments. 
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4.4 Discussion 

The main aims of this chapter were to investigate 1) whether LC-SFA uptake involves a passive 

and/or protein-facilitated process, 2) the role of dynamin-mediated endocytosis in LC-SFA uptake, 

and 3) the role of the lipid phase of the membrane in LC-SFA uptake.  

4.4.1 Overview of results 

This work has shown that the acute uptake of LC-SFA is a saturable process in rat-derived INS-1 

832/13 cells and human-derived EndoC-βH1 cells which, in accordance with Michaelis-Menten 

saturation kinetics, could indicate that LC-SFA uptake is protein-mediated in pancreatic β-cells. 

Further, this work has shown that the uptake LC-SFA could potentially occur via a dynamin-mediated 

process. Strikingly, BSA (the VC) was also shown to be taken up into INS-1 832/13 and EndoC-βH1 

cells. Another remarkable observation made in this study is that there is a significant difference in the 

membrane order between INS-1 832/13 cells vs. EndoC-βH1 cells. Moreover, a high level of LC-

FFA, regardless of the degree of saturation, was shown here to increase the membrane order (i.e., 

reduce membrane fluidity) of EndoC-βH1 cells. Interestingly, the rate of acute C16:0 uptake into 

EndoC-βH1 cells was different following culture in different ratios of LC-SFA:LC-MUFA, although 

this did not appear to be a consequence of a change in membrane order. Following culture of EndoC-

βH1 cells in 1% (w/v) BSA, LC-SFA uptake was promoted, whereas uptake of BSA was inhibited, 

which could indicate that culture in 1% (w/v) BSA is a more appropriate model to study LC-FFA 

uptake in comparison to 2% (w/v) BSA. Finally, BSA appears to be taken up into EndoC-βH1 cells 

via a different mechanism to C16:0 when cultured in different ratios of LC-SFA:LC-MUFA, 

suggesting that BSA is not a suitable control when studying LC-FFA uptake.  

4.4.2 Acute uptake of LC-SFA is saturable in human and rodent pancreatic β-cells 

This is seemingly the first study to examine the acute uptake of LC-SFA into pancreatic β-cells. This 

work is not the first to observe saturable uptake of C16:0, however. Comparable to our findings, 
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Bonen et al. (445) have shown similar transport kinetics of C16:0 in giant sarcolemmal vesicles taken 

from red and white rat hindlimb muscles, and Turcotte et al. (231) have discovered that C16:0 uptake 

is saturable in ex-vivo rodent skeletal muscle. In addition, Abumrad et al. (207) have shown that acute 

uptake of the LC-MUFA, C18:1, into rodent adipocytes is also a saturable process, which suggests 

that the mechanism of LC-SFA uptake could be similar to LC-MUFA. It is important to note, 

however, that the acute uptake of C16:0 into EndoC-βH1 cells was lower when compared to the 

uptake of BSA to EndoC-βH1 cells, or BSA/C16:0 to INS-1 832/13 cells. This could indicate that the 

acute uptake of C16:0 into EndoC-βH1 cells is restricted, which could be due to the regulation of LC-

SFA uptake by proteins. Such proteins could include TBC1D1 and/or TBC1D4, which have been 

previously reported to be negative regulators of LC-FFA uptake (as discussed in section 3.4.3.3) (238, 

241). The negative regulation of LC-FFA uptake into pancreatic β-cells via TBC1D1 and TBC1D4 

is a particularly attractive theory, as it was shown in chapter 3 that these proteins are highly expressed 

in EndoC-βH1 cells, as well as ex-vivo human pancreatic islets. In summary, these findings suggest 

that the acute uptake of LC-SFA could be a protein-mediated process in human pancreatic β-cells, 

which supports previous reports in other cell types (231, 445). It is acknowledged here, however, that 

BSA exerts a strong effect on intracellular pH levels. Therefore, further experiments are needed to 

clearly separate the results for C16:0 and BSA. Such experiments could include culturing cells in 

different concentrations of BSA, or changing the molar ratio of C16:0:BSA. Limitations regarding 

the use of BSA as a vehicle control are discussed further in section 4.4.7. Future work should also 

repeat the pHrodo assay for a longer duration than conducted here (i.e., more than 20 min), to assess 

whether the uptake of C16:0 occurs over a greater period of time. In addition, future experiments 

could assess the role of TBC1D1 and TBC1D4 in the regulation of LC-FFA uptake in EndoC-βH1 

cells (e.g., using a knockdown or knockout approach). 
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One might argue that the saturation kinetics observed here for C16:0 are due to the desorption of 

C16:0 from albumin, which is thought to be the main protein carrier for LC-FFA in the blood (446), 

via catalysis by another protein. Indeed, studies of C18:1 uptake into perfused liver (447) prompted 

the idea that an albumin receptor on the plasma membrane is responsible for the apparent saturable 

component of LC-FFA uptake. Weisiger et al. (447) discovered that uptake of C18:1 increases 

linearly as the quantity of C18:1 available increases, while albumin concentrations are fixed, which 

may suggest the presence of an albumin receptor. However, in the present study, it was shown that 

BSA is taken into EndoC-βH1 cells and INS-1 832/13 alongside C16:0, which implies that a protein 

catalyst is not required for the desorption of C16:0 from albumin. This finding was particularly 

surprising, as it is widely believed (191, 448) that LC-FFAs are cleaved from BSA prior to entry into 

the cell. To the best of our knowledge, however, no studies to date have suggested that BSA is taken 

up into the cell alongside LC-FFAs. Moreover, as BSA is a large globular protein (66 kDa) (449), the 

observation that BSA is taken up into β-cells led us to believe that the uptake of C16:0 and BSA could 

be via an endocytosis-mediated process. Endocytosis is a common method of transport for large 

molecules (180), and has been shown previously (450) to facilitate the uptake of BSA into cells. 

Taken together, these observations imply that BSA is taken into the cell alongside C16:0, which could 

indicate that the uptake of LC-SFA is mediated by endocytosis. Further investigations regarding the 

role of endocytosis in LC-SFA uptake are discussed below (section 4.4.3). 

4.4.3 Acute uptake of LC-SFA seemingly occurs via a dynamin-mediated process 

Here, we have shown that the inhibition of dynamin, a protein that is essential for the regulation of 

several types of endocytosis (e.g., clathrin-mediated and caveolae-mediated endocytosis) (218), 

seemingly prevents the uptake of C16:0, as well as BSA (the VC). As detailed in the results section 

of this chapter (section 4.3.2), the acute uptake of C16:0 into human-derived EndoC-βH1 cells is 

shown by a reduction in intracellular pH. Following the inhibition of dynamin, however, we have 
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observed a large increase in intracellular pH after the acute treatment of cells with C16:0. 

Surprisingly, the results of this experiment do not align with previous reports, which have suggested 

that a reduced intracellular pH inhibits endocytosis (451, 452, 453) and the binding of dynamin to 

adaptin (which may be necessary for the regulation of clathrin-mediated endocytosis) (454). Further, 

the work of Sakai et al. (455) has shown that an increase in intracellular pH facilitates endocytosis in 

rodent osteoclasts and microglia.  

There are several possible explanations for the results observed in this study, including 1) the action 

of cell survival pathways, 2) dynamin involvement in a different cellular uptake process (other than 

endocytosis), and 3) off-target effects of Dyngo-4a. First, it is possible that the uptake of BSA, in the 

presence of a dynamin inhibitor, could trigger a cellular stress response within EndoC-βH1 cells 

which, in turn, could promote the activation of cell survival pathways, resulting in an increase in 

intracellular pH (456). Kazyken et al. (456) have shown that an elevated intracellular pH in mouse 

embryonic fibroblasts can occur due to the extracellular addition of amino acids. The increase in 

intracellular pH was then shown to activate energetic stress sensors (e.g., AMPK) and attenuate 

apoptosis, thereby promoting cell survival (456). As such, the uptake of BSA, a protein which is 

comprised of 583 amino acids (457), could be eliciting the same response in EndoC-βH1 cells. 

Further, as EndoC-βH1 cells are a cell line that have been generated using targeted oncogenesis (396), 

which promotes proliferation and cell survival, the results observed here could be a feature of the cell 

line. Another possible explanation for the results observed in this study is that dynamin is facilitating 

LC-SFA uptake into EndoC-βH1 cells via a mechanism other than endocytosis, which may be 

associated with their well-known role in membrane remodelling (458). Aside from its localisation to 

sites of endocytosis, dynamin is also found within actin structures, such as membrane ruffles, 

podosomes, and invadopodia (as reviewed by Ferguson et al. (459)). Alternatively, the results 

observed here might be due to off-target effects of the dynamin inhibitor used within this study 
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(Dyngo-4a). Dyngo-4a has been reported to have off-target effects, for example, the inhibition of 

actin remodelling beneath the plasma membrane (as reviewed by Preta et al. (458)) which could, in 

turn, affect LC-SFA transport. As such, future studies might consider using a knockout approach to 

prevent dynamin function when assessing LC-SFA uptake, to reduce the possibility of off-target 

effects. Knockout of dynamin can be conducted using a triple-knockout approach (of all 3 dynamin 

genes), as described in previous reports using β-cells (460).  

Collectively, these results suggest that the acute uptake of LC-SFA by human-derived EndoC-βH1 

cells is seemingly via a dynamin-dependent process. This mechanism may not necessarily involve 

endocytosis, however. Further research is required to elucidate the potential mechanisms relating the 

involvement of dynamin in LC-SFA uptake. 

4.4.4 The lipid order of the plasma membrane is dissimilar in human-derived vs. rodent-derived 

β-cells 

Remarkably, it has been shown in this study that the lipid order of the membrane is different in rodent 

vs. human pancreatic β-cells. Rodent pancreatic β-cells are often used to study the function of 

pancreatic β-cells (398, 461, 462). Moreover, rat models have been used in many studies to investigate 

LC-FFA uptake (as outlined in chapter 2). It is becoming increasingly apparent, however, that rodent 

pancreatic β-cell models may not be physiologically relevant to investigate all β-cell functions. As 

discussed in section 2.1.4, rodent β-cells have been shown to have numerous differences when 

compared to human β-cells, including glucose transporters (273), expression of genes for insulin 

(274) and islet composition (275). Further, the work of Thomas et al. (278) has recently shown that 

there is a difference in the way that pancreatic β-cells route LC-SFA in rodent vs. human cells. 

Collectively, the results obtained here suggest that rodent-derived INS-1 832/13 cell line is not an 

appropriate model to study the role of the plasma membrane composition in LC-FFA uptake, as it is 

not reflective of the human situation.  



 189 

4.4.5 Effects of cell culture in varying LC-SFA:LC-MUFA ratios on membrane fluidity in 

human-derived β-cells  

Interestingly, the results of this study imply that a high level of LC-FFA, regardless of the degree of 

saturation, can alter the composition of the β-cell plasma membrane by increasing membrane order 

(i.e., reducing membrane fluidity). Strikingly, however, these results do not agree with previous 

findings (411), which suggest that a high ratio of LC-MUFA:LC-SFA should reduce membrane order. 

One plausible explanation for these observations is that EndoC-βH1 cells cultured for 3 days in a high 

ratio of LC-SFA:LC-MUFA or a high ratio of LC-MUFA:LC-SFA may be apoptotic. For example, 

the work of Bailey et al. (463) reports that an increased membrane order can be associated with the 

late stages of apoptosis (i.e., membrane blebbing and fragmentation). The morphology of the cells 

imaged here did not indicate membrane blebbing at day 3, however, future work should aim to 

examine cell viability to ensure that the observations made here are not a result of apoptosis. These 

investigations can be carried out using flow cytometry (464, 465). Due to time restrictions, a viability 

assay was not carried out here.  

Intriguingly, no significant difference in membrane order was observed between any of the treatments 

for outward-facing membranes of EndoC-βH1 cells alone, nor in the connecting membranes of the 

cells. This finding was particularly surprising, considering the clear difference and small variability 

in GP values between treatments (e.g., outward-facing membranes cultured for 1 day in BSA alone 

vs. 250μM C16:0 and 250μM C18:1). At present, it is unclear why the membrane order is different 

in whole cell membranes but not in outward- or inward-facing cell membranes. The lack of significant 

difference in membrane order could be due to an experimental error or an alternative mechanism in 

the cell that is yet to be determined. As such, further repeats should be carried out to clarify these 

results. 
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In summary, a high level of LC-FFA can increase membrane order, despite the degree of saturation. 

Further investigations should be carried out to ensure cell viability and additional repeats should be 

conducted for more robust results.  

4.4.6 Effects of cell culture in varying LC-SFA:LC-MUFA ratios on LC-SFA uptake in human-

derived β-cells 

The results of this study could indicate that C16:0 uptake is not mediated by membrane order. Instead, 

the acute C16:0 uptake could be mediated by the metabolic requirements of the β-cell. Previous 

studies (466) have discovered that LC-FFAs can activate different G-protein coupled receptors in the 

plasma membrane, collectively known as FFARs. Specifically, LC-FFAs are thought to activate the 

specific FFAR isoforms FFAR1 (GPR40) and FFAR4 (GPR120) (466). The activation of these 

receptors has been shown to influence key physiological processes including the regulation of whole-

body homeostasis and cell metabolism in adipose, intestinal and immune tissue, as well as pancreatic 

β-cells (as reviewed by Al Mahri et al. (467), Ichimura et al. (468), and Nolan et al. (469)). 

Intriguingly, a recent study (470) has also reported that the activation of these FFARs may regulate 

LC-FFA uptake. Using an in-vivo mouse model, Schilperoort et al. (470) have shown that the 

activation of FFAR4, due to binding of a potent selective agonist (TUG-891), can enhance C18:1 

uptake into brown adipose tissue. It has been suggested that the increase in C18:1 uptake is due to an 

increase in metabolic activity, by increasing fatty acid oxidation, resulting in a greater fuel 

requirement of the cell (470). Taken together, this evidence could imply that culturing EndoC-βH1 

cells in varying ratios of LC-SFA:LC-MUFA results in different metabolic requirements which, in 

turn, could regulate LC-FFA uptake. Further research is required to elucidate the potential role of β-

cell metabolism in LC-SFA uptake. For example, the role of FFAR activation in LC-FFA uptake in 

pancreatic β-cells could be explored in future work.  
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Collectively, the results obtained in this study suggest that membrane order is not involved in 

regulating LC-SFA uptake. Moreover, observations made here, together with evidence collated from 

previous studies, could suggest that LC-SFA uptake is coupled to the metabolic requirements of the 

cell.  

4.4.7 BSA is seemingly an unsuitable control for studying LC-SFA uptake 

The observations made here could suggest that the culture of EndoC-βH1 cells in a lower 

concentration of BSA (1% (w/v)) (0.147mM) and no fatty acids could be the ideal model to study 

LC-FFA uptake. Moreover, BSA appears to be taken up into EndoC-βH1 cells via a different 

mechanism to C16:0 when cultured in different ratios of LC-SFA:LC-MUFA, suggesting that BSA 

is not a suitable control when studying LC-FFA uptake.  

In accordance with the work in this study, many previous studies (387, 471, 472) have used 2% (w/v) 

BSA (0.294mM) for the culture of EndoC-βH1 cells, although whether this concentration is 

physiologically relevant remains to be fully established. The normal physiological concentration of 

albumin in the circulation of healthy adults has been reported to be 0.6 mM by Raoufinia et al. (473), 

however, there is no evidence to suggest the concentration of albumin in the interstitial space of 

pancreatic tissue, specifically, in-vivo.  

As discussed in section 4.4.2, it is widely believed (191, 448) that LC-FFAs are cleaved from BSA 

prior to their entry into the cell. Culture of human-derived EndoC-βH1 cells in 1% (w/v) BSA and no 

fatty acids support these observations, whereas culture in 2% (w/v) or the addition of LC-FFA do not. 

These observations could imply that a much lower concentration of BSA (when compared to the 

overall concentration of circulating albumin in the human plasma) is required for the culture of 

EndoC-βH1 cells in-vitro to obtain a more physiologically relevant model of LC-FFA uptake into β-

cells in-vivo. In support of this, it seems that many in-vitro experiments culture EndoC-βH1 cells in 
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much lower concentrations of BSA (e.g., 0.2% (w/v)) to examine GSIS (391, 396, 474), the key 

function of β-cells that has been previously shown (105, 106, 107, 110) to be influenced by FFAs (as 

discussed in chapter 1). Taken together, this evidence could indicate that the culture of EndoC-βH1 

cells in 1% (w/v) BSA is the ideal model to study LC-FFA uptake. Under physiological conditions, 

however, pancreatic β-cells are also exposed to a range of fatty acids; indeed, the recent work of 

Kokotou et al. (66) has identified 74 different FFAs in the plasma of healthy individuals. In keeping 

with the results of this study, which have shown that different combinations of LC-SFA:LC-MUFA 

can alter the acute uptake of LC-SFA, it is important that future work also examines the role of 

different combinations of LC-FFA in culture on LC-FFA uptake.  

It is possible that the metabolic requirements of the cell could account for the differences in BSA 

uptake when EndoC-βH1 cells are exposed to lower concentrations of BSA or different ratios of LC-

SFA:LC-MUFA. Not only does BSA function as a carrier protein (e.g., for FFA, hormones, amino 

acids and peptides) (475), it could also have a nutritional function, to provide a source of amino acids 

following its hydrolysis within the cell (as suggested by Biggers et al. (476)). Very little research 

exists regarding the intracellular fate of albumin. Interestingly, however, the work of Andersson et 

al. (477) has shown that albumin is taken up at low levels in normal lysosomal tissue and high levels 

in the lysosomes of tumour tissue due to differences in their metabolic rate. Taken together, this 

evidence implies that the acute uptake of BSA into EndoC-βH1 cells could, in part, be dependent on 

the metabolic demands of the cell. Overall, these observations have shown that BSA is not a suitable 

control to examine LC-FFA uptake in β-cells.  

In summary, the culture of EndoC-βH1 cell in 1% (w/v) BSA and no fatty acids could be ideal to 

study LC-FFA uptake, although the physiological relevance of this model is yet to be determined. 

Ultimately, however, BSA appears to be an inappropriate control to study LC-FFA uptake in 

pancreatic β-cells. 
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4.4.8 Limitations 

The key limitations associated with this study include 1) the control used, and 2) the cell lines that 

we have chosen to investigate LC-SFA uptake. 

One of the main limitations of this study is that BSA, which we have used as a vehicle control, is 

seemingly unsuitable for studying LC-SFA uptake into EndoC-βH1 cells (as discussed in section 

4.4.7). Moreover, as previously mentioned in section 4.2.2,  the INS-1 832/13 cell line was originally 

established from cells that were derived from a rat insulinoma (399) and the EndoC-βH1 cell line was 

generated using targeted oncogenesis of human foetal tissue (396). This means that both INS-1 832/13 

and EndoC-βH1 cells can proliferate indefinitely (478), which is not the case in in-vivo β-cells. 

During cellular stress, such as growing tumour tissue, albumin has been shown to be taken into cells 

as a source of energy (479). Moreover, experiments (479) have reported that albumin is transported 

into tumour tissue by endocytosis and directed to lysosomes, where it is degraded. This brings into 

question whether the uptake of BSA into β-cells, as observed here, is a feature of the cell lines used, 

or whether BSA is also taken into human β-cells in-vivo. Investigations are currently being 

undertaken by Dr Patricia Thomas to determine whether these results can be repeated in human-

derived EndoC-βH3 cells, which are de-immortalised by the removal of SV40LT (389). These 

experiments should provide further insight into the human situation in-vivo. Should the results of 

experiments using EndoC-βH3 cells be similar to those observed in EndoC-βH1 cells, future studies 

should consider using CellLight Early Endosomes-GFP, BacMam 2.0, which labels early endosomes 

with green fluorescent protein, to examine early-stage endocytosis (480, 481). Alternatively, should 

the results of experiments using EndoC-βH3 cells be different to those observed in EndoC-βH1 cells, 

future work should aim to investigate the role of candidate LC-FFA transporters that we have 

identified as highly expressed in both EndoC-βH1 cells and pancreatic islets (see chapter 3). 
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4.4.9 Summary 

In summary, the acute uptake of LC-SFA into EndoC-βH1 cells appears to be protein-mediated and 

potentially involves a dynamin-dependent process. This mechanism may not necessarily involve 

endocytosis, however. It was also discovered here that the rodent-derived INS-1 832/13 cell line is 

not an appropriate model to study the role of the lipid phase of the plasma membrane in LC-FFA 

uptake. Surprisingly, a high concentration of LC-FFA could increase membrane order in EndoC-βH1 

cells, regardless of the degree of saturation. Further research is required to determine whether the 

lipid phase of the plasma membrane influences LC-SFA uptake into EndoC-βH1 cells. Finally, BSA 

appears to be an unsuitable control for studying LC-SFA uptake. 
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Chapter 5. 

Discussion 
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5.1 Overall summary 

The overall aim of this thesis was to elucidate the mechanisms of LC-FFA uptake in pancreatic β-

cells. The main objectives or this study included 1) to identify candidate transporters for LC-FFA 

with the most evidence to support uptake in mammalian cells, 2) to determine which of these 

candidate LC-FFA transport proteins are expressed in human pancreatic β-cells, 3) to investigate the 

role of endocytosis in LC-FFA transport across the plasma membrane of human β-cells and 4) to 

investigate the role of the lipid phase of the plasma membrane in LC-FFA uptake in human pancreatic 

β-cells. 

Using a scoping review methodology, CD36 and isoforms of the FATP family were identified here 

to have the greatest evidence to support a role in facilitating LC-FFA uptake in humans. The FABP, 

ACSL and CAV family members, along with TBC1D1 and TBC1D4, were also reported to facilitate 

LC-FFA uptake, but additional evidence is required to underpin their role in transport. However, no 

studies were identified to examine LC-FFA uptake in pancreatic β-cells.  

Using a bioinformatic approach, ACSL1, ACSL3, ACSL4, FATP4, TBC1D1 and TBC1D4 were 

discovered here to be the most highly expressed candidate LC-FFA transporters in both human-

derived EndoC-βH1 pancreatic β-cells and human pancreatic islets. Strikingly, the expression of 

CD36, a protein which we have identified to have the most evidence to support LC-FFA uptake in 

nearly 30 years of literature (as discussed in chapter 1), is expressed at only a moderate level in 

EndoC-βH1 cells and human islets. Moreover, the gene expression of LC-FFA candidate transporters 

were found to vary between adipocytes and hepatocytes when compared to human islets, which raises 

questions as to whether information regarding LC-FFA uptake into other metabolically active cell 

types can be extrapolated to pancreatic β-cells.  
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Experimental work conducted in this project supports the role of proteins in LC-FFA transport into 

β-cells, as it was shown that the uptake of the LC-SFA, C16:0, into both human-derived EndoC-βH1 

and rodent-derived INS-1 832/13 pancreatic β-cells displays saturable kinetics. Moreover, the work 

conducted here has revealed that the acute uptake of LC-SFA into EndoC-βH1 cells appears to 

involve a dynamin-dependent process. However, further investigations are required to elucidate the 

role of endocytosis in LC-FFA uptake.  

Surprisingly, it was also shown here that the rodent-derived INS-1 832/13 cell line appears to be an 

inappropriate model to study the role of the plasma membrane composition in LC-FFA uptake, due 

to the significant differences in membrane order between EndoC-βH1 and INS-1 832/13 cells. This 

study has also discovered that chronic exposure of EndoC-βH1 cells to an elevated concentration of 

LC-SFA or LC-MUFA increases membrane order, regardless of the degree of saturation. The 

composition of the membrane, however, does not appear to have an effect on LC-SFA uptake into 

EndoC-βH1 cells. Finally, BSA, appears to be an unsuitable vehicle control for studying LC-SFA 

uptake.  

In summary, the mechanism of LC-FFA uptake into human β-cells seemingly involves protein-

mediated transport, although the exact mechanism of uptake remains unclear. 

5.2 Limitations 

One key limitation was the rate of proliferation of the EndoC-βH1 cell line. The work of Andersson 

et al. (193) has reported that the time taken for EndoC-βH1 cells to double is roughly 174 h for β-

cells, which is considerably slower than INS-1 832/13 cells (approximately 44 h). The replication rate 

of EndoC-βH1 cells made it challenging to obtain results as it often took several weeks to grow an 

adequate number of cells to carry out a suitable number of replicates. Despite these challenges, 
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however, the results recorded here were largely consistent, and included data taken from at least two 

or three replicates. 

5.3 Future work 

Key future work should focus on investigating the role of candidate LC-FFA transporters identified 

here in human pancreatic β-cells, to provide greater insight to the role of proteins in LC-FFA uptake 

into β-cells. As identified in chapter 2 of this thesis, no studies have investigated the role of candidate 

LC-FFA transporters in β-cells, specifically. This is important because information regarding 

candidate LC-FFA transporters in other cell types seemingly cannot be extrapolated to β-cells, as we 

have illustrated in section 3.4. Consequently, functional studies should be carried out (i.e., loss-of-

function or gain-of-function) to determine the role of candidate LC-FFA transport proteins in LC-

FFA uptake into β-cells. 

5.4 Conclusion 

The mechanism of LC-FFA uptake into human β-cells seemingly involves protein-mediated 

transport, although the exact mechanism of uptake is still unclear. Thus, future work should 

investigate the function of candidate LC-FFA transporters in pancreatic β-cells.  
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Supplementary Table 1: Data extracted from final publications retrieved for review. The data presented here was compiled in collaboration 

with Dr Patricia Thomas.  
 

Ref. Cell type Model 

organism 

Candidate 

transport 

protein(s) 

Experimental conditions  LC-FFA 

transported 

Did the protein 

facilitate LC-FFA 

transport? 

Adipocytes 
       

 
Jay et al. 

(2020) 

Adipocytes Rat CD36 Chemical inhibition Oleate No 

 
Febbraio et 

al. 

Adipocytes Mouse CD36 Knockout Oleate Yes 

 
Hao et al. 

(2020) 

Adipocytes (3T3-L1) Mouse CD36 

CAV1 

Knockout Oleate CD36: Yes 

CAV1: Yes 

 
Lobo et al. 

(2007) 

Adipocytes (3T3-L1) Mouse FATP1 

FATP4 

Knockdown (using short 

hairpin RNA (shRNA)) 

Palmitate and oleate FATP1: Yes 

FATP4: No 

 
Pohl et al. 

(2005) 

Adipocytes (3T3-L1) Mouse CD36 Chemical inhibition Oleate Yes 
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Gargiulo et 

al. (1999) 

Adipocytes (3T3-L1) Mouse ACSL1 

FATP1 

Overexpressed Oleate ACSL1: Yes 

FATP1: Yes 

 
Lobo et 

al.  (2009) 

Adipocytes (3T3-L1) Mouse ACSL1 

CD36 

Knockdown (using short 

hairpin RNA (shRNA)) 

Palmitate ACSL1: No 

CD36: Yes 

 
Wiczer et 

al. (2009) 

Adipocytes (3T3-L1) Mouse FATP1 Knockdown (using short 

hairpin RNA (shRNA)) 

Palmitate Yes 

 
Zhou et al. 

(1992) 

Adipocytes (3T3-L1) Mouse FABP1 Chemical inhibition Oleate Yes 

 
Schaffer, E. 

and Lodish, 

F.  (1994) 

Adipocytes (3T3-L1) Mouse FATP1 Overexpressed Palmitate and oleate Yes 

Adipose-Derived 

Mesenchymal 

Stem cells 

       

 
Mikłosz et 

al. (2021) 

Adipose-Derived 

Mesenchymal Stem 

Cells (ADMSCs) 

Human TBC1D1 

TBC1D4 

 

Knockdown (siRNAs) Palmitate TBC1D1: No 

TBC1D4: Yes 

(knockdown 
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increased 

transport) 

Brain micro 

vessel endothelial 

cells 

       

 
Mitchell et 

al. (2011) 

Brain microvessel 

endothelial cells 

(HBMEC) 

Human FATP1 

FATP4 

FABP5 

CD36 

Knockdown (siRNAs) Oleate and palmitate FATP1: Yes 

FATP4: No 

FABP5: Yes 

CD36: Yes 

Cardiomyocytes 
       

 
Angin et al. 

(2012) 

Cardiomyocytes Rat CD36 Chemical inhibition Palmitate Yes 

 
Steinbusch 

et al. (2010) 

Cardiomyocytes Rat CD36 Chemical inhibition Palmitate Yes 

 
Luiken et 

al. (2001) 

Cardiomyocytes Rat CD36 Chemical inhibition Palmitate Yes 
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Carley, A. 

and 

Kleinfeld, 

A. (2011) 

Cardiomyocytes Mouse CD36 Knockout Oleate No, except for 

OAo   

20 nM (not at 100 

nM or 200nM) 

Embryonic 

kidney cells 

       

 
Xu et al. 

(2013) 

Embryonic kidney cells 

(HEK293T) 

Human CD36 Overexpressed Oleate No 

 
Meshulam 

et al. (2006) 

Embryonic kidney cells 

(HEK293T) 

Human CAV1 Overexpressed Palmitate and oleate Yes 

Enterocytes 
       

 
Lynes et al. 

(2011) 

Enterocytes Mouse CD36 Chemical inhibition Palmitate High fat diet: Yes 

Normal fat diet: 

No 

Epithelial kidney 

cells 
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Schneider 

et al. (2014) 

Epithelial kidney cells 

(MDCK) 

Dog CD36 

CAV1 

CD36: Overexpressed 

CAV1: Knockdown (RNAi) 

Oleate CD36: Yes 

CAV1: No 

Fibroblasts 
       

 
Ehehalt et 

al. (2008) 

Fibroblast-like cell line 

(COS) 

Grivet CD36 

 

Overexpressed Oleate Yes 

 
Gimeno et 

al. (2003) 

Fibroblast-like cell line 

(COS) 

Monkey FATP6 

 

 

Overexpressed Palmitate and oleate Yes 

 
Ibrahimi et 

al. (1996) 

Fibroblasts (Obl7PY) Mouse CD36 Overexpressed Palmitate and oleate Yes 

Giant 

sarcolemmal 

vesicles 

       

 
Holloway et 

al. (2011) 

Giant sarcolemmal 

vesicles 

Rat FATP1 Overexpressed Palmitate Yes 

 
Bonen et al. 

(2000) 

Giant sarcolemmal 

vesicles 

Rat CD36 Chemical inhibition Palmitate Yes 
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Luiken et 

al. (1999) 

Giant sarcolemmal 

vesicles (heart and 

muscle) 

Rat CD36 

FABPpm 

Chemical inhibition Palmitate CD36: Yes 

FABPpm: Yes 

 
Turcotte et 

al. (2000) 

Giant sarcolemmal 

vesicles 

Rat FABPpm Chemical inhibition Palmitate Yes 

Hepatocytes 
       

 
Chabowski 

et al. (2013) 

Hepatocytes (primary) Rat CD36 Chemical inhibition Palmitate and oleate Yes 

 
Park et al. 

(2021) 

Hepatocytes (primary) Mouse TM4SF5 Knockdown (siRNAs) 

Chemical inhibition 

Overexpressed 

Palmitate Yes. Knockdown 

and inhibition 

increased LCFA 

transport, over 

expression reduced 

LCFA uptake 

 
Newberry 

et al. (2003) 

Hepatocytes Mouse FABP1 Knockout Oleate In the fasted state: 

Yes 

In the fed state: No 
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Intestinal brush 

border cells 

       

 
Siddiqi et 

al. (2013) 

Intestinal brush border Rat and 

mouse 

CAV1 Knockout Oleate Yes 

Jejunal mucosal 

cells 

       

 
Stremmel, 

W. (1988) 

Jejunal mucosal cells Rat FABP8 Chemical inhibition Palmitate and oleate Yes 

Myocytes 
       

 
García-

Martínez et 

al. (2005) 

Myocytes Human CD36 

FATP1 

Overexpressed Palmitate and oleate CD36: Yes 

FATP1: Yes 

 
Benninghoff 

et al. (2020) 

Myocytes Mouse TBC1D1 

TBC1D4 

Rab8a 

Rab8b 

Rab10 

Knockdown (siRNAs) Palmitate and oleate TBC1D1 and 

TBC1D4: 

Knockdown 

increased LCFA 

transport 
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Rab14 

Rab28 

FATP4 

CD36 

Rab8a, Rab8b, 

Rab10 and Rab14: 

Yes 

Rab28: No 

CD36: Yes 

FATP4: Yes 

 
Chabowski 

et al. (2005) 

Myocytes Rat CD36 Chemical inhibition Palmitate Yes 

 

 
Luiken et 

al. (2002) 

Myocytes Rat CD36 Chemical inhibition Palmitate Yes 

 
Sorrentino 

et al. (1988) 

Myocytes Rat FABPpm Chemical inhibition Oleate Yes 

Pneumocytes 
       

 
Guthmann 

et al. (1999) 

Pneumocytes (type II) Rat CD36 Chemical inhibition Palmitate Yes 

Multiple cell 

types 
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Hames et al. 

(2014) 

Adipocytes 

Myocytes (skeletal 

muscle) 

Cardiomyocytes 

Hepatocytes 

Human CD36 Comparison of CD36 

sufficient and CD36 deficient 

patients 

Palmitate In adipocytes, 

myocytes, and 

cardiomyocytes: 

Yes  

In hepatocytes: No 

 
Pohl et al. 

(2004) 

Adipocytes (3T3-L1)  

Fibroblasts (3T3-L1) 

Mouse CAV3 Chemical inhibition Oleate and stearate Adipocytes: Yes 

Fibroblasts: No 

  
Wu et al. 

(2006) 

Adipocytes (3T3-L1)  

Myocytes 

Mouse FATP1 Knockout Oleate In unstimulated 

cells: No 

In insulin 

stimulated cells: 

Yes 

 
Salameh et 

al. (2016) 

Adipocytes (3T3-L1) 

Endothelial cells 

derived from brain 

tissue (bEnd.3) 

Mouse PHB 

ANX2 

CD36 

PHB: Knockdown in 3T3-L1 

(siRNA), overexpressed in 

bENd.3 

ANX2: Knockout 3T3-L1 

Palmitate PHB: Yes 

ANX2: Yes 

CD36: Yes 
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ANX2/PHB: Chemical 

inhibition in 3T3-L1 

CD36: Chemical inhibition in 

3T3-L1 

 
Momken et 

al. (2017) 

Cardiomyocytes 

Skeletal muscle (giant 

sarcolemmal vesicles)  

Mouse CD36 Chemical inhibition in 

cardiomyocytes 

Knockout in skeletal muscle 

Palmitate Yes 

 
Wang et al. 

(2019) 

Embryonic kidney cells 

(HEK293T) 

Preadipocytes (3T3-

L1) 

Human DHHC4 

DHHC5 

CD36 

DHHC5: Knockdown 

(shRNA), knockout in 3T3-L1 

CD36: Knockdown in 

HEK293 (shRNA), 

Overexpressed in 3T3-L1 

Oleate DHHC4: Yes  

DHHC5: Yes 

CD36: Yes 

 
Stahl et al. 

(1999) 

Embryonic kidney cells 

(HEK293T) 

Enterocytes 

 

HEK293: 

Human 

Enterocytes: 

Mouse 

FATP4 

 

Overexpressed in HEK293 

Chemical inhibition in 

enterocytes 

Palmitate and oleate Yes 
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Supplementary Table 2: Characteristics of human tissue and islet donors included in RNA-seq analysis. The information in the table 

presented here was kindly collated by Dr Patricia Thomas. 

Tissue type Study donor ID Ethnicity Age (yrs) Sex History of 

diabetes (Y/N) 

BMI (kg/m2) Time from 

diagnosis 

HbA1c 

Fagerberg et al.  

Adipocytes Not given Not given Not given Not given Not given Not given Not given Not given 

Hepatocytes Not given Not given Not given Not given Not given Not given Not given Not given 

Chhibber et al.  

Hepatocytes 1 Caucasian 75 Female Not given Not given Not given Not given 

Hepatocytes 2 Caucasian 72 Male Not given Not given Not given Not given 

Hepatocytes 3 Caucasian 68 Female Not given Not given Not given Not given 

Hepatocytes 4 Caucasian 62 Male Not given Not given Not given Not given 

Hepatocytes 5 Caucasian 53 Male Not given Not given Not given Not given 

Hepatocytes 6 Caucasian 28 Male Not given Not given Not given Not given 

Hepatocytes 7 Caucasian 45 Male Not given Not given Not given Not given 

Hepatocytes 8 Caucasian 54 Male Not given Not given Not given Not given 
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Hepatocytes 9 Caucasian 60 Male Not given Not given Not given Not given 

Hepatocytes 10 Caucasian 60 Male Not given Not given Not given Not given 

Hepatocytes 11 Caucasian 67 Male Not given Not given Not given Not given 

Hepatocytes 12 Caucasian 15 Female Not given Not given Not given Not given 

Hepatocytes 13 Caucasian 66 Female Not given Not given Not given Not given 

Hepatocytes 14 Caucasian 57 Male Not given Not given Not given Not given 

Hepatocytes 15 Caucasian 49 Male Not given Not given Not given Not given 

Hepatocytes 16 Caucasian 68 Male Not given Not given Not given Not given 

Hepatocytes 17 Caucasian 16 Female Not given Not given Not given Not given 

Hepatocytes 18 Caucasian 75 Female Not given Not given Not given Not given 

Hepatocytes 19 Caucasian 30 Female Not given Not given Not given Not given 

Hepatocytes 20 Caucasian 47 Female Not given Not given Not given Not given 

Hepatocytes 21 Caucasian 53 Male Not given Not given Not given Not given 

Hepatocytes 22 Caucasian 56 Male Not given Not given Not given Not given 

Hepatocytes 23 Caucasian 47 Female Not given Not given Not given Not given 
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Hepatocytes 24 Caucasian 70 Male Not given Not given Not given Not given 

Adipocytes 1 Caucasian 55 Female Not given Not given Not given Not given 

Adipocytes 2 Caucasian 36 Female Not given Not given Not given Not given 

Adipocytes 3 African-

American 

47 Male Not given Not given Not given Not given 

Adipocytes 4 African-

American 

31 Female Not given Not given Not given Not given 

Adipocytes 5 Asian 34 Female Not given Not given Not given Not given 

Adipocytes 6 Caucasian 56 Female Not given Not given Not given Not given 

Adipocytes 7 Caucasian 56 Female Not given Not given Not given Not given 

Adipocytes 8 African-

American 

23 Female Not given Not given Not given Not given 

Adipocytes 9 Unknown 42 Female Not given Not given Not given Not given 

Adipocytes 10 Unknown 23 Female Not given Not given Not given Not given 

Adipocytes 11 Caucasian 57 Female Not given Not given Not given Not given 

Adipocytes 12 Caucasian 25 Female Not given Not given Not given Not given 
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Adipocytes 13 Caucasian 45 Female Not given Not given Not given Not given 

Adipocytes 14 Caucasian 41 Female Not given Not given Not given Not given 

Adipocytes 15 Caucasian 41 Male Not given Not given Not given Not given 

Adipocytes 16 African-

American 

35 Male Not given Not given Not given Not given 

Adipocytes 17 Asian  24 Female Not given Not given Not given Not given 

Adipocytes 18 Caucasian 28 Female Not given Not given Not given Not given 

Adipocytes 19 Caucasian 52 Male Not given Not given Not given Not given 

Adipocytes 20 Unknown 59 Female Not given Not given Not given Not given 

Adipocytes 21 Unknown 52 Female Not given Not given Not given Not given 

Adipocytes 22 Caucasian 29 Female Not given Not given Not given Not given 

Adipocytes 23 Caucasian 43 Male Not given Not given Not given Not given 

Adipocytes 24 Unknown 30 Female Not given Not given Not given Not given 

Adipocytes 25 Asian 36 Female Not given Not given Not given Not given 

Marselli et al.  



 239 

Islets 12/34 Not given 46 Female No 25.0 N/A Not given 

Islets 12/35 Not given 53 Male No Not given N/A Not given 

Islets 14/46 Not given 40 Male No 26.2 N/A Not given 

Islets 15/40 Not given 77 Male No 25.2 N/A Not given 

Islets 16/4 Not given 62 Female No 24.8 N/A Not given 

Islets 16/34 Not given 59 Male No 19.4 N/A Not given 

Islets  16/35 Not given 81 Female No 25.0 N/A Not given 

Islets 17/2 Not given 77 Male No 24.2 N/A Not given 

Islets 17/4 Not given 76 Male No 24.2 N/A Not given 

Islets 17/7 Not given 39 Male No 32.6 N/A Not given 

Islets 17/20 Not given 22 Male No 19.6 N/A Not given 

Islets 17/22 Not given 78 Male No 23.9 N/A Not given 

Islets 17/30 Not given 68 Female No 20.8 N/A Not given 

Islets 17/37 Not given 79 Female No 27.5 N/A Not given 

Islets 17/41 Not given 56 Female No 22.5 N/A Not given 
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Islets 17/42 Not given 53 Female No 20.8 N/A Not given 

Islets 17/44 Not given 67 Male No 24.2 N/A Not given 

Islets 17/53 Not given 56 Male No 24.7 N/A Not given 

Islets 17/54 Not given 81 Female No 27.3 N/A Not given 

Islets 17/62 Not given 81 Female No 25.9 N/A Not given 

Islets 17/65 Not given 72 Female No 23.9 N/A Not given 

Islets 17/66 Not given 52 Female No 23.4 N/A Not given 

Islets 17/70 Not given 71 Male No 25.4 N/A Not given 

Islets 17/75 Not given 53 Female No 41.9 N/A Not given 

Islets 18/4 Not given 27 Female No 25.0 N/A Not given 

Islets 18/5 Not given 61 Male No 32.4 N/A Not given 

Islets 18/8 Not given 80 Female No 23.4 N/A Not given 

Islets 18/11 Not given 86 Female No 33.1 N/A Not given 

Islets 18/12 Not given 50 Male No 22.4 N/A Not given 

Islets 18/17 Not given 50 Female No 20.2 N/A Not given 
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Islets 18/18 Not given 80 Female No 18.4 N/A Not given 

Islets 18/19 Not given 58 Female No 24.2 N/A Not given 

Islets 18/20 Not given 83 Male No 25.9 N/A Not given 

Islets 18/22 Not given 33 Male No 21.8 N/A Not given 

Islets 18/25 Not given 71 Female No 29.4 N/A Not given 

Islets 18/31 Not given 66 Male No 27.8 N/A Not given 

Islets 18/35 Not given 74 Male No 26.1 N/A Not given 

Islets 18/37 Not given 78 Female No 25.3 N/A Not given 

Islets 18/42 Not given 51 Male No 26.2 N/A Not given 

Islets 18/45 Not given 79 Female No 29.7 N/A Not given 

Islets 18/46 Not given 79 Female No 25.7 N/A Not given 

Islets 18/50 Not given 53 Male No 27.8 N/A Not given 

Islets 19/2 Not given 81 Female No 20.2 N/A Not given 

Islets 19/4 Not given 61 Male No 24.8 N/A Not given 

Islets 19/8 Not given 67 Female No 23.9 N/A Not given 
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Islets 19/15 Not given 72 Female No 22.0 N/A Not given 

Islets 19/18 Not given 63 Male No 26.8 N/A Not given 

Islets 19/26 Not given 28 Female No 20.2 N/A Not given 

Islets 19/27 Not given 52 Male  No 30.0 N/A Not given 

Islets 19/29 Not given 59 Male No 27.7 N/A Not given 

Islets 19/34 Not given 76 Female No 19.5 N/A Not given 

Islets 19/72 Not given 69 Male No 26.1 N/A Not given 

Islets 20/5 Not given 77 Male No 24.5 N/A Not given 

Islets 20/8 Not given 82 Male No 24.5 N/A Not given 

Islets 20/11 Not given 64 Female No 29.4 N/A Not given 

Islets 20/26 Not given 64 Female No 21.3 N/A Not given 

Islets 20/82 Not given 79 Male No 25.3 N/A Not given 

Islets 21/29 Not given 82 Female No 30.1 N/A Not given 

Colli et al.  

Islets Donor 15 Not given 67 Male Not given 25.7 Not given Not given 
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Islets Donor 16 Not given 87 Female Not given 23.8 Not given Not given 

Islets Donor 17 Not given 67 Female Not given 24.6 Not given Not given 

Islets Donor 18 Not given 83 Female Not given 37.1 Not given Not given 

Islets Donor 19 Not given 84 Female Not given 24.5 Not given Not given 

Islets Donor 20 Not given 40 Femlae Not given 22.5 Not given Not given 
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Appendix B 

Supplementary Figures 
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Supplementary Figure 1. The distribution of the gene counts in human adipocytes, hepatocytes, 

islets and EndoC-βH1 cells, as well as rodent INS-1 832/13 cells. Histograms display a negative 

binomial distribution of gene counts for human adipocytes (A), hepatocytes (B), islets (C), and 

EndoC-βH1 cells (D), as well as rodent INS-1 832/13 cells (E). The x-axis illustrates the log-average 

counts for all genes across all samples obtained for each cell type, and the y-axis represents the 

frequency of each counts value. 
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Islets: Distribution of Counts
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Supplementary Figure 2. Heatmap showing gene expression of candidate LC-FFA transporters. 

Candidate LC-FFA transporters are displayed on the x-axis and the cell type is displayed on the y-

axis. Blue rectangles illustrate low expression, and red rectangles illustrate high expression. 

Hierarchical clustering is shown on the left side of the diagram. The figure presented here was 

provided by Dr Patricia Thomas. 
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Supplementary Figure 3. Acute uptake of palmitate (C16:0) and the vehicle in EndoC-βH1 cells shows a similar trend using a third 

repetition in the presence of an inhibitor of dynamin-mediated endocytosis (Dyngo-4a). EndoC-βH1 cells were injected with the vehicle 

control (VC) in the presence of DMSO (A) or Dyngo-4a (B), and 0.5mM palmitate (C16:0) in the presence of DMSO (C) or Dyngo-4a (D). Results 

are displayed as the mean  S.E.M, representative of one independent experiment. No error bars are given for the C16:0 injection in the presence 

of DMSO as only one slide was imaged. 
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