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Abstract 

Cardiovascular disease (CVD) and Type 2 diabetes (T2D) are leading contributors to the burden 

of disease in Australia and elsewhere.  They can occur concomitantly and are characterised by 

similar risk factors.  For example, insulin resistance, elevated total and LDL cholesterol and low 

protective HDL cholesterol are common to both conditions.  The cholesterol-lowering drugs 

known as statins are regularly prescribed to treat dyslipidaemia, including in CVD and T2D.  

However, while statins prevent deaths from CVD, they have been associated with an increase in 

the incidence and progression of diabetes.  High plasma cholesterol levels have also been 

correlated with insulin insufficiency and β-cell death, possibly due to oxidative stress and 

exhaustion. 

Statins competitively inhibit 3-hydroxy-3-methylglutaryl-coenzyme A (HMG�CoA) reductase, 

the initial rate-limiting enzyme in cholesterol synthesis.  The diabetogenic effect of statins may 

be a result directly related to this inhibition, leading to reduced total cellular cholesterol 

concentrations and to reduced availability of compounds such as coenzyme Q10, which are 

derived from intermediates of the mevalonate pathway.  There are also potential downstream 

effects, such as inhibition of membrane channel proteins, interference in exocytotic processes, 

impaired mitochondrial function and increased reactive oxygen species.  It is also possible that 

various members of the statin family have differential extrahepatic effects based on varying 

lipophilicity, and thus cellular penetration and impact.  A comprehensive review of the literature 

has been undertaken to understand these influences on β-cells. 

In this project, the effect of cholesterol content on β-cell function was addressed, with particular 

attention to insulin secretion, mitochondrial function and the evaluation of strategic proteins 

involved in glucose sensing, exocytosis and cholesterol transport.  BRIN-BD11 cells, a glucose-

sensitive β-cell model, were exposed to lipophilic and hydrophilic statins and insulin secretion 

was stimulated using a variety of nutritional and therapeutic secretagogues.  To evaluate the 

contribution of mechanisms related to cellular cholesterol abundance on β-cell health and 

insulin secreting potential, the cholesterol-sequestering agent methyl β-cyclodextrin (MβCD) 

was used, in both its pre-loaded and empty states to manipulate the cholesterol content.  Both an 

increase and a decrease in cell cholesterol content, using cholesterol loaded MβCD and statins, 

respectively, reduced robustly stimulated insulin secretion, with little effect on basal 

stimulation.  Effect size appeared to be dependent on both the capacity to vary cholesterol from 

its native abundance and the strength of insulin secretion stimulation.  Greater changes in 

cholesterol blunted the insulin secretion response to more potent secretagogues. 

Stimulus-secretion coupling is central to appropriate insulin secretion and ATP generated 

through mitochondrial respiration is an important coupling agent.  For this reason, 
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mitochondrial function and high oxidative respiration capacity in β-cells is key to whole-body 

glucose homeostasis.  Statins have been found to adversely affect mitochondrial function in 

muscle, and it is not known whether this could also occur in β-cells.  The metabolic effects of 

several statins were characterised using mitochondrial function studies and a Seahorse 

extracellular flux analyzer.  Statins provoked an increase in glycolysis and adversely affected 

maximum mitochondrial respiration, although glucose uptake was not altered.  ATP production 

stimulated by 25 mM glucose was reduced by atorvastatin treatment.  A panel of antibodies 

directed against glycolytic enzymes in Western blots indicated that increases in hexokinase I 

expression and GSK3β phosphorylation at serine 9 attended this change.  Further observations 

regarding other β-cell functions included increased expression of the cholesterol transporter 

ABCA1 and the mitogenic regulator mTOR, and increased insulin receptor phosphorylation. 

Glutamine can improve glycaemic status in T2D patients, contributes carbons to the TCA cycle 

and is protective of oxidant injury.  Therefore, the addition of glutamine in its stable dipeptide 

form with alanine was investigated as a potential moderator of the effects of statin on 

mitochondrial function and insulin secretion.  However, no beneficial effect was observed on 

either insulin secretion or mitochondrial function; to the contrary, high concentrations of alanyl-

glutamine had adverse effects. 

In vitro effects may be different from those in the complex in vivo environment, and a study 

using male C57Bl/6J mice fed either a high fat or normal diet in conjunction with pravastatin, 

atorvastatin (both 10 mg/kg/day) or no statin treatment was therefore undertaken.  Diet was 

found to have a greater effect than statins on glucose tolerance and fasting blood glucose, 

insulin and glucagon.  However, atorvastatin was associated with diet-dependent variations in 

β-cell secretion, as indicated by HOMA-%B, significantly increasing the latter in the normal 

diet cohort while mice on the high fat diet were not affected.  Additional subtle beneficial and 

adverse tendencies on insulin resistance (HOMA-IR) in the high fat and normal diet cohorts, 

respectively, were also observed, and fasting glucagon was elevated in association with 

atorvastatin and a high fat diet. 

This study demonstrates that maintenance of intracellular cholesterol homeostasis is required for 

optimal β-cell function.  Sub- and supra-optimal cholesterol content resulted in the blunting of 

maximal insulin secretion stimulated by nutrient and therapeutic secretagogues.  Further, this 

effect was relative to both the magnitude of the change in cholesterol concentration and the 

strength of insulin secretion stimulus.  Statin treatment also adversely affected stimulus-

secretion coupling in BRIN-BD11 β-cells, characterised by decreased respiration and ATP 

production.  The associated increase in glycolysis may be a compensatory response, and there 

appear to be some comparisons between these results and the characteristics of β-cell 
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dedifferentiation.  In accordance with other studies, pravastatin demonstrated a reduced, though 

consistently similar influence compared to atorvastatin, possibly due to its hydrophilicity. 

The results of this study contribute to the body of research assessing the complex relationship 

between cholesterol and glucose homeostasis.  Insulin secretion is adversely affected by both 

increased and decreased cellular cholesterol, supporting the conclusion that optimal cellular 

cholesterol content is required for healthy β-cell function.  Lipophilic statins are associated with 

impaired ATP production, providing a putative mechanism for the decline in stimulated insulin 

secretion.  In mice, the diabetogenic effect of statins appears to be conditional on other factors 

such as diet-induced insulin resistance, and may implicate anomalies in both glucagon and 

insulin secretion.  This work may be relevant to clinical decisions on the responsible use of 

statins, and highlights potentially productive areas of future research to further examine cellular 

responses to cholesterol changes within β-cells and the associated systemic consequences for 

glucose homeostasis. 
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Poetic Précis  

 

 

 

As we in Oz our waistlines fatten 
And fill our scripts for daily statin 
Some may find their diabetes 
Appears despite a ban on sweeties 
 
So why this injury to metabolism? 
Is it due to polymorphism? 
Or does our industrious mitochondrion 
Tire from the drug phenomenon? 
 
Does cholesterol deposition 
Affect our glycaemic disposition? 
Do proteins in the membrane 
Displace or fail to maintain 
Stability with altered fluidity? 
 
Can we blame dedifferentiation 
Or maybe cellular inflation? 
Do enzymes rare upregulate 
Glycolysis to accelerate? 
So many things to postulate! 
 
Not wishing to be negligent 
And causing no-one detriment 
We find it now quite pertinent 
To try our best to circumvent 
A problem somewhat prevalent  
To statin use inherent 
 
And cholesterol so oft maligned 
Is with glucose status intertwined. 
So! Despite rampant consumerism 
We must maximise athleticism 
And care for our metabolism. 
 
 

-Gae Ellison
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Chapter 1 Cholesterol and insulin secretion: 
What is the link? 

Type 2 diabetes (T2D) is a significant contributor to disease burden in Australia and globally.  

Together with cardiovascular disease (CVD), which shares similar risk factors, these two 

diseases are of considerable concern in terms of cost and suffering.  The cholesterol lowering 

drugs known as statins are often prescribed to protect diabetics from CVD.  However, while 

statins are efficacious in preventing deaths from CVD, they have also recently been associated 

with an increased risk of new-onset T2D.  Given that these drugs regularly feature in the top 10 

most prescribed drugs list in Australia and elsewhere, it is important to investigate their 

influence on insulin secretion and potential diabetic mechanisms. This review provides a 

background for the studies reported in the following chapters.  To keep this review up-to-date in 

a burgeoning research area, some of the literature included was published after the 

commencement of this project and includes information that was not available during the 

planning and data acquisition stages. 

1.1 Diabetes 

Of the so-called ‘diseases of affluence’ of the modern era, type 2 diabetes (T2D) is an epidemic 

(4-6).  Much research effort has been invested in understanding the lifestyle and other risk 

factors that contribute to its development and progression.  Globally the impact of this largely 

preventable chronic illness was such that the World Health Organisation promoted a ‘Beat 

Diabetes’ campaign in 2016 (7). 

Diabetes was the 12th leading cause of death globally in 2000 and 6th in 2015, accounting for 1.8 

and 2.8% of deaths respectively (8).  While most T2D-related deaths are in the > 50 year old 

age-group, children (<18 years old) do not escape its effects (9), and it is anticipated that by 

2025 there will be 91 million obese children globally, of whom 4 million will have T2D unless 

effective interventions become available (10). 

T2D is characterised by increased insulin resistance which, in the initial stages, is managed by 

increased insulin secretion to maintain normoglycaemia.  With the consequent increase in β-cell 

metabolism and changes in the environmental milieu such as dyslipidaemia, glucagon 

dysregulation, cytokine release and associated reactive oxygen species (ROS) generation, the 

condition progresses to β-cell fatigue, dedifferentiation and apoptosis.  This further leads to 

inadequate insulin secretion, hyperglycaemia and, eventually, insulin dependence (11-14). 

T2D progression is thought to be driven by insulin resistance resulting from metabolic 

derangements associated with obesity and dyslipidaemia.  Dyslipidaemia associated with T2D is 
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characterised by elevated triglycerides both in the fasting and post-prandial states, low levels of 

protective high density lipoproteins (HDL, refer to Section 1.2.4) and increased abundance of 

small, dense low density lipoproteins (LDL) (15).  High levels of circulating free fatty acids 

(FFA) stimulate β-cell compensatory hyperplasia and hypersecretion of insulin, particularly at 

pre-stimulatory glucose concentrations in healthy islets (16, 17).  It is widely believed that FFA, 

particularly those that are saturated, such as palmitate, induce lipotoxicity, manifest by 

peripheral insulin resistance and β-cell dysfunction through mechanisms including endoplasmic 

reticulum (ER) stress and increased ROS (18).  Accumulation of fat in the islets and pancreas 

(19) is associated with elevated proinflammatory cytokines and may lead to β-cell apoptosis and 

endocrine dysfunction (20). 

Diabetes mellitus is associated with macro and microvascular disease complications including 

cardiovascular disease (CVD), stroke, nephropathy, retinopathy, neuropathy and sexual 

dysfunction (reviewed in 21) as well as non-vascular conditions such as depression and 

dementia (22). 

The relationship between T2D and CVD is of particular relevance in this project.  CVD is the 

most likely cause of death among people with T2D (23, 24) and among ~27,000 deaths from 

ischaemic heart disease in New York over a period of 18 years, young women (< 25 years) were 

5 times more likely to have T2D listed as a contributing cause than men or older women (25).  

In addition, a recent meta-analysis found that T2D independently conferred an ~2-fold risk for 

CVD and accounted for an estimated 11% of CVD-related deaths over 8.49 million person-

years in an adult population, of whom 10% had T2D (26). 

The strong link between T2D and CVD (27) results in widespread prescription of lipid lowering 

drugs, mainly from the statin family, in T2D patients (28).  Indeed, clinical guidelines from the 

American College of Physicians advocate its use in all patients presenting with T2D, regardless 

of baseline lipid levels (29, 30).  Australian guidelines are a little more conservative, suggesting 

that secondary causes of raised blood lipids be treated prior to beginning drug therapy (31).  

While proactive risk monitoring and statin medication are changing the prevalence of 

complications related to dyslipidaemia among diabetics (32), recent evidence that statins are 

associated with increased new onset and progression of T2D is a cause for concern (reviewed in 

33, 34). 

There is an accumulating body of evidence to suggest that a link exists between statin 

medication and glucose tolerance, including new onset diabetes.  First widely recognised after 

the publication of the JUPITER and WOSCOP studies (35, 36), further meta analyses of clinical 

trials have shown conclusively that a link exists (see Table 1.1).  While benefit vs harm 

considerations lie in favour of the continued use of statins (30), the scale of their global use 

implies an enormous potential for harm, even given very low harm ratios.  Causation has not yet 
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been established, however, and many studies, including those in this thesis, are investigating 

this link and possible contributing mechanisms.  Section 1.5 reviews the literature to date 

linking cholesterol and glycaemic health, but first the synthesis and role of cholesterol in the 

body is reviewed. 

1.2 Cholesterol 

Cholesterol is essential for life and development (37).  Most of the ~1.5 g daily adult 

requirement is biosynthesised (38), mainly during the night and early morning (39), and a 

variable amount (~5%) is of dietary origin (40).  Although the liver has traditionally been 

considered the major site of cholesterol synthesis, reports vary.  In rodents, the liver contributes 

10-50% with skin (20%), intestine (10-20%) and other extrahepatic tissue accounting for the 

remainder (41, 42).  In humans, reliable in vivo data is unavailable (42). 

Movement of cholesterol in the circulation is accomplished by means of lipoprotein particles; 

these can deliver to and accept cholesterol from cells, for example by low density lipoprotein 

(LDL) and high density lipoprotein (HDL), respectively.  Given that cholesterol is an 

indispensable component of cellular membranes, it is not surprising that machinery for its 

production is ubiquitous, and all nucleated cells, including pancreatic β-cells, are capable of 

synthesising it (43).  Hence, in many tissues, both endogenous (biosynthesised) and exogenous 

(delivered by lipoproteins) cholesterol is available, providing two mechanisms of acquisition.  

However, some cells, for example those synthesizing steroid hormones, have high cholesterol 

requirements and these are more dependent on that delivered in the form of LDL. 

1.2.1 Cholesterol synthesis 

Over 20 enzymes are required for cholesterol synthesis, including 3-hydroxy-3-methylglutaryl-

CoA reductase (HMGCR), well-known as the target of statins and for catalysing the key rate-

limiting step.  Recently, squalene monooxygenase (SQM, also called squalene epoxidase) has 

also been attributed with a rate-limiting function and several additional enzymes in the pathway 

have been found to contribute further regulatory control over synthesis of cholesterol and 

several biologically significant intermediates (44) (also reviewed in (45), discussed further 

below). 

Cholesterol is synthesised via the mevalonate pathway which gives rise to two alternative 

pathways diverging from lanosterol, known as the Bloch1 and Kandutsch-Russell (K-R) 

pathways (45, 47-49) (see Figure 1.1).  By means of these parallel synthetic pathways, a degree 

of redundancy exists.  Moreover, great flexibility for the provision of additional intermediates 

                                                        
1 Konrad Bloch and Feodore Lynen were awarded the Nobel Prize for Physiology or Medicine in 1964 
“for their discoveries concerning the mechanism and regulation of the cholesterol and fatty acid 
metabolism” (46) 
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results from tissue-specific flux through either or both pathways (50-52).  Indeed, side-chain 

modification can theoretically occur on any K-R intermediate, allowing ‘bridges’ between the 

two pathways (53), and a modified pathway utilising combinations of both traditional pathways 

was recently discovered (50).  Relative flux through each pathway may thus vary, and this was 

demonstrated in several tissues including adipose, liver and brain (~85%, ~65% and ~22% 

Bloch pathway, respectively). 

 
Figure 1.1. Cholesterol Biosynthetic Pathway. 
The mevalonate pathway diverges into the Bloch and Kandutsch-Russell pathways for further 
metabolism of lanosterol to cholesterol.  Statins inhibit synthesis early in the mevalonate 
pathway (indicated in red), rate-limiting enzymes are indicated using white text in a green box, 
and biologically relevant intermediates, products or pathologies are indicated in blue.  HMGCS, 
HMG-CoA synthase; HMGCR, HMG-CoA reductase; MVK, mevalonate kinase; PMVK, 
Phosphomevalonate kinase; IDI1/IDI2, Isopentenyl-diphosphate Δ-isomerase 1/2; GGPPS, 
geranyl pyrophosphate synthase; FPPS, farnesyl pyrophosphate synthase; SQS, squalene 
synthase; SQM, squalene monooxygenase (squalene epoxidase); LSS, Lanosterol synthase; 
CYP51, Sterol 14α-demethylase cytochrome P450; DHCR24, 24-Dehydrocholesterol reductase; 
DHCR14, 14-Dehydrocholesterol reductase; SC5D, Sterol-C5-desaturase; DHCR7, 7-
Dehydrocholesterol reductase.  Items marked * are known targets of SREBP (49); # indicates 
direct regulation by cholesterol; ^ indicates involvement in negative regulatory feedback.  
Adapted from (54). 
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1.2.2 Cholesterol function  

In addition to being a vital component of cellular membranes, cholesterol is also a precursor for 

Vitamin D, bile salts and steroid hormones including testosterone, oestrogen, progesterone and 

the corticosteroids.  In male mice, it is used in the synthesis of pheromones in the preputial 

glands (50, 55).  Twenty percent of total cholesterol content is found in the brain where it is 

involved in axon myelination and other brain functions (56).  Skin and adrenal glands are also 

cholesterol enriched. 

The intracellular compartmentalisation of cholesterol varies, with most contained in the plasma 

membrane, where it plays critical structural and functional roles as described below.  

Intracellular membranes also contain cholesterol and, in at least some cases, its concentration is 

strictly controlled.  Indeed, cholesterol concentration in the endoplasmic reticulum (ER) 

provides the cue to up- or down-regulate cholesterol synthesis (57). 

Each cell is bound by a phospholipid bilayer enriched with cholesterol to maintain a hydrophilic 

barrier.  Lipids constituting the plasma membrane are amphipathic in nature and are oriented in 

a manner that separates their hydrophobic residues from the aqueous cytosolic and extracellular 

areas.  Translocation from one lipid bilayer to the other requires a 180˚ turn, often facilitated by 

a transporter (58).  Cholesterol, however, can spontaneously translocate between bilayers (59).  

While cholesterol has traditionally been thought to be present in higher concentrations in the 

inner leaflet (60), recent evidence challenges this view, perhaps due to improved imaging tools.  

Instead, cholesterol was found to be more concentrated in the outer leaflet and the asymmetry 

maintained between the two leaflets is thought to facilitate signalling activities by means of 

stimulus-responsive transfer of cholesterol between the inner and outer membrane leaflets (59). 

Besides its potential signalling role, the cholesterol content of membranes influences several of 

its biophysical properties, including viscosity and curvature.  It decreases membrane fluidity, 

producing tighter packing of surrounding phospholipids resulting in a membrane thickening 

effect (reviewed in 61).  Overall, cholesterol constitutes ~10 – 45 mol% of the lipid content of 

cell membranes (59)2, but its distribution is not uniform; for example there are regions of higher 

concentration in lipid rafts, where it interacts with sphingolipids (61, 62).  These lipid rafts, 

characterised by greater orderliness and increased accumulation of transmembrane proteins 

(63), are critically important in the maintenance and function of proteins involved in cell 

signalling and exocytosis (reviewed in 64). 

In β-cells, membrane cholesterol affects several lipid raft-associated proteins involved in insulin 

exocytosis.  These include voltage-gated Ca2+ channels (Ca2+
V) and various granule fusion 

proteins including synaptosomal associated protein 25 (SNAP25) and vesicle-associated 
                                                        
2Quantification of membrane cholesterol varies within the literature, and HeLa cells have ~22 mol% in 
membranes (59). 
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membrane protein 2 (VAMP2) (65, 66).  In addition, other transport and/or signalling proteins 

including low density lipoprotein receptor (LDLR) and insulin receptor (I-R), but not glucose 

transporter 2 (GLUT-2) (67), are also raft-associated.  ATP-sensitive K+ channels (K+
ATP), 

crucial in β-cell stimulus-secretion coupling, may be located within lipid rafts, although some 

discrepancy occurs in the literature (68, 69).  Surprisingly, caveolin 1, usually associated with 

cholesterol-rich caveolae at the plasma membrane, was only found intracellularly in β-cells 

(69).  It is thought to be located within lipid rafts on the granule membrane where it may have a 

cholesterol-regulating function (70).  Further discussion on the roles of these proteins can be 

found in Sections 1.5.1. and 1.1. 

Within the β-cell, and similarly to other secretory cells, insulin secretory granules containing 

crystalline insulin are enclosed within cholesterol-enriched lipid membranes (71, 72).  This 

facilitates exocytosis in two ways: it enhances Ca2+ sensitivity as a fusion signal, and the 

spontaneous negative curvature bestowed by cholesterol expedites fusion (73, 74).  Sato and 

Herman (1981, cited in 72) point out that the total surface area of these granules (and thus 

cholesterol requirements) is significant, given that each β-cell contains 9,000-10,000 granules. 

Additional roles exist for cholesterol in all cell types, but those outlined above allow an 

appreciation of the importance of cholesterol in β-cell function and glucose homeostasis.  

Furthermore, the long and complex cholesterol synthetic pathway produces many transitional 

molecules, some of which are of interest in glucose homeostasis. 

1.2.3 Other products of the mevalonate pathway 

There are other products stemming from intermediates of the mevalonate pathway which serve 

important biological functions.  The best-known of these are the isoprenoids, including 

coenzyme Q10 (CoQ10), also known as ubiquinone, and the prenylation moieties 

geranylgeranyl pyrophosphate (GGPP) and farnesyl pyrophosphate (FPP). 

CoQ10 has a structure similar to Vitamin K and is important in cellular redox processes and as a 

member of the electron transport chain (75).  Each CoQ10 molecule can carry 2 electrons and is 

involved in electron transfer between complexes 1, 2 and 3 in the electron transport chain (ETC) 

(76).  CoQ10 is functionally important in β-cells, not only for cell respiration but also for insulin 

secretion because nutrient-generated ATP is a potent stimulus-secretion coupling factor in 

insulin secretion (77). 

GGPP and FPP are likewise involved in redox and secretory processes via activation and 

recruitment to the membrane of small signalling G-proteins (78).  In addition, numerous 

proteins require enzymatic prenylation for biological function (79-81).  Notably, Haem A, 

essential as a cofactor of cytochrome c oxidase, complex IV of the respiratory chain, 
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incorporates a farnesyl tail group requisite for precisely locating the haem within the 

cytochrome complex (82, 83). 

Several additional intermediates with novel biological activities have also recently been 

postulated based on mathematical modelling, flux losses in the post-lanosterol pathway, and the 

discovery that cytochrome P450 exhibits sterol metabolising enzyme activity, providing a novel 

mechanism for sterol processing (52, 53).  Oxysterol metabolites of various intermediates have 

likewise been flagged as potentially biologically active in health and disease (84, 85), indicating 

that the roles of cholesterol, its intermediates and products are still being deciphered and further 

avenues of influence on metabolic processes may yet be determined. 

1.2.4 Cholesterol transport 

Systemically, cholesterol is transported in the aqueous plasma environment in millimolar 

quantities (~4 mmol/L in healthy adults) as a component of lipoparticles of varying size and 

density.  Synthesis and metabolic disposition of these lipoproteins is dependent on a family of 

proteins known as apolipoproteins (apo) (recently reviewed in 86).  The liver is the hub of the 

transport system and functions as a terminal for processing incoming and outgoing lipoproteins 

and their cargo including cholesterol, cholesteryl esters and triglycerides. 

In humans, dietary cholesterol and fats are assimilated in enterocytes into large, triglyceride-rich 

lipoproteins known as chylomicrons; these enter the blood stream via the lymphatics and are 

hydrolysed in tissues such as adipose and muscle by lipoprotein lipase to release fatty acids for 

incorporation into tissue lipids, for oxidation as fuel or, in adipose tissue, for storage.  Very low 

density lipoproteins (VLDL), originating from the liver, perform a similar task.  Circulating 

high density lipoproteins (HDL) support this process by donating apo C and apo E to nascent 

chylomicrons and VLDL particles.  As chylomicron and VLDL triglycerides are lost through 

the action of lipoprotein lipase, the particles become progressively more dense and the relative 

cholesterol and cholesteryl ester concentration increases.  Known at this stage as chylomicron 

remnants (from chylomicrons) and intermediate-density lipoproteins (IDL, arising from VLDL), 

either can be taken up and metabolised by the liver.  Mostly, the IDL are metabolised by hepatic 

lipase in the liver to form low density lipoproteins (LDL), which deliver cholesterol to 

extrahepatic tissues (~30% of LDL) or recirculate it to the liver (~70%).  HDL arises from the 

liver and intestine and is involved in reverse cholesterol transport, accepting cholesterol from 

extrahepatic tissue via the ATP-binding cassette transporter family A member 1 (ABCA1) (87). 

LDL binds to its cognate receptor (LDLR) on the cell membrane and together, receptor and 

LDL are internalised in clathrin-coated pits.  Ultimately, the receptor is recycled to the cell 

surface and the cholesterol is made available for use by the cell after lysosomal degradation of 
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the lipoprotein particle (57).  However, proprotein convertase subtilisin kexin 9 (PCSK9) can 

prevent the recycling of LDLR and enhance its endosomal degradation (88). 

In the context of cardiovascular risk, high levels of plasma LDL cholesterol content is widely 

recognised as an independent risk factor for CVD (89), while HDL is largely considered 

protective (90).  HDL is also protective of β-cells in vitro, even in the presence of various 

stressors (91). 

Apart from cholesterol, both free and in the esterified form, lipoproteins also transport fat-

soluble vitamins and CoQ10 (92).  The lipoproteome has recently been found to be surprisingly 

large, with 95 and 22 validated proteins in HDL and LDL, respectively, and knowledge of the 

functions of many included proteins is expanding (93, 94).  Interestingly, disparate HDL 

proteomes found in heart failure patients are highly predictive of survival (95).  This may lead 

to future biomarkers and greater understanding of the role of HDL proteins in sickness and 

health.  An independent lipoprotein transport system operates in the brain, shuttling cholesterol 

from astrocytes, where most synthesis occurs, to neurons (reviewed in 96). 

A range of specialised proteins is also required for cholesterol transport at the cellular level. 

These fall into two categories: those that interact with lipoproteins, and those involved in 

synthesis and intracellular localisation.  It is of interest in this project to review cellular 

cholesterol transporters in the context of β-cells. 

Cholesterol efflux via HDL is facilitated by ATP-Binding Cassette (ABC) Subfamily G 

Member 1 and ABC Subfamily A Member 1 and these cholesterol transporters are expressed in 

β-cells.  ABCG1 is also involved in intracellular cholesterol trafficking, including to insulin 

granules (97) and both ABCA1 and ABCG1 may facilitate cholesterol signalling by maintaining 

trans-bilayer asymmetry of the plasma membrane that responds to stimulation by cholesterol 

translocation (59). 

Scavenger receptor class B type 1 (SR-B1) is widely expressed, including in β-cells (91), and is 

described as a ‘lipid trader’.  It both specifically hydrolyses cholesteryl ester (CE) from LDL 

particles, incorporating it into cell membranes, and facilitates cholesterol efflux to HDL 

particles (92).  It is a multiligand receptor for HDL, modified LDL (oxidised and acetylated) 

and advanced glycation end-products and plays a minor role as a native LDL receptor. 

Additional transport and storage facilitator molecules beyond the scope of this review contribute 

to cholesterol homeostasis, many of which are involved in cholesterol storage and related 

pathologies (70, 80, 98, 99).  Interestingly, continuous cycling of free cholesterol through 

membrane and storage pools and between the esterified and hydrolysed forms supports 

cholesterol sensing (100), providing an additional rationale for the presence of a variety of 
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transporters in cholesterol sensitive tissue such as β-cells.  Non-vesicular transfer of cholesterol 

also occurs rapidly at sites of membrane contact (100).  Lipoprotein lipase (LpL), responsible 

for hydrolysis of triglycerides in VLDL and chylomicrons, and usually found tethered to 

endothelial cells in capillaries, is also expressed in β-cells in a leptin-dependent manner where 

its activity is stimulated by glucose, but its specific function in these cells is unknown (101). 

1.2.5 Pathologies of cholesterol storage and trafficking 

Much information regarding cholesterol and its metabolism has been derived through the study 

of primary hyperlipidaemias, that is, lipidaemias caused by genetic abnormalities.  Several 

illustrative examples are included in this discussion.  For instance, decreased LDL clearance in 

familial hypercholesterolaemia (FH) can be due to either an LDLR defect, defective apo B such 

that it is a poor ligand for the LDLR or increased catabolism of the LDLR.  The LDL receptors, 

and consequently the role of LDL in CVD, were discovered through the study of FH (102).  

Genetic clues also facilitated the discovery of PCSK9 and its function in the disruption of 

LDLR recycling (cited in 103).  Gain-of-function (104) and loss-of-function (105) PCSK9 

mutations increase and decrease circulating LDL, respectively, due to reduced or increased 

(respectively) membrane surface LDLR expression.  The reduced risk of CVD associated with 

loss of function mutations provides further evidence of the involvement of LDL in CVD. 

The importance of synchronised steps in cholesterol synthesis to avoid intermediate 

accumulation, on the one hand, and to provide adequate intermediates for other biological 

processes, on the other hand, is demonstrated by various cholesterol-related pathologies (85).  

For example, the developmental disorder Smith-Lemli-Opitz syndrome is caused by failure to 

produce adequate 7-dehydrocholesterol reductase (DHCR7), the final enzyme in the K-R 

pathway of cholesterol synthesis.  Furthermore, desmosterolosis, caused by mutations in the 

24-dehydrocholesterol reductase (DHCR24) gene that converts desmosterol to cholesterol in the 

final step of the Bloch pathway, can also cause lethal abnormalities (106).  These pathologies 

are characterised by both an accumulation of cholesterol intermediates and a deficiency in 

cholesterol. 

In some instances, a tissue-specific requirement for the accumulation of certain intermediates 

exists.  An example is follicular fluid meiosis activating sterol (FF-MAS, or 4,4-dimethyl-5 

alpha-cholest-8,14,24-trien-3 beta-ol) and its male counterpart in the family of meiosis 

activating sterols, T-MAS, that stimulate oocyte and sperm maturation, respectively (107).  

Further research into the link between this cholesterol intermediate and fertility is ongoing 

(108).  Besides highlighting the importance of regulating intermediates, these examples also 

demonstrate the under-appreciated role of cholesterol synthetic pathways during development. 
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The role of appropriate sterol trafficking, storage, intestinal uptake and degradation has been 

revealed by other cholesterol-related pathologies.  For example, in Niemann-Pick type C, 

caused by mutations in the lipid transporters NPC1 or 2, a failure of appropriate cholesterol 

trafficking for storage results in cholesterol accumulation and progressive loss of brain function.  

Sitosterolaemia is similarly due to mutations in the cholesterol trafficking protein heterodimer 

ABCG5/8, causing increased gut cholesterol uptake and phytosterol accumulation (109). 

A gene closely related to NPC1 and 2, known as NPC1L1, is also involved in cholesterol uptake 

in the intestine.  This transporter was first described by Davies, Levy & Ioannou in 2000 (110) 

and later discovered to be the target of ezetimibe (111).  Loss-of-function mutations in NPC1L1 

reduce dietary cholesterol uptake and provide a 53% reduction in the risk of developing heart 

disease (112).  Cholesteryl ester storage disease, due to lysosomal acid lipase deficiency and 

subsequent failure to degrade cholesteryl ester, results in accumulation of cholesteryl ester, 

hepatomegaly and accelerated atherosclerosis (113).  Cholesteryl esters also accumulate in 

many tissues in Tangier Disease due to defective ABCA1 and loss of cholesterol efflux to HDL 

(114).  This can result in large, yellow-orange tonsils, neuropathy, hepato- and splenomegaly, 

foam cell formation and premature myocardial infarction or stroke. 

While primary hyperlipidaemias led to an understanding of how lipids are metabolised, most 

causes of hyperlipidaemia are secondary to other disease processes including T2D, non-

alcoholic fatty liver and pancreas diseases (NAFLD (115) & NAFPD, (116, 117)), thyroid 

disease, and diet and energy imbalances such as is associated with excessive alcohol intake, 

obesity and metabolic syndrome.  Many of the former have been associated with triglyceride 

and cholesterol dysregulation.  These have thus also contributed to an understanding of factors 

which influence cholesterol metabolism.  In fact, cholesterol became the focus of intense study 

following the 1910 discovery that atherosclerotic plaques contained 25-fold higher cholesterol 

than healthy vessels (103).  Dysfunctional cholesterol metabolism may also be symptomatic in 

chronic neurological diseases such as Alzheimer, Huntington and Parkinson diseases, although 

it is not known whether cholesterol is a cause or consequence of pathophysiology (56, 96). 

1.2.6 Cholesterol regulation 

Cholesterol synthesis is tightly regulated, though variations up to hundreds of fold may occur 

(57).  Its essential nature is emphasised by the many diseases of dysregulation.  Beside general 

physiological influences such as genotype, circadian rhythm and body weight (118, 119), a 

complex endogenous regulatory network ensures cholesterol homeostasis. 

Systemic cholesterol homeostasis is mainly achieved through three avenues: regulation of 

a) synthesis, b) gut absorption, and c) disposal.  Synthesis and absorption have been found to 
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operate reciprocally such that when dietary absorption increases, synthesis is reduced (118).  

Additional tissue-specific regulation can be achieved by influx or efflux via lipoproteins. 

1.2.6.1 Regulation of synthesis 
Regulation of cholesterol synthesis was one of the first negative feedback regulatory 

mechanisms documented and took many years of dedicated research to fully describe.  Indeed, 

the availability of more powerful technologies is facilitating new revelations, demonstrating 

‘unforeseen complexity’ in this field (45). 

Early research focused on HMGCR and its transcription factor, sterol-regulatory element-

binding protein (SREBP-2).  HMGCR is the key rate-limiting enzyme in cholesterol 

biosynthesis (120, 121).  It, LDLR3 and many other enzymes in the cholesterol pathway are 

subject to regulation by SREBP-24 (124), being transcriptionally down-regulated in response to 

increased cellular cholesterol from both nascent synthesis and LDL-derived sources (125).  A 

delightfully accessible review, written by Brown and Goldstein, the Nobel laureates awarded for 

elucidating this complex mechanism, is available (57).  Briefly, SREBP-2 is bound to the ER 

membrane, oriented in a hairpin shape, with the transcription factor (N-terminal) and regulatory 

(C-terminal) domains projecting into the cytosol and the mid-protein hydrophilic loop extending 

into the ER lumen (Figure 1.2).  Proteolytic cleavage of SREBP-2 occurs twice to liberate the 

transcription factor domain for migration to the nucleus.  A complex, sterol-dependent process 

is involved in its transportation to the Golgi, where this cleavage takes place.  Briefly, in the 

presence of cholesterol, SREBP-2, complexed with SREBP cleavage-activating protein (SCAP), 

is anchored to the ER membrane by the association of cholesterol with insulin induced gene 1 or 

2 (INSIG1 or 2).  SCAP contains a domain known as MELADL that is rendered unavailable due 

to conformational changes when bound to INSIG.  When cholesterol represents <5% of total ER 

lipids the MELADL site becomes available and a G-protein-containing complex known as 

Sar1/Sec 23/24 binds to MELADL.  This event triggers the formation of a CopII vesicle 

containing the SREBP/SCAP complex and a portion of ER membrane, which is quickly 

sequestered to the Golgi.  SREBP can then be cleaved, initially by site-1 protease (S1P) in the 

lumenal loop, followed by the hydrophobic site-2 protease (S2P) in the first known example of 

regulated intramembrane proteolysis.  This finally releases the transcription factor, which 

migrates to the nucleus and facilitates transcription of various target genes (126-130).  Figure 

1.2 illustrates these events. 

                                                        
3 Howe et al (122) describes how LDLR and the two major rate-limiting enzymes in cholesterol synthesis 
(HMGCR and SQLE) can be regulated independently by different concentrations of SREBP-2. Only high 
concentrations of SREBP-2 influence transcription of the enzymes due to the presence of two sterol 
regulatory elements in the promoter regions, whereas LDLR has only one sterol regulatory element and 
lower SREBP2 concentrations are adequate to cause up-regulation. 
4 There are several forms of SREBP.  SREBP-2 is mainly involved with cholesterol regulation while 
SREBP-1 has more influence on genes regulating fatty acid metabolism (123). 
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Further layers of synthetic regulation have also been described.  A feedback loop exists between 

SREBP and INSIG1; SREBP also acts as a transcription factor for INSIG1.  Additionally, rapid 

ubiquitination and degradation of INSIG1 occurs in the absence of sterols and in HMGCR in the 

presence of INSIG 1 or 2 and sterols (80, 131).  Furthermore, squalene monooxygenase (SM) is 

thought to regulate flux in a cholesterol-dependent manner, not only by SREBP-related 

transcription, but also by proteasomal degradation (44). 

 
Figure 1.2. Mechanisms of SREBP-mediated cholesterol regulation. 
In low sterol conditions, Insig is not bound to Scap.  This allows access of the COPII coat 
protein complex Sar1/Sec23/Sec24 to the MELADL binding site and formation of a COPII 
vesicle containing SREBP, which is transported to the Golgi for processing.  In high sterol 
conditions, oxysterols or cholesterol bind to Insig or Scap, respectively, causing conformational 
changes inhibiting MELADL site binding of COPII coat proteins. This image was originally 
published in the Journal of Lipid Research. Brown, M. S., and J. L. Goldstein. Cholesterol 
feedback: from Schoenheimer's bottle to Scap's MELADL. J. Lipid Res. 2009; 50: S15–S27. 
(57). 

Other intermediates, for example desmosterol (132), (24S,25)-epoxycholesterol, (133) and 

DHCR24 (132) and DHCR75 (51), the terminal enzymes in the Bloch and K-R pathways, 

respectively, have also been implicated in negative feedback mechanisms for cholesterol 

regulation.  An interesting proposition from Mitsche et al’s (50) work is that the two pathways 

of cholesterol synthesis could be subject to a degree of independent regulation.  They postulated 
                                                        
5 DHCR7 has also been recognised as a regulatory switch in Vitamin D synthesis, a metabolite of 
cholesterol (51). 
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that the K-R pathway could be constitutive, as it exhibited transcriptional regulation that was 

independent of SREBP.  Further, tissue-specific regulation was documented. The Bloch 

pathway, under SREBP-2 control, was used preferentially in high cholesterol turnover tissue 

types such as those involved in steroid hormone production, where cholesterol was used as a 

substrate for further products, and synthesis fluctuated with demand. 

Besides feedback by direct cholesterol intermediates, some oxysterol metabolites of 

intermediates are also thought to regulate cholesterol synthesis (85, 134).  Additionally, non-

cholesterol related regulation possibly occurs.  For example, the membrane-bound ion pump 

Na+K+ATPase has been associated with cholesterol flux (135), as has the ratio between the 

abundant membrane phospholipid, phosphatidylcholine, and cholesterol (reviewed in 100).  

Ubiquitylation and proteasomal degradation is also important in the post-translational regulation 

of proteins involved in cholesterol synthesis, uptake and efflux (136). 

1.2.6.2 Regulation of intestinal uptake. 

Synthesis of cholesterol is inversely linked with intestinal absorption to maintain an appropriate 

cholesterol balance (137).  Cholesterol entering the gut is from two sources; dietary intake and 

cholesterol excreted from the liver via bile, which usually accounts for ~75% of lumen 

cholesterol content (70).  Both biliary and dietary cholesterol are internalised by NPC1L1 in 

concert with clathrin and adaptor protein 2.  The ABC transporter G5/G8 dimer facilitates 

cholesterol efflux from the enterocytes back into the lumen (reviewed in 70).  While reciprocal 

changes clearly take place in cholesterol absorption in response to changes in synthesis and vice 

versa (118), the mechanisms of this regulation are not clearly understood.  From mouse 

knockout studies, acetyl-CoA acetyltransferase 2 (ACAT2) (138), farnesoid X-receptor (FXR) 

(139) and mucin 1 (140) have all been implicated.  Caveolin1 has also recently been found to 

play a role in lipid uptake in intestinal epithelial cells (141).  Interestingly, caveolin 1 in 

intestinal epithelial cells also appears to be involved in LDL cholesterol regulation, although 

dietary cholesterol absorption is not interrupted by its absence. 

1.2.6.3 Cholesterol disposal 

Apart from a small amount of cholesterol lost through sloughing of skin cells and in various 

secretions, most undergoes specific removal, as it is well-known that limited catabolism of 

cholesterol occurs in vivo (99).  Post-lanosterol sterols (refer to Figure 1.1) can be lost to the 

systemic pool by i) formation of oxysterols for alternative biological functions, ii) hepatic 

conversion of cholesterol to bile acids and subsequent excretion and, more recently described, 

iii) transintestinal cholesterol excretion (TICE). 

Oxysterol formation.  In addition to tissue-specific synthesis of cholesterol metabolites such as 

Vitamin D and steroid hormones, metabolism of cholesterol and its post-lanosterol 
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intermediates is also hypothesised to be partly via formation of oxysterols and subsequent efflux 

for alternative biological processes (84, 142).  For example, in mouse liver and cultured human 

hepatocytes, 5-10% of sterols produced were converted to dihydrolanosterol and exited the 

cholesterol biosynthetic pathway (50).  However, many diseases are associated with oxysterol 

production including T2D (143), and much research is being undertaken in this emerging field 

(84), including the mechanisms of eventual elimination.  Oxysterols efflux from the cell 

independently of HDL, i.e., without the rate limitation imposed by transporters, and may be 

particularly important as a cholesterol efflux alternative in low HDL environments such as in 

tendons.  Oxysterol efflux is critical to cholesterol homeostasis in the rodent brain where the 

blood-brain barrier prevents the entry of lipoprotein particles (144, 145). 

Bile acids. Cholesterol in the liver is metabolised to bile acids and transported via the 

gallbladder and bile ducts to the small intestine.  These sterols may then be recycled via 

intestinal uptake or be excreted in the faeces.  Regulation of bile acid synthesis occurs partly 

through bile acid binding to farnesoid X-receptor (FXR) and the subsequent release of an 

inhibitory fibroblast growth factor.  Hepatobiliary excretion has been well described, and was 

thought to be the only route of exit for cholesterol.  However, as pointed out previously (99, 

146), a study revealing the faecal excretion of non-dietary neutral sterols in patients suffering 

total biliary occlusion (147), combined with more recent studies, offer compelling evidence for 

an alternative, independent pathway of transintestinal cholesterol excretion. 

Transintestinal cholesterol excretion.  Transintestinal cholesterol excretion (TICE) is the net 

excretion of cholesterol after accounting for bidirectional movement at both apical and 

basolateral surfaces of the enterocyte (reviewed in 99, 146).  It appears to be mediated in part, at 

least in mice, by NPC1L1 and ABCG5/8 at the intestinal lumenal surface where enterocytes 

take up cholesterol delivered by VLDL and LDL from the blood at the basolateral surface, but 

further characterisation is necessary.  An important human stable isotope study has found that 

TICE accounts for 35% of neutral sterol excretion under basal conditions (148), and it is readily 

inducible by diet, physiological factors and pharmacotherapy (see reviews mentioned above).  

This makes it an interesting therapeutic target for dyslipidaemias, including in the context of 

CVD and T2D, as evidenced by the volume of very recent literature (99, 146, 148-152). 

1.2.7 Therapies for cholesterol dyslipidaemias 

Therapies for dyslipidaemia can be best understood and evaluated in terms of the regulatory 

mechanisms they target.  The primary clinical goal is usually to lower LDL cholesterol levels.  

Lowering total cholesterol and triglycerides and increasing HDL cholesterol are secondary goals 

(153).  To achieve this, reducing cholesterol synthesis with statins is typically the initial 
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pharmacological strategy6.  Several pharmaceuticals are also available for decreasing intestinal 

cholesterol and bile acid uptake.  More recently, interference with LDL receptor recycling and 

degradation has become an additional strategy with the development of PCSK9 inhibitors.  

These therapeutic approaches are described briefly below. 

Ezetimibe is a drug that reduces cholesterol uptake from the intestine and bile.  It is a ligand for 

NPC1L1, a critical cholesterol transport protein in the brush border of the small intestine (154) 

and the hepatic canalicular membrane (155).  Jakulj et al (148) demonstrate that in addition to 

inhibiting uptake, this protein also increases TICE (and thus faecal removal of cholesterol) by 

~ 4-fold.  Additionally, it has been found to significantly reduce cell membrane expression of 

ABCA1 (156), which mediates cholesterol efflux to HDL; however, the implications of this 

pleiotropic action are not known. 

The LDL receptor cycles between the plasma membrane surface and endocytic vesicles, and 

proprotein convertase subtilisin/kexin type 9 (PCSK9) is a protease responsible for the 

degradation of the LDL receptor, preventing its recycling.  Inhibition of this protease increases 

cell surface LDLR expression, with resulting increased uptake of LDL (reviewed in 157, 158).  

Two monoclonal antibody-based drugs targeted against PCSK9, evolucumab and alirocumab, 

have recently been approved by the Food and Drug Administration for selected patients (159), 

and Phase III clinical trials are ongoing for more general use. 

Neither ezetimibe nor PCSK9 inhibitors are listed in ATPIII guidelines for cholesterol 

management, due partly to their recent arrival on the market.  They are recommended in other 

recent therapeutic guidelines such as those published by the Baker International Diabetes 

Institute (approved by the NHMRC) (160).  Other recommended therapies include bile acid 

sequestrants, nicotinic acid and fibric acids (153).  Bile acid sequestrants such as 

cholestyramine, colestipol and colesevelam bind to bile acids in the intestine.  The insoluble, 

indigestible complex is then excreted in the faeces, reducing enterohepatic recirculation (154, 

161). 

Nicotinic acid inhibits the key enzyme in the triglyceride synthesis pathway, diglycerol 

acyltransferase 2, inhibiting triglyceride and VLDL synthesis (162).  Fibrates such as 

fenofibrate and gemfibrozil reduce triglycerides by activation of peroxisome proliferator-

activated nuclear receptor (PPAR) α, thereby increasing the transcription of genes involved in 

fatty acid β-oxidation (163).  Notably, the latter agents influence plasma triglyceride 

concentrations, and are sometimes used in conjunction with plasma cholesterol reduction 

therapies. 

                                                        
6Three months is recommended to achieve LDL goals by means of lifestyle changes including dietary and 
exercise modifications usually precede initiation of drug therapy in Australia. 
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In addition to these oral therapies, bariatric surgery is successful in treating dyslipidemias, and 

related metabolic disorders such as obesity and accompanying insulin resistance (164).  TICE is 

also regarded as a new potential target to correct lipid profiles.  Currently-used drugs including 

PCSK9 inhibitors and ezetimibe are thought to increase TICE in addition to their main known 

effect (99).  Plant sterols are also known to increase TICE and reduce dietary cholesterol uptake 

through competition for sterol transporters (99, 132).  An interesting study by Santosa et al 

(118) describes a reciprocal relationship between cholesterol uptake and synthesis in association 

with commonly used cholesterol therapeutics, similar to that originally described in 1933 by 

Rudolf Schoenheimer with cholesterol measurements of his mice living in bottles (57).  Drugs 

that reduce cholesterol synthesis also increase its uptake from the gut and vice-versa.  For this 

reason, therapies are often combined using, for example, a gut-acting drug such as ezetimibe to 

compensate the pleiotropically increased cholesterol absorption of a co-administered statin.  

However, multiple medications can increase the risk of adverse events (165). 

1.3 Statins 

As mentioned above, statins are a class of drugs that competitively inhibit HMGCR, the first 

enzyme in cholesterol synthesis (see Section 1.2).  Originally purified independently from two 

different moulds, Aspergillus terreus and Monascus ruber, the first statin, lovastatin, was 

approved for use by the FDA in 1987 (166).  In the thirty years since, the statin class has grown 

to 6 commonly used drugs, revolutionising treatments for dyslipidaemia and becoming the most 

prescribed drug globally (167). 

The statins are characterised by a molecular structure similar to HMG-CoA, the enzyme’s 

substrate (168, 169).  Different binding characteristics accompany variations in structure, with 

rosuvastatin having the greatest binding affinity (168).  Pravastatin and rosuvastatin are 

hydrophilic, while others such as fluvastatin, simvastatin and atorvastatin are lipophilic.  While 

hydrophilic forms of the drug are considered to be hepato-specific due to dependence on 

transporter proteins for entry into the cell, lipophilic statins have access to a greater range of 

tissues and are thus considered to be more prone to pleiotropic effects, both harmful and 

beneficial (170).  Both hydrophilic and lipophilic statins can cross the blood-brain barrier, but, 

unlike its lipophilic counterpart simvastatin, pravastatin does not influence cholesterol synthesis 

in the brain (Thelen et al in 56). 

1.3.1 Pharmacology/Dose/Elimination 

The extent of intestinal absorption ranges from 30-98% for statins, depending on several factors 

including lipophobicity.  Subsequently, hepatic selectivity is usually higher in hydrophilic 

statins (169).  However, this may be affected by the availability of specific protein carriers 
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(171), which may account for the contradictory finding of high hepatic extraction in hepatic cell 

lines for statins other than pravastatin in one study (172). 

Lipophilic statins are metabolised by the cytochrome P450 system, and thus potential 

interactions with other drugs similarly metabolised (e.g. warfarin) are considered by clinicians 

(Christians (1998) cited in 172).  Grapefruit ingestion was also found to interact with some 

drugs including statins (173, 174).  Indeed, cerivastatin was withdrawn from the market due to 

adverse drug-drug interactions with the fibrate gemfibrozil (175).  Pravastatin, which is water 

soluble, does not undergo such metabolism. 

Peak plasma concentration is achieved within 4 h (169).  Plasma concentrations in the 

nanomolar range (e.g., 2-200 nmol/L for atorvastatin) can be expected from doses of 10-80 

mg/day, but the bioavailability of statins is reduced by serum protein binding (176, 177).  

Metabolites of the lipohilic statins are excreted in the bile, whereas pravastatin is subject to 

glomerular filtration and renal excretion (172).  The elimination half-life is 0.5-3.0 h for most 

statins (but up to 20 h for atorvastatin (177)), and this, combined with the synthesis of 

cholesterol on a circadian cycle and mainly at night, means statins are most effective when 

taken in the evening (169). 

1.3.2 Lipid lowering mechanism 

Statins mainly target the liver and reduce circulating plasma cholesterol through two 

interconnected mechanisms: reduced synthesis and increased LDL catabolism (169).  Reduced 

synthesis is achieved by the competitive inhibition of HMGCR binding to its substrate, 

HMG-CoA.  The reversible binding of statins to HMGCR is highly efficient, with an affinity in 

the nanomolar range compared to the micromolar range of the natural substrate, HMG-CoA (79, 

178, 179).  Due to the obligatory, rate-limiting nature of this enzyme, synthesis is strongly 

inhibited.  Homeostatic responses to the reduction in membrane cholesterol (detailed in Section 

1.2.6.1) result in up-regulation of numerous proteins to restore intracellular cholesterol, 

including HMGCR and the LDL receptor.  The latter results in elevations in the net increase in 

LDL uptake and thus lowering of plasma LDL-cholesterol. 

Surprisingly, these mechanisms have been examined in vitro but rarely in vivo.  Furthermore, 

few studies have addressed the consequences of the expected accumulation of HMG-CoA, 

HMGCR’s substrate, or other upstream components, such as acetyl CoA.  Schonewille et al 

(180) recently set out to determine the statin-moderated cholesterol synthetic rate using 
13C-acetate, validated using deuterium oxide, in a statin-treated mouse model.  They 

demonstrated a paradoxical increase in hepatic-specific cholesterol synthesis with statin 

treatment.  They also reported an increase in faecal cholesterol excretion through either the 

hepatobiliary route (rosuvastatin and lovastatin) or TICE (atorvastatin) and a slight decrease in 



 

 39 

 

plasma cholesterol.  Both mRNA and protein levels of HMGCR were greatly increased, and 

HMG, measured as a proxy for HMG-CoA, was also increased, leading to the conclusion that 

up-regulation of the enzyme and accumulation of its natural substrate may out-compete statin 

inhibition.  In humans, an 11.8-fold increase in HMGCR activity was demonstrated in 

microsomes from liver samples taken from 10 patients given pravastatin for 3 weeks before 

cholecystectomy, the final dose being 12 h prior to surgery (181), which supports this 

possibility.  Not supportive, however, is the accompanying plasma cholesterol reduction of 26% 

in the pravastatin-treated patients. 

The discovery that LDL and its receptor affect CVD arose from studies of familial 

hypercholesterolemia (FH) (182).  FH patients who lack functional LDL receptors also find 

little or no benefit from statin therapy (183).  The hypothesis that statins elevate LDLR 

expression on the plasma membrane, leading to increased LDL uptake was supported by 

experiments demonstrating that livers from dogs given a bile acid sequestrant and a statin 

(mevinolin, later known as lovastatin) showed increased 125I-LDL binding (184).  Similar results 

were found in rabbits fed cholesterol and treated with pravastatin or simvastatin (185).  At the 

mRNA and protein levels, LDLR was upregulated after statin treatment in vitro in several 

hepatic cell lines (186, 187).  Indirect evidence in humans is also available (188).  In the first 

description of its kind in humans (43), the binding of radiolabelled LDL to liver biopsy 

homogenates taken from 5 patients undergoing cholecystectomy after 3 weeks of statin 

treatment demonstrated a 1.8-fold increase (181). 

Further, it has been established that LDLR mRNA, but not HMGCR mRNA, is increased in 

circulating mononuclear cells after 4 weeks of atorvastatin treatment in healthy human 

volunteers (189) and that LDLR and HMGCR gene expression in humans are correlated (190), 

at least in the absence of statin therapy.  Direct evidence of hepatic LDL receptor up-regulation 

in vivo, however, is difficult to find.  Furthermore, LDL receptor knockout mice show reduced 

plasma cholesterol after statin treatment (191, 192) and mice with intact LDL receptors show 

little (180) or no (193) plasma cholesterol reduction.  This could be due to the well-known 

differences in cholesterol metabolism between species, including the lesser role played by LDL 

in rodents (194).  In hamsters, a more accurate model of human atherosclerotic plaque 

development, lovastatin did upregulate liver LDLR mRNA (195), however the possibility of a 

discontinuity between mRNA and protein expression means further studies (such as 

immunohistochemistry) would be beneficial. 

1.3.3 Efficacy 

While there may be continued discussion about precise mechanisms of action, the efficacy of 

statins in lowering LDL cholesterol levels in humans is undisputed; however, the extent to 

which they reduce risk of death from CVD is more controversial, particularly in the low risk 
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cohort.  In a meta-analysis aimed at assessing the number needed to treat, statins did not reduce 

the risk of death from CVD when used in primary prevention.  It prevented 1 in 60 statin users 

from non-fatal myocardial infarction and 1 in 268 from stroke (196).  At the same time, 1 in 50 

developed diabetes and 1 in 10 suffered muscle damage, while 98% saw no benefit.  In contrast, 

another meta-analysis found a decreased risk of all-cause and cardiovascular mortality 

(RR=0.86, 0.69 respectively) in a population at high-risk of CVD but without previous events 

(197).  Additional reviews and meta-analyses on both sides of the debate are available (198, 

199), and criticism of methods have been made (for example, re the JUPITER clinical trial 

(200)), making an unbiased finding difficult.  A website maintained by an independent group of 

physicians, ‘theNNT’ (numbers needed to treat), is designed to give impartial advice using a 

traffic light system.  Statins prescribed for persons at low risk of CVD, for those without prior 

heart disease, and for acute coronary syndrome have been nominated red (not recommended) 

while green is given for heart disease prevention in persons with known heart disease 

(www.thennt.com). 

These discrepancies fuel the debate about whether lowering LDL cholesterol is the most 

appropriate strategy towards protection against CVD.  Genetic studies clearly show the 

relationship between high LDL cholesterol and CVD (103) but the ‘fireman at the fire’ 

suggestion, that cholesterol may be a responder to inflammatory conditions rather than a cause, 

persists.  DuBroff (201) challenges the hypothesis that low plasma cholesterol prevents heart 

disease and demonstrates with a table of 44 randomised controlled trials that tested a variety of 

cholesterol lowering therapies (26 with statins or statin/other drug combinations), 30 of which 

did not show a reduction in CVD events.  Hamuzaki (202) takes it one step further, providing 

evidence that, particularly in the elderly, high plasma cholesterol is protective. 

1.3.4 Pleiotropy 

The vital functions that cholesterol and its many intermediates play in the body and its 

exquisitely fine-tuned regulation suggest that pleiotropy can be anticipated with 

pharmacological interventions, and indeed this is the case for statins.  Both beneficial and 

deleterious pleiotropic effects have been reported but for the purposes of this study the 

discussion will be limited to a brief mention of two effects of interest and a more complete 

investigation of T2D below and in Section 1.5, diabetes being of principal interest to this thesis. 

1.3.4.1 T2D 

There is increasing evidence linking statins with a dose-dependent increased risk of T2D (203), 

but this is still contentious.  Among a large panel of clinician experts, only 54% agreed that the 

diabetogenic effect is beyond doubt (204).  Randomised controlled trials (RCT), observational 

epidemiological studies, meta-analyses of RCTs and a large Mendelian randomisation study all 

provide evidence of this effect (205) and these studies are summarised in Table 1.1.  In 
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February 2012, the FDA published a safety update regarding this risk (206).  However, as of 

2015, no interventional studies existed with the primary goal of assessing the association of 

statin use with the onset of T2D (33).  Recently, Park et al (207) have planned a prospective 

RCT comparing the diabetogenic effect of pitavastatin and atorvastatin, due to be completed in 

November 2019.  A primary endpoint will be glycated haemoglobin (HbA1c) measured at 

baseline and after 24 months of statin treatment. 

Evidence suggests that the benefit of statins outweighs the T2D risk, and practitioners are urged 

to prescribe statins with the individual needs of patients in mind (30).  Moreover, causal aspects 

of the statin – T2D nexus are not yet fully elucidated.  The evidence to date points broadly to 

several potential mechanisms related to both insulin secretion and resistance (208).  Those 

related to insulin secretion and β-cell function are outlined in Section 1.5. 

1.3.4.2 Myopathy 

Muscle pain and weakness is the most often reported adverse effect of statin therapy, affecting 

up to 1 in 10 users (209).  It is beyond the scope of this project to explore this in depth but two 

points should be made.  Firstly, reduced activity resulting from statin-related myopathy can 

contribute to lifestyle factors key to metabolic health and T2D (199).  Secondly, there may be 

common mechanisms in myopathy and the diabetogenic effect of statins.  This is explored in 

further detail below and in Section 1.5.2. 

1.3.4.3 Pleiotropy related to reactive oxygen species 

Statins reportedly modulate oxidative stress mechanisms, but with apparently contradictory 

effects on systemic versus tissue oxidative stress.  Diminished systemic oxidative stress has 

been reported as a beneficial pleiotropic effect of statins, providing additional benefits in the 

protection against CVD (210-213), although clinical observations do not always support this 

(214).  The mechanisms of vascular oxidative benefits from statins are reviewed in Costa et al 

(210).  Briefly, prenylation of small signalling molecules, specifically Rac1, is required for 

membrane localisation and its subsequent participation in the formation of the NADPH oxidase 

(Nox) 2 activating complex.  Insufficient isoprenoids due to inhibition of the mevalonate 

pathway by statins means Rac1 is unavailable for its role in Nox2 activation.  This reduces 

vascular ROS generation with beneficial consequences on reduced atherosclerotic plaque 

formation.  Additional mechanisms may also play a role (210, 212).  However, another 

perspective challenges this, whereby the suppression of cholesterol intermediates is thought to 

stimulate heart disease by a combination of factors including vitamin K2 and selenoprotein 

deficiency and peroxidative stress (215). 
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Table 1.1. Statin use and the risk of diabetes 

Full Study Name Study Type of 
study Cohort - Dose 

Participants 
Control arm 

or (Total) 

Participants 
Treatment 

arm  
Statin Diabetes risk Reference 

The Pravastatin or Atorvastatin 
Evaluation and Infection Therapy trial PROVE-IT RCT Moderate vs intense 

dose 1,688 1,707 All statins (OR 1.01, CI 0.76 - 1.34) (216) 

 A to Z RCT Moderate vs intense 
dose 1,736 1,768 All statins (HR 1.37, CI 0.94 - 2.01) (216) 

Taiwan National Health Insurance 
Resarch Database NHIRD 

Retrospective 
longitudinal 

study 

High risk of CV 
events 33,648 4,448 All statins (HR 1.11, CI 0.83 - 1.49) (217) 

Metabolic Syndrome in Men METSIM Prospective 
cohort study 

Non-diabetic males, 
45 - 73 years 6,607 2,142 All statins (HR 1.46, CI 1.22 - 1.74)* (218) 

Treating to New Targets TNT RCT 80 mg vs 10 mg 3,797 3,798 Atorvastatin (HR 1.16, CI 1.03 - 1.30)* (219) 

Incremental Decrease in Endpoints 
Through Aggressive Lipid Lowering IDEAL RCT 80 mg vs. Simvastatin 

20 mg  3,724 3,737 Atorvastatin (HR 1.19, CI 0.98 - 1.43) (220) 

Stroke Prevention by Aggressive 
Reduction in Cholesterol Levels  SPARCL RCT 80 mg vs. placebo 1,898 1,905 Atorvastatin (HR 1.37, CI 1.08 - 1.75)* (220) 

Collaborative Atorvastatin in 
Diabetes Trial CARDS 

RCT- 
discontinued 
prematurely 

T2D 1,353 1,368 Atorvastatin (HR 1.18, CI 1.08 - 1.29)* (221) 

Anglo-Scandinavian Cardiac 
Outcomes Trial-Lipid-Lowering Arm ASCOT-LLA RCT 10 mg vs. placebo 3,863 3,910 Atorvastatin (HR 1.15, CI 0.91 - 1.44) (220) 

Air Force/Texas Coronary 
Atherosclerosis Prevention Study AFCAPS/TEXCAPS RCT Normal TC and LDL, 

low HDL 3301 3308 Lovastatin (OR 0.98, CI 0.70 - 1.38) (222) 

 Japan Prevention Trial of Diabetes 
by Pitavastatin in Patients with 

Impaired Glucose Tolerance 
J-PREDICT RCT 

Impaired glucose 
tolerance. 1-2 mg + 

lifestyle modifications 
vs lifestyle 

modifications only 

(1,269) Unknown Pitavastatin (HR 0.82, CI 0.68 - 0.99)* (218) 

PROspective Study of Pravastatin in 
the Elderly at Risk. PROSPER RCT 40 mg vs. placebo 2,513 2,510 Pravastatin (HR 1.32, CI 1.03 - 1.69)* (222) 

West of Scotland Coronary 
Prevention Study WOSCOPS RCT 40 mg vs. placebo 2,975 2,999 Pravastatin (HR 0.70, CI 0.50 - 0.99) (220) 

Long-term Intervention with 
Pravastatin in Ischemic Disease LIPID RCT 40 mg vs. placebo 3,501 3,496 Pravastatin (HR 0.95, CI 0.77 - 1.16) (220) 

Management of Elevated Cholesterol 
in the Primary Prevention Group of 

Adult Japanese 
MEGA RCT 10–20 mg vs. no 

treatment 3,073 3,013 Pravastatin (HR 1.07, CI 0.86 - 1.35) (220) 

Antihypertensive and Lipid-Lowering 
Treatment to Prevent Heart Attack 

Trial Lipid-Lowering Trial 
ALLHAT-LLT RCT 

Hypertensive, 
hypercholesterolaemia 

40 mg vs. no 
treatment 

3,070 3,017 Pravastatin (HR 1.15, CI 0.95 - 1.41) (220) 

Gruppo Italiano per lo Studiodella 
Sopravvivenza nellInfartoMiocardico 

Prevenzione 
GISSI PREV RCT 20 mg vs. no 

treatment 1,717 1,743 Pravastatin (HR 0.89, CI 0.67 - 1.20) (220) 

Justification for the Use of Statins in 
Prevention: an Intervention Trial 

Evaluating Rosuvastatin 
JUPITER 

RCT-
discontinued 
prematurely 

Primary prevention, 
20 mg vs. placebo 8,901 8,901 Rosuvastatin (HR 1.25, CI 1.05 - 1.49)* (223) 

Controlled Rosuvastatin 
Multinational Study in Heart Failure CORONA RCT 20 mg vs. placebo 1,763 1,771 Rosuvastatin (HR 1.13, CI 0.86 - 1.50) (220) 

Gruppo Italiano per lo Studiodella 
Sopravvivenza 

nellInfartoMiocardico–Heart Failure 
GISSI HF RCT 10 mg vs. placebo 1,718 1,660 Rosuvastatin (HR 1.10, CI 0.89 - 1.35) (220) 

Scandinavian Simvastatin Survival 
Study 4S RCT 20–40 mg vs. placebo 2,126 2,116 Simvastatin (HR 1.03, CI 0.95 - 1.41) (220) 

Heart Protection Study HPS RCT 40 mg vs. placebo 7,282 7,291 Simvastatin  (HR 1.14, CI 0.98 - 1.33) (220) 
Study of the Effectiveness of 

Additional Reductions in Cholesterol 
and Homocysteine 

SEARCH RCT Compared low to high 
dose (20, 80 mg/day) 5,399 5,398 Simvastatin (OR 1.07, CI 0.95 - 1.21) (216) 

Women’s Health Initiative WHI Prospective 
cohort study 

Postmenopausal 
women 

(143,006) 10,834 All statins (HR 1.48, CI 1.38 - 1.59* (224) 
(143,006) 2,949 Lovastatin (HR 1.35, CI 1.19 - 1.55)* (224) 
(143,006) 3,247 Simvastatin (HR 1.41, CI 1.25 - 1.61)* (224) 
(143,006) 1,313 Fluvastatin (HR 1.61, CI 1.35 - 1.92)* (224) 
(143,006) 839 Atorvastatin (HR 1.61, CI 1.26 - 2.06)* (224) 
(143,006) 2,423 Pravastatin (HR 1.63, CI 1.43 - 1.87)* (224) 

The Health Improvement Network THIN trials 
Retrospective 
longitudinal 

study 

50-84 years of age    
statin vs no treatment 

(3,765,906) 37,915 Simvastatin (HR 1.14, CI 1.09 - 1.20)* (225) 
(3,765,906) 7,438 Atorvastatin (HR 1.22, CI 1.12 - 1.32)* (225) 
(3,765,906) 1,442 Pravastatin (HR 1.01, CI 0.84 - 1.21) (225) 
(3,765,906) 1,175 Rosuvastatin (HR 1.11, CI 0.89 - 1.38) (225) 
(3,765,906) 282 Fluvastatin (HR 1.02, CI 0.69 - 1.50) (225) 

 RCT: random controlled trial; HR: hazard ratio; OR: odds ratio; CI: 95% confidence interval; * Indicates significance (P < 0.05). 
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A differential effect in diverse tissues could help explain apparent inconsistencies between studies.  In 

cardiac muscle, low levels of statin-induced ROS results in stimulation of mitochondrial biosynthesis, 

whereas in skeletal muscle, high ROS levels resulting from the same statin dose were deleterious to 

mitochondrial function (226).  A later study from the same group further determined that atorvastatin 

(10 mg/kg/day for 14 days) increased oxidative stress to a greater degree in glycolytic (plantaris) than 

oxidative (soleus) muscle phenotypes in rats, possibly due to differences in antioxidant potential 

(227).  Besides inter-tissue variations, differences in statin dose may play a role in the outcome of 

different studies.  For example, dose-dependent (1-50 mg/kg/day) ROS-induced liver mitochondrial 

damage resulted from eight weeks of atorvastatin treatment in mice (228).  However, in mitochondria 

isolated from rat livers, very low doses (1-3 µM) of atorvastatin and simvastatin decreased 

mitochondrial oxidase activity (229).  These studies demonstrate the wide range of information 

available and the difficulty in determining exactly what effect statins may have on oxidative 

mechanisms. 

Such pleiotropy is of interest in this review as it pertains to possible diabetogenicity, and attention is 

now directed to glucose homeostasis and pancreatic β-cells, the source of insulin, a hormone largely 

responsible for the regulation of blood glucose. 

1.4 β-cells and Insulin secretion 

Insulin is secreted exclusively by pancreatic β-cells in most mammalian species.  Both controlled 

insulin secretion and appropriate insulin binding and signalling, i.e., sensitivity, are central to 

glycaemic homeostasis.  This study focuses on the insulin secretion portion of glucose control; thus, it 

is important to understand the nature and function of β-cells. 

β-cells, each containing ~13,000 insulin-filled secretory granules (230, 231) make up the majority of 

cells in the endocrine pancreas in most species, accounting for approximately 50% or 60-80% of the 

mass of islets of Langerhans in humans and mice, respectively.  However, islets exhibit considerable 

plasticity, their structure adjusting with development and over the life span as well as with changing 

metabolic requirements (232, 233).  Although β-cells in mammals are usually long-lived, with low 

replication levels, proliferation rates can be increased in response to increased demand for insulin 

such as in loss of peripheral insulin sensitivity (234).  Interestingly, β-cell function can also be 

influenced by maternal gestational glucose levels, with prenatal exposure to elevated glucose 

contributing to reduced peripheral insulin sensitivity and, independently, increased static β-cell 

response in childhood (235). 

Within an islet β-cell population, considerable heterogeneity exists.  For example, there is variability 

between cells in speed of responsiveness to small elevations in glucose, thus preventing over-
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secretion of insulin in response to low stimulation (236).  This differential glucose sensitivity may be 

due to distinctive enzyme expression; cells displaying lower sensitivity have been found to have 

increased expression of glycolytic but not mitochondrial enzymes (237).  Proliferative versus mature 

β-cell populations can also be identified by fluorescence-activated cell sorting (FACS) (238).  A 

recent, very interesting study has reported that 1-10% of β-cells demonstrate reduced insulin secretion 

but increased mitochondrial ATP generation, and possess pacemaker properties, acting as ‘hubs’ 

connecting many ‘follower’ β-cells.  They are responsible for a coordinated, whole-islet, calcium-

dependent insulin response (239). 

β-cells are provided with an ample blood supply, estimated to be ten times more abundant than 

surrounding exocrine cells (234).  Fenestrations in the walls of adjacent capillaries ensure adequate 

nutrient exchange.  Innervation follows vascularisation, both chronologically in development and 

spatially (240).  Autocrine and paracrine activity from intra- and extra-islet hormones and 

neurotransmitters play an important role in islet control, but human and rodent islets differ in the 

degree of innervation (241, 242).  Further study is required to understand these differences and the 

exact role that neuronal control plays.  It is known, however, that cholesterol-rich Schwann cells 

similar to those that myelinate the central nervous system surround neurons located in the islet (242) 

and it would be interesting to investigate what impact cholesterol-lowering drugs might have on these 

structures. 

1.4.1 β-cells are metabolically distinct 

β-cells are exquisitely adapted towards tight control of serum glucose levels via the secretion of 

insulin in response to glucose stimulation1.  Distinct metabolic features include specific metabolic 

pathways, obligatory continuous glucose flux and glucose sensing adaptations as outlined below (243-

246). 

Tight coupling of glycolytic flux to mitochondrial oxidation is achieved through a combination of β-

cell-specific preferred and repressed pathways.  Of these, it is perhaps the ‘forbidden’ pathways that 

are most extraordinary.  In β-cells, lactate dehydrogenase (LDH) and monocarboxylate-1 transporter 

(MCT1) expression is repressed by several layers of inhibition, including epigenetic, pre- and post-

translational inhibition (245, 247-249).  This supports accurate glucose sensing and prevents the 

stimulation of inappropriate insulin secretion in response to production of lactate or pyruvate in extra-

islet tissues.  For example, anaerobic exercise can lead to hypoglycaemia in patients with MCT1-

expressing insulinoma and in cases of inherited exercise-induced hyperinsulinism, where MCT1 

repression in β-cells fails (250, 251).  This adaptation also means that β-cell glycolysis is essentially 

aerobic (252), being deprived of the otherwise ubiquitous ability to convert pyruvate to lactate. 
                                                        
1 In addition to glucose, the most important and physiologically relevant secretagogue, there are other nutrient, 
non-nutrient and therapeutic agents that stimulate insulin secretion. 
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Selective suppression of several additional genes in β-cells has been assessed, with five (including 

Pdgfra, Igfbp4, Cxcl12, Oat and Cd302) being verified by two independent microarray studies (245, 

249, 253).  The metabolic implications of these repressed genes are being investigated (245). 

Less exclusively, some forms of hexokinase such as isoforms I and II are repressed in both islets and 

liver in favour of glucokinase (hexokinase IV), an isoform with a higher Km of about 10 mM.  This 

characteristic of glucokinase confers on β-cells the property of a rapid rise in activity proportional to 

an increase in glucose concentration.  Importantly, glucokinase is not inhibited by its product, 

allowing continuous activity regardless of high glycolytic activity (234). 

Similarly, the glucose transporter GLUT-2 is specific to liver and islets in rodents, and has low 

affinity for glucose.  These adaptations protect against hypoglycaemia, allowing detection of changes 

in glucose within physiological concentrations (>4 mM) but disallowing insulin secretion in response 

to very low levels of glucose (245, 246, 252).  GLUT-3, known to be expressed in the brain, and the 

ubiquitously expressed glucose transporter 1 (GLUT-1) are the predominant glucose transporters in 

human islets (67, 254, 255).  These two transporters have a higher affinity for glucose than GLUT-2, 

with Km of 3-6.9, 11.2-17 and 1.4 mM for GLUT-1, 2 and 3, respectively (256, 257).  It is not clear 

why low affinity glucose transporters are required for mouse but not human β-cells.  The higher 

plasma glucose concentrations found in mice compared to humans may be one consideration.  It may 

also be compensated for by the high Km of glucokinase; however, this remains to be resolved. 

Another selectively subdued process in β-cells relates to oxidative stress.  Reduced levels of mRNA 

for microsomal glutathione S-transferase 1 (249) and 3 (253), glutathione peroxidase, catalase and 

various forms of superoxide dismutase (SOD) (258) have been reported.  This exposes the β-cell to 

significant risk of oxidative damage, particularly considering its highly oxidative phenotype, and 

many studies have recorded a link between T2D and increased β-cell ROS (259-261).  Pullen et al 

(245) have suggested that a signalling role for ROS in insulin secretion compensates the risk 

associated with this adaptation. 

In addition to the specifically repressed pathways mentioned above, metabolic pathways favoured by 

β-cells also exist.  First and foremost, only β-cells express insulin, and like other exocytic cells, they 

can efficiently up-regulate synthetic pathways to meet demand.  Further preferential synthetic activity 

occurs in the expression of certain enzymes in relatively higher concentrations compared to other 

tissue, including glycerol-3-phosphate dehydrogenase (GPD1) and pyruvate carboxylase (252).  

GPD1 is found in two forms, cytosolic and mitochondrial, which must be expressed in equimolar 

proportions for functional glycerophosphate shuttle activity.  The cytosolic form catalyses the 

reduction of dihydroxyacetone phosphate to glycerol-3-phosphate using a proton donated by 

nicotinamide adenine dinucleotide (NADH).  The mitochondrial form catalyses the reverse oxidation 
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of glycerol-3-phosphate (G3P), simultaneously transferring two electrons to ubiquinone via flavin 

adenine dinucleotide (FAD).  Thus, the GPD1 shuttle facilitates transport of reducing equivalents 

produced in the cytosol to complex II of the electron transport chain, concomitantly regenerating 

oxidised cytosolic nicotinamide adenine dinucleotide (NAD+) for further redox reactions (262).  High 

activity of this shuttle, particularly in the context of low LDH, supports the coupling of glucose to 

ATP generation.  GPD1 can also control triglyceride and lipid synthesis by providing competition for 

G3P acyltransferase, which uses the same substrate (G3P) to catalyse the first, and rate-limiting, step 

of lipid synthesis (262). 

Other shuttles also operate in β-cells and impact on insulin secretion.  These include the 

malate/aspartate shuttle that primarily provides reducing equivalents from glycolysis in the cytoplasm 

to the mitochondria, linking glycolysis to mitochondrial metabolism.  The pyruvate/malate and 

pyruvate/citrate shuttles are also redox shuttles that regenerate NAD+ for glycolysis, further linking 

fuel oxidation with insulin secretion (263). 

Pyruvate carboxylase recycles CO2 released during oxidation of fuels by carboxylation of pyruvate to 

oxaloacetate to replenish the tricarboxylic acid cycle (TCA) (264).  This anaplerotic activity counters 

removal of citrate, malate or other intermediates from the TCA, possibly for use as coupling factors in 

insulin secretion as well as for glucose-stimulated protein synthesis, but not for diversion to the 

pentose phosphate pathway, which is suppressed in β-cells (252, 265, 266).  Cataplerosis in β-cells 

during periods of chronic fuel overload includes citrate and lipid synthesis and release, possibly 

playing a role in excess fuel detoxification (243). 

Overall, a delicate balance between unique β-cell function and survival is characterised by repression 

of anaerobic glycolysis and reduction of ROS defences to maximise ATP production and coupling of 

glucose sensing to insulin secretion.  In conditions of metabolic stress such as in glucolipotoxicity or 

T2D, function may be sacrificed in favour of survival (245).  This was demonstrated by increased 

expression of disallowed genes such as LDH and MCT1 with correspondingly increased anaerobic 

glycolysis and reduced coupling of glucose metabolism to insulin secretion in a ‘genetic hypoxia’ 

mouse model described by Pullen et al (245).  The survival versus function hypothesis suggests that 

reduced insulin secretion may be a consequence rather than a mechanism of disease.  Regardless, 

normally forbidden pathways that show up-regulation in the diseased state serve as potential 

therapeutic targets. 

1.4.2 Mechanism of insulin secretion 

The mechanism of glucose-stimulated insulin secretion (GSIS) is well described.  Glucose is 

transported into the cell via the constitutively expressed glucose transporter GLUT-2 (in rodents) and 

phosphorylated by glucokinase.  Low expression of glucose 6-phosphatase ensures that glucose  
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Figure 1.3. Mitochondrial metabolism and insulin secretion in pancreatic β-cells. 
Products of all three major nutrient groups, carbohydrates, lipids and proteins, can undergo complete 
metabolism to CO2 and H2O in the mitochondria.  Pyruvate and Acetyl CoA enter the mitochondria 
and the TCA cycle, releasing reducing equivalents (NADPH from enzymes 1, 5, 6, and 10 and FADH2 
from enzyme 8), which then enter the electron transport chain.  During their re-oxidation, protons (H+) 
are pumped into the inter-membrane space as they progress through the electron transport chain 
consisting of NADH dehydrogenase (Complex I), succinate dehydrogenase (Complex II), cytochrome 
bc1 (Complex III) and cytochrome c oxidase (Complex IV).  Coenzyme Q10 (Q) and Cytochrome C 
(C) assist by safely transporting electrons or free radicals during this process.  The resulting proton 
gradient between the inner and outer mitochondrial membrane drives the conversion of ADP + 
inorganic phosphate to ATP by ATP synthase (Complex V), and ADP and ATP are exchanged 
between the mitochondria and cytosol by the adenine nucleotide translocator (ANT).  In β-cells, the 
resulting increase in the ATP:ADP ratio causes closure of the K+ATP channel, followed by membrane 
depolarisation and Ca2+ influx.  This, in turn, facilitates fusion of insulin granules to the membrane 
and insulin exocytosis.  Sulphonylureas (SU) are non-nutrient secretagogues that act directly on the 
K+ATP channel.  Long chain fatty acids may also influence closure of this ion channel.  Cataplerosis, 
export of TCA intermediates for alternative fates, occurs largely at citrate, and produces mitochondrial 
coupling factors (MCF) which potentiate insulin secretion during fuel abundance.  Replenishment of 
the TCA metabolites (anaplerosis) consequently occurs at high rates in β-cells, mainly entering as 
pyruvate.  Cholesterol and other products of the mevalonate pathway (gold) are required for 
stabilisation of membrane proteins, as electron acceptors and antioxidants.  Metabolites, transporters 
and enzymes in red are repressed pathways in β-cells that are increased in β-cell dedifferentiation. 1 
Pyruvate dehydrogenase, 2 Pyruvate carboxylase 3 Citrate synthase 4 Aconitase 5 Isocitrate 
dehydrogenase 6 α-ketoglutarate dehydrogenase 7 Succinate thiokinase 8 Succinate 
dehydrogenase 9 Fumurase s Malate dehydrogenase u, Lactate dehydrogenase.  Adapted from 
Newsholme et al (267). 
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entering the β-cell does not exit after phosphorylation.  It then undergoes aerobic glycolysis and, 

usually, complete oxidation through the mitochondrial TCA cycle, concomitantly producing ATP.  

The resulting increased ATP/ADP ratio stimulates closure of  

ATP sensitive potassium channels (K+
ATP), causing membrane depolarisation and associated opening 

of voltage gated L-type calcium channels (Cav
2+).  The subsequent influx of calcium ions facilitates 

fusion of stored insulin granules with the membrane and, finally, exocytosis of insulin into the 

extracellular compartment (248, 268). 

In addition to the canonical sequence of events described above, calcium-independent insulin 

exocytosis has been stimulated by the addition of guanine nucleotides (269), or by cell swelling 

caused by hypotonic media (270).  Interestingly, in cells pre-depleted by 1 h of fuel-free, 

sulphonylurea-driven insulin secretion, further insulin amplification, also termed non-triggering 

stimulation, was induced by glucose (271, 272).  Cytosolic acetyl-CoA, rather than energy generated 

by TCA oxidation, provided the signalling mechanism for this phenomenon, though other stimulus-

secretion coupling factors have previously been suggested (273), as detailed in a review of insulin 

triggering and amplifying pathways (274). 

While glucose is the most important and physiologically relevant secretagogue, other nutrient, non-

nutrient and therapeutic agents can also stimulate insulin secretion, either via ATP production and the 

established glucose stimulus-secretion pathway, or more directly by binding to the K+
ATP channel.  

Non-glucose nutrient secretagogues include amino acids, which enter the TCA cycle at various entry 

points and proceed to ATP generation, usually in conjunction with complete oxidation.  For example, 

glutamate, glutamine, proline, histidine and arginine can be converted to α-ketoglutarate, while 

phenylalanine and tyrosine enter the TCA cycle as fumarate (264).  In addition, fatty acids can 

potentiate insulin secretion after esterification by various other means elaborated further below (275).  

Some amino acids can also stimulate insulin secretion by alternative means and are worth special 

mention. 

Glutamine, with a blood concentration of ~0.5 mM, is the most abundant amino acid in mammals 

(276).  It has important roles in ammonia scavenging during the metabolism of other amino acids and 

redox control via its product, glutathione (277), and levels in the tissues are usually quite stable.  In 

line with its abundance and to prevent hypoglycaemia, it does not independently stimulate insulin 

secretion.  However, leucine allosterically activates glutamate dehydrogenase, providing a ready 

means of glutamine entry to the TCA cycle by conversion to α-ketoglutarate via glutamate2, thereby 

generating ATP.  Thus, at high concentrations (10 mM) L-leucine in combination with L-glutamine 

                                                        
2 Glutamine is deamidated to glutamate by glutaminase, releasing ammonia.  Glutamate can then be deaminated 
to α-ketoglutarate by glutamate dehydrogenase, also releasing ammonia. 
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can potently stimulate insulin secretion via oxidation, ATP production, closure of the K+
ATP channel, 

membrane depolarisation, and Ca2+ influx (278, 279).  A similar mechanism underlies the 

hypoglycaemia after a protein meal in patients with gain-of-function mutations in glutamate 

dehydrogenase (280).3 

Both glutamine and alanine are consumed at high rates in BRIN-BD11 cells (276).  L-alanine 

increases insulin secretion in the presence of glucose.  This occurs by enhancement of glucose 

metabolism (281).  Glucose-derived glutamate pools are increased in the presence of L-alanine, and 

glutamate possibly acts as a metabolic coupling factor in insulin secretion (281, 282).  Interestingly, a 

small portion (10-20%) of the stimulatory effect of L-alanine on insulin secretion can be attributed to 

increases in Ca2+ influx associated with co-transportation of Na+ (281, 283). 

Insulin secretion can also be influenced by fatty acid metabolism and by signalling via metabolism-

dependent and independent processes.  Acetyl-CoA derived from fatty acid β-oxidation is used as a 

substrate for generation of ATP via the TCA cycle in low glucose conditions.  However, free fatty 

acids (FFA) can further stimulate insulin secretion in high glucose states by the formation of lipid 

signalling molecules including long chain acyl CoA’s, mono- and diacylglycerols and phosphatic 

acids (275, 284).  Interactions between the latter and plasma membrane-bound G-protein coupled 

receptors (e.g. FFAR1 or GPR40) initiate a signalling cascade that ultimately activates protein kinase 

C or triggers Ca2+ release from the ER, potentiating insulin secretion (284).  In contrast, long-term 

FFA exposure reduces insulin secretion (284, 285). 

Non-nutrient secretagogues are also important in insulin stimulatory processes.  Glucagon-like 

peptide 1 (GLP-1) is an incretin hormone secreted by intestinal L-cells that potentiates the insulin 

response to glucose, accounting for up to half the insulin secreted postprandially (286).  Analogues of 

GLP-1 have recently been made available for therapeutic purposes in the treatment of T2D (287).  

How GLP-1 amplifies insulin secretion has been the subject of recent study, with four main 

mechanisms described.  Firstly, GLP-1 binds to its G-protein coupled receptor expressed on the 

plasma membrane of β-cells, with subsequent signalling via adenylate cyclase leading to cyclic 

adenosine monophosphate (cAMP) generation and activation of protein kinase A (PKA) and the 

cAMP-binding protein Epac2A.  This stimulates calcium release and enhanced exocytosis both 

directly (via synaptotagmin-7, see 288) and by binding the sulphonylurea receptor SUR1, causing 

K+
ATP closure (reviewed in 289).  Secondly, Shigeto et al (290) demonstrated that a further G-protein 

coupled link to the GLP-1 receptor resulted in activation of PKC at physiologically relevant GLP-1 

and glucose concentrations (1 pM and 6 mM, respectively).  This pathway accounted for ~40% of the 

                                                        
3 Glutamate dehydrogenase is thought to act as an intracellular energy sensor.  On one hand, it is inhibited 
allosterically by ATP and GTP, while ADP, GDP and L-leucine (in low phosphate potential conditions), 
stimulate its activity (280). 
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GLP-1 stimulatory effect, causing K+
ATP independent calcium oscillations mediated by Na+ channels 

(TRPM4 and TRPM5) rather than the CaV
2+ channels associated with the canonical insulin triggering 

pathway.  They further established a third mechanism, that of GLP-1-mediated recruitment of 

additional β-cells to stimulated secretion (5% or 65% without or with GLP-1, respectively) at low 

GLP-1 concentrations.  Fourth, there is some evidence that GLP-1 may stimulate vagal reflex 

pathways, initiating a neuronal-mediated insulinotropic effect (291) (see also 292). 

Sulphonylureas, used therapeutically to stimulate insulin secretion, bind to the SUR1 moiety of K+
ATP, 

causing channel closure followed by membrane depolarisation, Ca2+ influx and insulin exocytosis 

(293-295).  Maximal sulphonylurea-mediated channel closure requires the presence of intracellular 

adenosine nucleotides, in particular, ADP (294).  In addition to direct action on K+
ATP, many 

sulphonylureas (including tolbutamide and glyburide used in this study4) also bind Epac2A, similarly 

to GLP-1 receptor agonists.  This increases Ca2+ influx and stimulates granule fusion and exocytosis 

(293).  Of interest in this study, but aside from its insulin stimulating effects, sulphonylureas are also 

known to reduce glucagon secretion and decrease hepatic insulin clearance.  Glyburide also reportedly 

inhibits cholesterol efflux mediated by ABCA1 (295). 

An additional non-nutrient means of stimulating insulin secretion in vitro is by K+-mediated 

depolarisation.  An extracellular K+ concentration of 30 mM in the presence of diazoxide (which 

prevents channel closure) causes membrane depolarisation similar in amplitude to that of 10 mM 

glucose (296).  The resulting monophasic insulin response differs from nutrient or therapeutically 

stimulated responses in that the effect is entirely due to membrane depolarisation, whereas nutrient or 

therapeutic secretagogues stimulate biphasic secretion, usually by concurrent stimulation of more than 

one pathway.  Nevertheless, the use of depolarising concentrations of K+ is a relevant research tool, 

particularly to pre-trigger secretion when studying the amplifying aspect of glucose or nutrient insulin 

stimulation (297).  Interestingly, K+ stimulates secretion at lower concentrations in conjunction with 

tolbutamide, a sulphonylurea, possibly due to variations in the pattern of Ca2+ influx stimulated by K+ 

alone. 

The discussion above outlines various means of stimulating insulin secretion in health and disease.  In 

T2D, additional requirements for insulin arise from the effects of peripheral insulin resistance, 

brought about at least in part by the diabetic environment, including dyslipidaemia. 

                                                        
4 Tolbutamide, a first generation sulphonylurea, binds to the A site of SUR1 (on the eighth cytosolic loop) while 

glyburide (2nd generation) binds to the same site in addition to the B sites of both SUR1 and SUR2A (on the 

third cytosolic loop) (293). 
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1.5 The insulin/cholesterol link 

Both high and low plasma cholesterol are associated with T2D.  In the first instance, T2D patients 

have an increased risk of cardiovascular disease and obesity, over-nutrition and dyslipidaemia are risk 

factors for T2D.  In the second instance statin use, known to effectively lower LDL cholesterol, is 

associated with increased risk of new onset diabetes (298).  Interestingly, Mendelian randomisation 

studies reveal that some genetic variations of the HMGCR gene with similar LDL-lowering effects 

are also associated with increased risk of T2D, supporting the notion that on-target statin mechanisms 

are involved (205, 299-301).  However, reduced insulin secretion associated with simvastatin was not 

rescued by the provision of DL-mevanolactone, a mevalonate synthesis activator, or the isoprenoid 

moieties GGPP and FPP (302).  Despite this finding, it is known that protein farnesylation is required 

for insulin secretion induced in response to mitochondrial fuel (303), and statins (or otherwise 

dysfunctional HMGCR) would be expected to inhibit both farnesylation and geranylgeranylation 

(304).  This diversity of results makes it difficult to determine whether inhibition of the cholesterol 

synthetic pathway is directly responsible for the diabetogenic effects of statin. 

Conversely, patients with genetic variations causing familial hypercholesterolaemia, associated with 

higher circulating LDL cholesterol, have decreased risk of T2D (305).  This suggests a complex link 

between insulin secretion and/or action and cholesterol, with optimal cholesterol synthesis, dietary 

intake and circulating plasma levels being associated with glycaemic health. 

Various research endeavours have attempted to shed light on the relationship between cholesterol and 

insulin, with a confusing abundance of information available.  The following discussion focuses on 

the influence of cholesterol on insulin secretion.  The literature has been divided into the categories of 

a) membrane characteristics and associated proteins, b) metabolic pathways, c) mitochondrial 

function and d) ROS.  For the purposes of this discussion, statin therapy is considered to be 

cholesterol lowering in the context of plasma LDL cholesterol (despite evidence of intracellular 

cholesterol enhancing effects in hepatic cells (180)), and a distinction is not specifically made 

between pleiotropic and direct cholesterol effects. 

1.5.1 Membrane characteristics and associated proteins 

The physicochemical effects of cholesterol on membrane characteristics provide scope for influences 

on the function of membrane proteins, the latter comprising ~25% of the membrane cross-sectional 

area (306).  Proteins involved both in the processes of glucose sensing and in insulin granule 

exocytosis may be subject to these effects.  For example, Xia et al (69) have demonstrated that 

cholesterol sequestration using MβCD, a cholesterol sequestering agent, disrupted lipid rafts and 

redistributed functional membrane proteins, including those pivotal in glucose sensing, stimulus-
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secretion coupling and exocytotic processes in glucose sensitive insulin secretion.  The effect of high 

and low cholesterol on these processes is reviewed below. 

1.5.1.1 Glucose transporters 

GLUT-1 and GLUT-2, the major glucose transporters in human and rodent β-cells, respectively, are 

not associated with lipid rafts in the cell membrane (307).  On the contrary, transport to raft areas, as 

occurs during faulty glycosylation, is detrimental to these glycoproteins and MβCD-mediated raft 

disruption is beneficial to their function (67).  Based on observed effects in other cells, Wang et al 

(308) speculate that omega-3 polyunsaturated fatty acids may similarly disrupt lipid rafts, increasing 

glucose transport and insulin secretion.  On the other hand, chronically increased fatty acid 

consumption can damage glycosylation processes, reducing cell surface expression and glucose 

uptake (309, 310).  This impairment is potentially facilitated by increased ROS, discussed further in 

Section 1.5.3. 

In apparent conflict to the pattern above, where decreased cholesterol seems to facilitate glucose 

transporter function, protein and mRNA expression of GLUT-2 were reduced after 48 h simvastatin 

treatment (2-10 µM) in MIN6 β-cells (68).  The mechanism of this impairment is not known, and 

glucose uptake was not measured.  In fact, this finding does not exclude the possibility of increased 

function, as reduced expression could potentially be a homeostatic response to prevent excessive 

glucose transport in the case of increased glucose uptake. 

1.5.1.2 Ion channels 

Calcium channels (CaV
2 +) and voltage gated potassium channels (K+

ATP) are both membrane-

associated proteins crucial to GSIS.  Studies delineating disease mechanisms involving mutations in 

Kir6.2 and SUR1, that together form an important K+
ATP channel in β-cells, reveal the key role of this 

ion channel in coupling metabolically derived stimulus (ATP/ADP ratio) to membrane depolarisation 

and insulin secretion (293, 311-313).  The mechanisms of metabolic regulation of K+
ATP channels are 

very complex and are reviewed elsewhere (314-317).5   

There is debate over the location of K+
ATP channels in β-cells, and they do not appear to be targeted to 

lipid rafts (69).  While studies by Geng et al (319) demonstrate that the components of K+
ATP 

channels, Kir6.2 and SUR1, are predominantly expressed on secretory granule membranes, 

electrophysiology and other functional studies clearly demonstrate a plasma membrane location (315, 

320, 321).  One potential explanation could be the presence of more than one type of K+
ATP channel in 

β-cells, given that four isoforms of voltage-gated K+ channels are expressed in insulinoma and 

                                                        
5 The K+

ATP channel also senses glucose in the hypothalamus and can influence insulin action via the vagus 
nerve (318). 
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isolated islet β-cells (69).  In contrast, the calcium channel mainly associated with GSIS, CaV 1.3 

(CaV
2 +), is targeted to lipid rafts in INS-1 cells (65). 

K+
ATP channels are subject to functional changes in association with simvastatin treatment (68).  

Changes reported include up-regulation at both mRNA and protein levels and increased current 

density.  Elsewhere, studies have implicated K+
ATP in pleiotropic statin effects in several tissue types 

(322).  Just how statins cause changes in K+
ATP function, however, is not clear.  Statins may 

pleiotropically activate K+
ATP channels through inhibition of HMGCR and consequent accumulation 

of acetyl CoA, which may alternatively form long-chain acyl-CoA esters capable of direct interaction 

with the Kir6.2 unit, increasing the open probability and decreasing its sensitivity to ATP (322).  

Simvastatin reportedly increased the expression of the K+
ATP channel, which together with decreased 

expression of Ca2+
V, inhibited membrane depolarisation and calcium influx (68, 218).  Statins may 

also decrease coupling by up-regulation of uncoupling protein 2 (317).  Together, this could explain 

why tolbutamide, but not GLP-1 agonists (which additionally stimulate K+
ATP -independent secretion) 

failed to induce insulin secretion in simvastatin-treated MIN6 cells (302). 

The diabetogenicity of statins may also be related to their effect on calcium channels.  Yaluri et al 

(302) found that simvastatin not only reduced insulin exocytosis in MIN6 β-cells, but it also inhibited 

normal calcium influx in high glucose conditions (16.7 mM) as detected by live imaging with Fura-2-

AM staining.  A simvastatin-mediated effect on L-type calcium channels has also been determined in 

β-cells by alternative protocols (68, 323).  Elsewhere, calcium flux was directly involved in impaired 

insulin secretion associated with rosuvastatin treatment, characterised by changes in calcium 

oscillations and accumulation of insulin granules at the plasma membrane (324). 

1.5.1.3 Granule fusion, SNARE proteins and exocytosis 

Insulin exocytosis involves the calcium-stimulated fusion of insulin-containing granules with the 

plasma membrane.  Several proteins that form a soluble N-ethylmaleimide sensitive fusion protein 

attachment protein receptor (SNARE) complex are involved in this process and include synaptosome-

associated protein of 25 kD (SNAP-25), vesicle-associated membrane protein isoform 2 (VAMP2) 

and syntaxin-1.  Cholesterol is thought to facilitate fusion, its intrinsic negative curvature providing 

suitable mechanical stability and lowering energy barriers for the formation of transient fusion 

structures (73, 325).  Cholesterol also stabilises SNARE proteins within the membrane (73). 

Caveolin-1 is associated with VAMP2 in β-cells (326) and links SNARE proteins on the membranes 

of the plasma to granules via its association with Cdc42, a small prenylated G-protein (327).  It 

organises membrane domains in a cholesterol-dependent manner (328), and interestingly, also has a 

role in cholesterol efflux and homeostasis (329). 
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MβCD-mediated cholesterol desorption increased (69, 330) or reduced (331) glucose stimulated 

insulin secretion (GSIS), after high (10 mM) doses in HIT-T15 or RIN-m5f β-cells or low (0.1 mM) 

doses in perfused mouse pancreas, respectively.  In the latter perfused mouse pancreas study, 

provision of exogenous cholesterol in the perfusion media rescued insulin secretion.  In INS-1 and 

INS-1E β-cells, Bacova et al (332) also found reduced GSIS after high dose MβCD when expressed 

as a function of basal secretion, although basal secretion increased.  This supports the suggestion by 

Vikman et al (331) that high dose MβCD may impair membrane integrity, allowing unregulated 

insulin secretion.  They found that reduced GSIS associated with cholesterol desorption in isolated 

mouse β-cells was related to relocation of SNAP-25 from the plasma membrane to cytosolic areas 

attendant with fewer docked insulin granules, while addition of cholesterol ameliorated these effects. 

Interestingly, cholesterol reduction by statins also influences secretory granules and exocytosis.  

Lovastatin treatment increased the size of secretory granules but with a concomitant decrease in 

insulin content (71).  Similarly to MβCD treatments, pravastatin treatment also reduced insulin 

secretion in association with reduced expression of SNARE proteins (192). 

In other secretory cells, similar exocytotic mechanisms enable further insight.  For example, 

cholesterol content (manipulated by MβCD or c-MβCD) influenced the kinetics of exocytosis and the 

formation of fusion pores in platelets (333).  While SNARE proteins were not measured directly in 

this study, the results align with a critical role of cholesterol in biophysical processes important for the 

correct function of exocytotic machinery.  Likewise, reduced cholesterol levels impaired synaptic 

vesicle exocytosis in cultured neurons, with evidence of the involvement of SNARE protein function 

(334).  Further, lipophilic (simvastatin and fluvastatin) but not hydrophilic (pravastatin) statins were 

also found to suppress the cytotoxic activity of human natural killer cells by inhibiting exocytosis 

(335). 

Cholesterol loading experiments also suggest a direct effect of cholesterol on exocytosis.  Studies by 

Bogan et al (336) and Wijesekara et al (337) in MIN6 cells and mouse islets, respectively, 

demonstrated that such loading results in cholesterol accumulation in insulin granules, a process 

influenced by ABCA1.  This inhibited GSIS and reduced the number of fusion events, measured by 

fluorescently conjugated VAMP2.  Interestingly, an increase in cholesterol content could also be 

achieved by exposure to high glucose (30 mM for 36 h), similarly resulting in increased granule size 

(336).  This demonstrates a link between hyperglycaemia, cholesterol accumulation and changes in 

granule morphology that could impair exocytosis.  Additionally, SNARE proteins are under-

expressed in T2D (338), supporting a role for faulty exocytosis in the pathology of this condition. 

Sequential exocytosis is the fusion of an insulin granule to another granule already undergoing 

exocytosis.  This happens rarely in normal β-cells, may have a role in fuel sensing, and potentially 
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involves SNAP25.  MβCD increases the rate of this phenomenon (339), providing further evidence of 

the importance of cholesterol in various aspects of granule fusion and exocytosis. 

In addition to cholesterol, some of its biosynthetic pathway intermediates (71) or associated lipids and 

their protein interactions (64) may also play a role in exocytosis regulation, secretory granule 

formation and GSIS.  Together, these studies highlight the important role of SNARE proteins in 

insulin secretion, and the relationship between cholesterol and their functional regulation and cellular 

location. 

1.5.1.4 ABCA1/ABCG1 cholesterol transport 

Key to cellular homeostasis of cholesterol are the cholesterol transport proteins ATP-binding cassette 

(ABC) transporters family A member 1 and family G member 1.  ABCA1 and ABCG1 mediate 

cholesterol efflux in a complementary manner, binding nascent and more mature forms of HDL, 

respectively, for cholesterol efflux (340).  Much of the cholesterol efflux research has been performed 

in macrophages due to their relevance in vascular disease.  However, as discussed below, the role of 

these cholesterol transporters in the β-cell may be unique, a possibility emphasised by the finding that 

each are down-regulated in islets from T2D donors and insulin secretion is inhibited in their absence 

(341, 342). 

β-cell specific ABCA1 knockout in mice resulted in islet lipid accumulation, impaired glucose 

tolerance and reduced insulin secretion despite increased insulin content, but with normal fasting 

glucose levels and insulin sensitivity.  In addition, ABCG1 was up-regulated, possibly to partially 

compensate for the loss of ABCA1 (343).  To understand the mechanism of this effect of β-cell-

specific ABCA1 knockout Kruit et al (341) methodically sought to identify the stage of insulin 

secretion that was affected in ABCA1-null islets.  They determined that diminished GSIS was due to 

cholesterol accumulation, evidenced by decreased capacitance during membrane depolarisation 

(despite normal Ca2+ content), alterations to Golgi structures and altered plasma microdomain 

organisation.  Notably, insulin granule exocytosis was rescued after gentle MβCD cholesterol 

depletion. 

ABCG1 is expressed abundantly in pancreatic β-cells (342).  While ABCG1-deficient mice show no 

changes in serum lipoprotein fractions or islet or β-cell total cholesterol content, they do display 

reduced insulin secretion and glucose intolerance in vivo, and reduced GSIS in isolated islets, 

indicating a role for ABCG1 in insulin secretion.  Further, ABCG1 in β-cells is expressed mainly 

intracellularly, co-staining extensively with insulin in granules, which show enlargement and 

cholesterol deficiency in ABCG1 knockout cells.  Importantly, cholesterol provided via c-MβCD 

restored metabolic normality and granule morphology (342).  ABCG1 thus emerges as a critical 
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regulator of cholesterol in insulin granules, in which cholesterol has for some time been known to 

play a regulatory role (71, 336). 

From the discussion above, it is clear that both ABCA1 and ABCG1 have important influences on 

insulin secretion.  However, while ABCA1 serves to reduce cholesterol in the plasma membrane, 

ABCG1 serves to increase insulin granule membrane cholesterol, the granules representing a total 

surface area ~4.5 times that of the plasma membrane (72, 344) and requiring a high cholesterol 

composition (40-50 mol%) for normal insulin secretion (71).  This further emphasises the precise 

nature of cholesterol regulation and its importance in insulin secretion and glycaemic homeostasis.  

However, it also conflicts with traditional understandings of the role of ABCG1 in cholesterol efflux 

and it seems likely that this cholesterol transporter may have a unique, additional role in β-cells (342). 

1.5.2 Mitochondrial function 

Mitochondrial oxidation is linked to both insulin secretion through generation of ATP and other 

secretion coupling factors (263, 345), and provides numerous intermediates for multiple metabolic 

processes, including precursors that can be used for cholesterol synthesis.  In turn, cholesterol 

synthesis provides various derivatives, including some that have important roles in ROS mediation 

and the electron transport chain (e.g. ubiquinone, haem A, FPP, GGPP, Figure 1.3).  To complete the 

circle of influence, changes in circulating cholesterol, FFA and glucose concentrations are also linked 

to mitochondrial function through metabolic adaptation to glucolipotoxicity or altered nutrition, which 

have implications for insulin secretion (346). 

As in all membranes, cholesterol is necessary in mitochondrial membranes to imbue suitable 

physicochemical properties.  However, the mitochondrial membrane cholesterol requirement is 

reduced compared to other membranes, with ~ 40- and 4.5-fold lower cholesterol content than in 

plasma and ER membranes, respectively (347).  Despite these modest cholesterol requirements, 

pathways exist for mitochondria to import cholesterol from all other intracellular membranes (348), 

ensuring its availability for mitochondrial fusion/fission, regeneration and other mitochondrial 

activities. 

Mitochondrial morphological changes have been associated with various pathophysiological states.  

For example, cholesterol has been found to accumulate in cancer and Niemann-Pick disease type C 

(NPC) (348).  β-cells from T2D donors and mice fed a high fat diet also have characteristic 

mitochondrial morphological changes, including increased mitochondrial area but not number, 

indicative of swelling.  T2D mitochondria additionally display fragmentation with disrupted cristae 

(349).  Interestingly, a tendency towards increased anaerobic glycolysis, a repressed pathway in β-

cells, was reported for NPC brain cells, cancer cells and β-cells with engineered changes in the beta-

cell fusion/ fission balance.  This was not reported, however, in primary β-cells from T2D patients, 
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(348, 349) nevertheless, the latter are also known to display an altered metabolic profile, with a large 

increase in amino acid accumulation (350).  In each case above, reduced oxidative phosphorylation 

and ATP production rendered the affected mitochondria less efficient. 

In an animal study where hamsters were fed a diet high in cholesterol, fat and fructose, metabolic 

disturbances were dependent on dietary cholesterol content (351).  However, cholesterol 

supplementation without the fructose and fatty acids did not induce dyslipidaemia or metabolic 

impairment, demonstrating the multifactorial nature of glucolipotoxicity and insulin resistance.  Also, 

cholesterol loading in MIN6 cells resulted in impaired mitochondrial function characterised by 

reduced ATP production, basal and maximal oxygen consumption rate and reserve capacity (352). 

Similarly, cholesterol loaded BRIN-BD11 cells (160 µM c-MβCD for 12 h) displayed decreased 

oxygen consumption rate, ATP production and exendin-4-stimulated insulin secretion, as well as 

mitochondrial morphological changes and increased ROS.  Interestingly, cholesterol enrichment was 

also associated with impaired non-mitochondrial respiration6 and extracellular acidification, 

representative of glycolysis (354). 

In an early review of statin adverse events, and before a link between statins and T2D was made, 

Golomb and Evans (167) pointed out that mitochondrial defects predispose to statin adverse events 

and statins predispose to mitochondrial defects.  Mitochondrial toxicity linked to statins has been 

associated with both myopathy and hyperglycaemia (167).  In the first instance, this effect was 

studied in muscle, likely due to the higher prevalence and acute discomfort of muscle-related adverse 

events (355).  Metabolic effects may take longer to develop, can be initially less prominent, and could 

be interpreted as the progression of concomitant conditions (322), thus reducing their detection.  

There is also increased risk in certain cohorts, including those with pre-existing risk factors for T2D, 

postmenopausal women and the elderly (224). 

Statins have also been linked to mitochondrial dysfunction in β-cells and pancreatic islets.  For 

example, reduced insulin secretion subsequent to atorvastatin but, interestingly, not pravastatin 

treatment (100 ng/mL) occurred in human islets and INS1 β-cells (356).  Furthermore, reduced ATP 

generation in atorvastatin-treated INS1 β-cells coincided with increased ROS and reduced expression 

of proteins representing mitochondrial complexes I, III, IV, V and CoQ10.  Cells were protected from 

these effects by addition of mevalonate or N-acetylcysteine, a scavenger of free radicals, further 

demonstrating the role of ROS in the adverse effects of atorvastatin. 

                                                        
6 Non-mitochondrial respiration represents the consumption of oxygen by non-mitochondrial enzymes such as 
NADPH oxidases, saturases and detoxification enzymes.  In some cells, such as macrophages, this can account 
for a significant portion of cellular oxygen uptake, while in most cells it is ~10% of total oxygen consumption 
(353). 
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An interesting observation by Chen et al (357) is the increase in lactate dehydrogenase (LDH) 

released by atorvastatin treated NIT-1 β-cells.  Their use of LDH in a cytotoxicity assay in β-cells is 

interesting, given that this is a ‘prohibited pathway’ in metabolically distinctive β-cells (see Section 

1.4.1).  However, it indicates that atorvastatin impairs a principal glucose homeostatic mechanism by 

upsetting stimulus-secretion coupling and increasing the glycolytic pathway.  They also demonstrated 

that atorvastatin but, once again, not pravastatin, increased intracellular ROS.  Moreover, in both 

statin treatments, autophagy was increased. 

The influence of statin on mitochondrial function is thought to be at least partly via reduced CoQ10 

and Haem A, the synthesis of both being dependent on the mevalonate pathway.  These effects result 

in decreased flux through the TCA cycle with consequent decreased ATP generation and increased 

ROS due to decreased antioxidant capacity by the mechanism described below. 

Experiments conducted by Mailloux et al (358) indicate that in MIN6 β-cells and pancreatic islets, 

mitochondrial ROS uncouples ATP generation from glucose oxidation via up-regulation of 

uncoupling protein 2, thereby reducing glucose-stimulated insulin secretion (GSIS).  Though statins 

were not used in the latter study, it supports the effect of increased ROS on mitochondrial function 

and insulin secretion.  Together, these studies indicate that some statins may reduce insulin secretion 

secondary to increased ROS and consequent mitochondrial dysfunction.  Interestingly, cholesterol 

accumulation can also increase ROS, impair mitochondrial function and blunt insulin secretion (354). 

1.5.3 Cholesterol effects on ROS 

As previously mentioned, β-cells have a decreased capacity to deal with excess ROS, while at the 

same time production of ROS is an obligatory consequence of oxidative respiration in mitochondria, a 

pathway used almost exclusively in these cells.  It is well-known that CoQ10 transports electrons 

from complexes I and II to complex III.  The possibility of reduced availability of CoQ10 with statin 

treatment potentially impacts on ATP generation and mitochondrial efficiency.  Cellular damage 

caused by obligatory mitochondrial ROS production created during ATP synthesis is also minimised 

by the antioxidant activity of CoQ10 and the cellular glutathione antioxidant system (359). 

Statins may also exacerbate ROS-associated dysfunction by reducing delivery of antioxidant vitamins 

and provitamins, which rely on lipoprotein particles for transportation.  The serum concentrations of 

the antioxidants α-tocopherol and β-carotene were lowered by 16% to 22% by simvastatin therapy, 

and this was only partially improved by increased dietary intake of α-tocopherol (360). 

Statins appear to reduce antioxidant potential, possibly by the mechanisms mentioned above.  For 

example, Bouitbir et al (227) demonstrated a reduced GSH/GSSG ratio, indicating oxidative stress, in 

glycolytic but not oxidative muscle in atorvastatin-treated humans and rats.  Increased H2O2 and 
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superoxide production coinciding with atorvastatin treatment in rat myoblasts confirmed causation.  

They concluded that the availability of extra antioxidant resources in oxidative muscles is protective 

in the face of atorvastatin-associated reduction of antioxidant potential.  They also demonstrated 

impaired mitochondrial function and reduced ATP production in atorvastatin-treated L6 rat myoblasts.  

Similarly, Galtier et al (361) demonstrated statin-associated alterations in mitochondrial respiration in 

vastus lateralis muscle biopsies from some, but not all, healthy young volunteers after 8 weeks of 

high-dose simvastatin treatment. 

1.5.4 Other metabolic pathways 

Various aspects of the link between insulin and cholesterol have been explored above, including the 

effect of cholesterol and cholesterol flux on a) membrane characteristics and various proteins 

involved in insulin stimulus/secretion coupling, b) mitochondrial function and c) the generation of 

ROS.  A number of other observations are also relevant to understanding the relationship between 

these biologically important molecules, which can be demonstrated by the clinical relationship that 

exists between circulating cholesterol levels and glycaemia, which, in turn, is regulated by insulin 

(318, 362-364).  While high plasma LDL cholesterol levels are a risk factor for T2D, low HDL is also 

associated with poorer glycaemic outcomes and obesity and provision of exogenous HDL can 

improve these parameters (363).  Stored fat levels and plasma insulin concentrations are also 

positively correlated, and insulin is thought to relay adiposity signals to the brain (318, 365, 366), 

further demonstrating the interconnection between lipids and glucose homeostasis. 

Cholesterol synthesis may be one of several mechanisms by which β-cells protect themselves from 

chronic fuel excess (243).  Increased diversion of glucose carbons to triglycerides and cholesterol 

esters in rat islets maintained for 1 h in high glucose (16-25 mM) was demonstrated.  Storage of 

newly synthesised cholesterol in the form of inert esters or its removal from the cell via 

ABCA1/ABCG1 and HDL particles was shown to be a likely means of eliminating carbons 

originating from glucose entry under high glucose conditions in islets.  In the same study, HMG-CoA 

was reduced linearly as glucose concentration increased.  This depletion may have been due either to 

consumption during cholesterol synthesis or reduced production, since HMG-CoA is an intermediate 

of the fatty acid oxidation/ketogenesis pathway that is reduced in elevated glucose conditions.  It is 

not known whether inhibition of the ability to synthesise cholesterol during chronic glucose overload, 

as would occur in statin treatment, may increase the adverse effects of such exposure in the β-cell. 

There is also evidence that the hexosamine biosynthetic pathway (HBP) may mitigate both glucose 

and lipid-induced toxicity.  Increased ROS produced by hyperglycaemic conditions may redirect 

glucose towards the HBP (367), which is thought to function as a metabolic sensor and is well-known 

to be linked to insulin resistance and other complications of T2D (368, 369).  Increased flux through 

the HBP, usually accounting for only ~3% of glucose utilisation (370), causes abnormal post-
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translational O-linked N-acetylgucosamine modification of proteins.  Additionally, it is responsible 

for altered insulin secretion (371) and plays a role in β-cell dysfunction via increased ROS (372).  It 

also caused ER stress and had a dedifferentiating effect involving extracellular signal-regulated kinase 

(ERK) in INS-1E β-cells and mouse islets (373).  Interestingly, increased HBP activity also 

augmented plasma membrane cholesterol in preadipocytes (374).  Given the link between plasma 

cholesterol levels and insulin secretion, it would be interesting to determine whether a similar increase 

in plasma membrane cholesterol occurs in β-cells and whether it may be mechanistic in β-cell 

dysfunction and/or T2D pathophysiology. 

When considering possible effects of cholesterol synthesis inhibition, the loss of post-inhibition 

products has been well studied, but little speculation has been given to pre-inhibition substrates or 

enzymes.  For example, the putative accumulation of HMG-CoA and HMGCR in statin-treated tissue 

has received little attention.  The absence of feedback regulatory signals from intermediates such as 

24,25-dihydrolanosterol and squalene would both reduce HMGCR degradation and stimulate SREBP-

mediated transcriptional up-regulation (49, 375).  In the event of statin run-down, for example, 

between doses, would abundant HMG-CoA, HMGCR and acetyl-CoA supplies stimulate excessive 

cholesterol production?  If so, would this occur in β-cells? 

Further, acetyl-CoA, the primary substrate for cholesterol synthesis, is involved in many pathways, 

being a product of amino acid, fatty acid and carbohydrate catabolism, a substrate for both the TCA 

cycle and cholesterol synthesis, and a carbon donor for acetylation modifications of proteins and 

nucleic acids (376).  It is not known what regulatory mechanisms determine cellular decisions about 

the fate of acetyl-CoA, and it is not unreasonable to speculate that a ‘metabolic back-up’ could 

overwhelm enzymes and cause accumulation of metabolites such as long chain acyl-CoAs.  This may 

be of particular significance in the β-cell due to its obligatory equilibration of intra- and extra-cellular 

glucose (243). 

A plausible example of the scenario above: it is known that long chain acyl-CoAs7 directly interact 

with the β-cell K+
ATP channel to increase its activity (378).  This is thought to sensitise β-cells to 

changing metabolic conditions (379).  Statins may thus increase K+
ATP channel activation (hence 

reducing membrane depolarisation events) pleiotropically by the dual action of a) reduced ATP 

generation (due to depletion of CoQ10) and b) accumulation of acetyl-CoA, acetoacetyl-CoA and 

long chain acyl-CoAs (322).  This, in turn, could be expected to reduce insulin secretion.  

Interestingly, and in support of this possibility, K+
ATP channel mutations increase T2D risk (380).  

Metabolomic studies in statin-treated β-cells would be very helpful to study such effects. 

                                                        
7 Interestingly, only saturated acyl-CoA esters with a chain length exceeding 12 carbons have so far been 
demonstrated to activate these channels (313, 377). 
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One further area of interest is how statins may affect central regulation of metabolic processes.  In this 

emerging field, the hypothalamus appears to be an important central regulator of glucose metabolism 

and energy homeostasis.  Signals from peripheral organs allow central regulation of aspects such as 

energy expenditure, appetite, insulin sensitivity and glucose metabolism.  Faulty crosstalk can result 

in metabolic dysregulation (318).  Statins are known to cross the blood-brain barrier (381), giving 

reason to anticipate a small effect.  This is therefore one more avenue of investigation in the quest to 

understand the relationship between cholesterol metabolism and glucose homeostasis. 

1.6 Experimental models 

It is common to make use of experimental models to study the physiological effects of drugs and 

assess the influence of various molecules and biochemical pathways.  While this is an essential 

strategy, it is important to be aware of certain limitations and considerations, for example, 

extrapolation of results and physiological relevance of drug dose.  In addition, non-pharmacological 

agents or off-label use of pharmacological agents can sometimes be utilised to artificially model 

physiological conditions.  The discussion in this section provides a background for models and 

systems applicable to studies in this thesis. 

1.6.1 Use of statins in vitro and in mice 

Statins are often studied in vitro and in animal models and differences in dose, pharmacodynamics 

and metabolic processes must be considered when assessing the relevance of these studies to clinical 

situations.  The reduced complexity of in vitro studies is both beneficial and problematic in that 

systemic regulatory processes may be absent.  This has obvious implications when studying complex 

systems such as glucose and lipid homeostasis which are regulated at both the systemic and tissue 

level. 

Considerations of relevance to the in vitro statin studies later in this thesis include the absence of 

hepatic drug processing and the appropriate delivery of a suitable dose.  Liver first-pass processing is 

responsible for a considerable reduction in peripheral tissue statin drug concentration (382).  Several 

statins are also processed to metabolites of higher or lower potency by liver enzymes, mainly 

cytochrome CYP3A4 (154).  A non-hepatic cell line such as BRIN-BD11 does not possess the 

cellular machinery for such processing, and the ramifications of this are unclear. 

In aqueous solutions, statins are unstable.  In the lactone form they are susceptible to hydrolysis, and 

acidic statin compounds can react with alcohols to form esters (383).  Consequently, considerable 

variations in potency can occur, potentially leading to inter- and intra-laboratory discrepancies. 
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Statin drug exposure in vitro is also likely to be greater compared to in vivo, albeit more acute.  The 

absence of hepatic or glomerular filtering means drug concentrations remain more constant.  Protein 

binding of >95% in vivo must also be considered (193).  In human serum, maximum plasma 

concentrations of 7–252 ngEq/mL (13-451 nmolEq/L) were observed in healthy adults administered 

atorvastatin doses of 10-80 mg/day (177).  Other statins may reach 0.002–0.1 µM over a range of 

experimental doses (43, 304).  Tables of pharmacokinetic parameters for several statins are available 

in Desager and Horsmans (43).  Relative to serum, the murine liver concentrates statins up to ~2-fold 

(570 ± 543 pmol/g (liver) vs 221 ± 121 pmol/mL (serum) (384)), and in brain and muscle 

concentrations approximating one third those of serum have been recorded (64.8 ± 69.3 pmol/g  vs 

221 ± 121 pmol/mL in mice, brain vs serum8 (384); 827 ± 121 vs 2873 ± 677 ng/mL in rats, 

gastrocnemius muscle vs serum (385)).  Comparative concentrations in other tissues are not known 

(193). 

Cell culture doses are typically up to 1,000 times higher than those recorded in serum, being in the 

micromolar range; on the other hand exposure in vivo (and in subjects on statins) is usually for a 

considerably longer time.  Doses of 1-10 µM are commonly used in cell culture studies (71, 386-396), 

but occasionally doses up to 200 µM have been used (397).  This could be problematic, as dose-

related biphasic effects on angiogenesis (176, 304) and oxidative stress (304) have been reported, and 

it is possible that dual effects may also occur in other physiological functions. 

Similarly, high or non-pharmacological statin doses have regularly been used in animal studies.  It has 

been suggested that high doses are tolerated in rodents because of resistance to pharmacological 

cholesterol-lowering effects, despite successful mevalonate pathway inhibition (193).  Such resistance 

may be due to the induction of hepatic cholesterol synthesis through other pregnane X receptor (PXR) 

ligands in mice as found in a previous study (398).  Well-known dissimilarities between rodent and 

human cholesterol metabolism (180, 399) could impact on statin efficacy in mice, and is further 

discussed below. 

Firstly, mice do not express cholesteryl ester transfer protein (CETP), a plasma protein responsible for 

transferring cholesteryl ester and other neutral lipids between lipoparticles (400, 401).  CETP also 

plays a role in the regulation of reverse cholesterol transport, the movement of cholesterol from 

peripheral tissue to the liver, where elimination can take place (402).  In mice lacking CETP, 

cholesterol homeostasis in plasma is maintained during high fat diet feeding by up-regulation of bile 

acid synthesis to increase cholesterol elimination, with concomitant down-regulation of cholesterol 

synthesis (403). 

                                                        
8 Brain and liver were measured by wet weight and serum by volume, both being corrected to body weight. 
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Furthermore, mice carry most of their circulating cholesterol in HDL and have a low 

LDL:HDL ratio, while in humans LDL is the major cholesterol transporter and a high LDL:HDL ratio 

exists (403).  Mice also lack both apo(a) and lipoprotein(a) (404), while apo B-48 is expressed in the 

liver of mice, but not humans (403).  Interestingly, and despite these lipoprotein variations, a recent 

study confirmed the similarity of the mouse lipoproteome to that of humans (405). 

Anatomically, differences in islet architecture may influence the order in which blood passes the 

various endocrine cell types, influencing paracrine signalling (241, 406).  While not related to 

cholesterol metabolism, this could also influence glycaemic responses to cholesterol therapies. 

Due to these physiological and anatomical differences, the applicability of in vitro and animal studies 

to human health must be carefully considered.  Nevertheless, the benefits of such studies are many, 

and include the freedom to use non-therapeutic agents to model physiological aspects of relevance.  

One such example in this thesis is the use of the cholesterol-sequestering agent methyl-β-cyclodextrin 

to engineer varying cholesterol abundance in β-cells. 

1.6.2 MβCD 

Methyl-β-cyclodextrin (MβCD) is a cone-like toroid-shaped cyclic oligosaccharide containing seven 

glucose units derived from amylose and containing additional methyl groups to improve aqueous 

solubility (407).  It can form spontaneous inclusion complexes with hydrophobic molecules such as 

cholesterol, which fits optimally within the hydrophobic, 6-8 Å diameter cavity of MβCD molecules 

(408), making them water soluble with a stoichiometry of 1:2 in the form of cholesterol1:MβCD2  (80, 

407, 409).  It can be used in the ‘empty’ state or pre-loaded with cholesterol to quickly sequester or 

donate cholesterol from/to cell membranes, respectively (409).  This makes it a suitable agent for 

modifying membrane cholesterol content and it is commonly used to study the effect of cholesterol 

changes (410).  Cyclodextrins are also more generally used as drug delivery agents (411) and are 

being investigated as pharmacologically active compounds for therapeutic use in the treatment of 

cholesterol storage diseases such as Niemann-Pick C disease (412) and other diseases characterised 

by cholesterol imbalance (407, 413). 

Whether MβCD shows specificity for cholesterol has been debated, and recent evidence that it can 

also sequester cholesteryl esters (414) and phospholipids (408) and form complexes with some 

proteins, notably insulin9 (415), is of interest.  Indeed, complexation with MβCD is known to stabilise 

insulin.  However, to my knowledge there are no reports of an influence on the measurement of 

insulin.  Also of relevance is the oxidation protective effect of MβCD on LDL particles and its ability 

to reduce LDL volume and lipid content (416).  This means pleiotropic effects unrelated to membrane 

                                                        
9 A complex of insulin and MβCD increases insulin stability by 20%.  There is no evidence that complexes 
between MβCD and insulin form in vivo (415). 
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cholesterol concentration are possible and should be considered when utilising MβCD in vivo or in 

complete media, both of which were avoided in this project. 

The degree to which cholesterol is depleted by MβCD in vitro is determined by its concentration, 

incubation time, temperature, cell type, and access of the agent to cells, such as might occur with 

increased movement (e.g. stirring), and presentation of the cells in monolayer versus suspension (410, 

417).  However, cholesterol extraction occurs rapidly and is time limited, with some reports 

suggesting that no further depletion occurs after 1 h of incubation (417). 

Two pools of cholesterol, one quickly and one slowly sequestered by MβCD, have been described 

(417).  These pools are both thought to be located within the cell membrane.  However, it is not 

known whether differential sequestration rates occur between the inner and outer membrane leaflet, or 

whether dissimilar lateral cholesterol distribution within the membrane, for example in lipid raft 

compared to disordered domains, gives rise to the two pools.  Transbilayer cholesterol content 

asymmetry is known to occur (418) and has recently been quantified (59).  Also, despite some reports 

to the contrary, MβCD is generally thought to extract cholesterol from both lipid ordered and 

disordered domains (61), although its effects are specific, interrupting signalling in some pathways 

while leaving others intact (419).10  

The mechanism of extraction is thought to be quite direct.  It has been proposed that a cholesterol 

molecule located within the membrane diffuses directly into the cavity of a MβCD molecule located 

in its immediate proximity without prior dissolution into the aqueous phase (417).  In support, Liu et 

al (59) used extremely sensitive cholesterol sensors to confirm that MβCD (5 mM) depleted 

cholesterol with greater efficiency from outer than inner membrane leaflets (decreases of 3.6-fold 

compared to 0.5-fold, respectively).  However, they also discovered that cholesterol enrichment of 

cells by pre-loaded MβCD may be more complex, as inner membrane leaflets were enriched 

effectively (73% increase) while a negligible effect was made on outer membrane leaflets in HeLa 

cells. 

Some members of the ABC transporter family are thought to participate in the cholesterol transfer 

process to MβCD, with increased extraction in the presence of ABCA1, ABCG1 and ABCG4 (420).  

The use of similar transporters emphasises the appropriateness of the use of MβCD as a model for 

reverse cholesterol transport.  Furthermore, the former two transporters, known to assist in cholesterol 

efflux to HDL particles (340, 421) and having specific roles in β-cells (see Section 1.5.1.4) are also 

thought to be instrumental in the maintenance of transbilayer asymmetry of plasma membrane 

cholesterol (59). 
                                                        
10 For example, pro-survival signals from receptor tyrosine kinases to AKT via phosphoinositide 3-kinase were 
attenuated by 7 mM MβCD while signals from the same receptor tyrosine kinases to extracellular signal-
regulated kinase (ERK) via Ras were unaffected in several cancer cell lines (419). 
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Lipid rafts are disrupted by MβCD as evidenced by reduction of fluorescent labelling of a lipid raft 

marker, GM1 ganglioside (422).  Further evidence is found in the disrupted colocalization of caveolin 

(a raft protein) with insulin-like growth factor – insulin receptor (423), soluble N-ethylmaleimide-

sensitive factor activating protein receptor (SNARE) proteins, and potassium and calcium channels 

(66).  This disturbance of raft proteins important to exocytosis may be a factor in changes to 

secretion of glucagon and insulin in α and β-cells, respectively, reportedly increased by MβCD in 

both cell types (66, 69, 330).  In contrast, insulin secretion was reduced after cholesterol loading 

with c-MβCD (424). 

Changes to mechanical properties caused by MβCD include increased stiffness and rearrangement of 

the actin cytoskeleton, including induction of de novo actin polymerization in several cell types (425).  

Indeed, membrane-cytoskeleton adhesion is increased with cholesterol loss and decreased by 

cholesterol loading and this is thought to impact on the lateral mobility of membrane proteins, with 

cholesterol depletion being inhibitory (61).  Furthermore, the area of membrane covered by lipid rafts 

is cholesterol dependent, with cholesterol depletion (1 mg/mL MβCD for 10 min) reducing and 

enrichment (0.5 mg/mL c-MβCD for 1 h) increasing the lipid raft area in macrophages (426).  In the 

same study, Gaus et al found a reduction of lipid order in both fluid (non-raft) and raft areas after 

cholesterol depletion, but order was not increased by cholesterol loading. 

Toxicity of MβCD is related to its cholesterol extraction efficacy (427).  It is therefore important to 

use a concentration/incubation period combination compatible with the cell-type and cholesterol 

depleting/enriching effect required.  In vivo, MβCD is known to cause haemolysis and morphological 

changes in erythrocytes (428). 

1.6.3 BRIN-BD11 cells 

Much of what is known about β-cells comes from work on numerous in vitro models.  Isolated islets 

and pancreatic perfusion studies utilise primary cells, but there are limitations on their availability, 

longevity and passage length, as well as ethical considerations.  To overcome these difficulties, β-cell 

lines are widely used (for example: MIN6, INS-1, NIT-1, RINm5F).  These exhibit various 

advantages and disadvantage (reviewed in (429), see Table 1).  Essential characteristics for 

bioenergetic relevance include functional phenotypic characteristics as outlined in Section 1.4.1, 

including expression of low affinity glucose transporters and glucokinase, ion channels, insulin and 

appropriate exocytotic machinery and absence or minimal expression of LDH and MCT1 (246). 

BRIN-BD11 cells, the model used in this project, were derived by electrofusion of primary rat 

insulinoma and RINm5F cells.  They have ~58 chromosomes, express glucose transporter 2, and 

glucokinase was found to be responsible for 71% of glucose phosphorylating activity, indicating 

appropriate glucose sensing potential (430).  Although known to express other hexokinases in 
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addition to glucokinase (429), they have been well characterised and meet functional, metabolic, 

electrophysiological and calcium handling similarity requirements for suitability as a model (431).  

They are also demonstrably responsive to a variety of insulinotropic drugs, nutrients and other 

secretagogues (432-434) and metabolise amino acids at enhanced rates compared to other β-cell lines 

(281).  While their precursor, RINm5F cells, are known to express high levels of LDH (247) and 

MCT1 (435), to my knowledge no quantitative data exists for these proteins in BRIN-BD11 cells.  As 

for any model, due caution must be taken when extrapolating information from this model system. 

1.7 Summary, Significance 

Evidence of a link between cholesterol and glucose metabolic pathways is abundant, and is sometimes 

observed in concomitant pathophysiologies, such as in T2D and CVD.  Furthermore, the recently 

described and increasingly evident association between increased onset of T2D and statin therapy has 

stimulated considerable research in this area.  Both on-target and pleiotropic effects of statins on β-

cells and on insulin sensitive tissue such as liver, fat and muscle, approaching the problem from both 

the insulin availability and insulin action sides, respectively, are under scrutiny. 

It is important that the mechanism by which statin may increase the risk of T2D is understood.  The 

potential to improve treatment, offset adverse glycaemic effects or avoid morbidity is very high in the 

~1.5 million statin users in Australia, even though the number needed to harm (i.e., develop diabetes) 

is reasonably low (1 in 204 persons at low risk (197), and 1 in 50 over 5 years with (36) and without 

(196) known heart disease).  Further, risk of statin-induced diabetes may be under-estimated (436), 

and non-adherence to statin medication regimes is high (437, 438), likely due to the high incidence of 

adverse events (355).  Patients who may benefit from statin therapy need confidence that their 

treatment will not cause further morbidity.  Suggestions, perhaps in jest, of the complimentary 

provision of statins by fast food retailers (439) demonstrates an underappreciation of the complex 

relationships that exist between metabolic processes, including those as fundamental as cholesterol 

and glucose homeostasis. 

The diabetogenic effect of statins may directly relate to HMG-CoA reductase inhibition, i.e., to 

cellular cholesterol concentrations or to compounds such as CoQ10, which are derived from 

intermediates of the mevalonate pathway.  These factors have potential downstream effects such as 

inhibition of membrane channel proteins, impaired mitochondrial function and increased ROS.  To 

evaluate the contribution of these various potential diabetogenic mechanisms is an aim of this project. 

From an experimental context, the use of MβCD in this project, in both its pre-loaded and empty 

states, can help to clarify mechanisms related primarily to cholesterol abundance.  For example, 

reduced cholesterol can cause membrane protein dysfunction, including channel proteins important to 
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insulin secretory processes.  Insulin granule formation and fusion processes also appear to be 

dependent on appropriate cholesterol distribution and flux.  The contribution of cellular cholesterol 

alone to these processes can be assessed using MβCD, avoiding the complication of other potential 

statin effects. 

While pleiotropic effects of statins have sometimes been enthusiastically described as beneficial, a 

holistic evaluation determines that this may be true in some tissues, while adverse effects, sometimes 

due to the same mechanism, can occur elsewhere, including in metabolically distinct β-cells.  For 

example, fluvastatin was found to decrease plasma oxysterols in T2D patients and the reduced 

oxidation was considered to be of pleiotropic benefit (440).  However, oxysterols are involved in the 

immune response (84), are capable of lipoprotein-independent efflux from cells (144) and some 

regulate HMG-CoA reductase expression (85).  Therefore, a decrease in oxysterols could indicate a 

decreased ability to manage cholesterol levels at the cellular level, which may lead to dysfunction in 

β-cells (243).  This demonstrates the importance of investigating drug effects in diverse tissue types 

and from different perspectives and underscores the difficulty investigators have found in drawing 

evidence-based conclusions to balance the risks and benefits of statin treatment (212). 

The aim of this study is to contribute to the body of research assessing the complex relationship 

between cholesterol and glucose homeostasis.  The specific aims are to:  

• determine the impact of a spectrum of β-cell cholesterol content on insulin 
secretion in response to glucose and other physiological and therapeutic β-cell 
secretagogues. 

• compare the influence of several statins on stimulated β-cell function and insulin 
secretion. 

• assess the effect of several statins on β-cell energetics, mitochondrial function and 
stimulus/secretion coupling. 

• assess the effect of changes in cholesterol on selected proteins relevant to β-cell 
function. 

• determine whether glutamine is protective of statin-induced β-cell impairment. 

In these studies, the assessment of a spectrum of cellular cholesterol concentrations using both 

enrichment and depletion, and in response to statins, in the same experimental model was undertaken.  

The use of a variety of secretagogues, both nutrient and therapeutic, assisted in exploring whether 

effects were similar across a range of physiological contexts.  Proteomic analysis of β-cells that were 

depleted or enriched with cholesterol was undertaken to assess potential pathways of influence on 

insulin secretion and β-cell function. 

In this chapter the literature has been reviewed and in Chapter 2 the effects of statins on insulin 

secretion in a β-cell model are explored.  To assess whether the statin effects are related directly to 
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cholesterol content, and to further understand the role of cholesterol in β-cell function, the effect of 

MβCD and c-MβCD treatments on insulin secretion are also investigated.  In Chapter 3, the effect of 

various statins on mitochondrial function is explored.  Chapter 4 investigates the effect of cholesterol 

changes on several membrane proteins involved in insulin secretion using a variety of methods in a 

quest to generate hypotheses for future work.  Chapter 5 records the metabolic effects of a 

combination of high fat diet and atorvastatin or pravastatin in an in vivo mouse study.  In Chapter 6 

the abundant amino acid glutamine, known to be consumed in large quantities in some physiological 

states (such as post-surgery, sepsis, heavy exercise) and reduced in T2D, is assessed to determine 

whether it is protective to statin-treated β-cells. Chapter 7 summarises the main findings and 

suggestions are made for future direction in this complex yet fascinating field of research.  Figure 1.4 

provides a graphic overview of the project. 

 

Figure 1.4. The influence of cholesterol on β-cell function: A graphic project overview. 
Type 2 diabetes (T2D) and cardiovascular disease (CVD) share common risk factors and may 
influence each other.  Statin therapy reduces serum cholesterol and is protective against CVD.  
However, an increased risk of T2D has been associated with statin treatment.  In this project the 
influence of cholesterol on various aspects of β-cell function are explored.  Altered performance of 
mechanisms such as mitochondrial function, glucose sensing and exocytotic machinery may lead to 
insulin secretion failure.  The research chapters are represented by coloured ovals in the diagram.  
Ch 2 explores the influence of cholesterol on insulin secretion; Ch 3 investigates how statins affect 
mitochondrial function and stimulus/secretion coupling; Ch 4 explores the influence of cellular 
cholesterol on various functional proteins; Ch 5 takes a holistic view using mice fed a high fat or 
normal diet and treated with statins or water; and Ch 6 assesses the ability of alanyl-glutamine to 
rescue β-cells from the adverse effects of statins. CVD image from www.nhlbi.nih.gov/news/2011. T2D image, Gae 
Ellison. 
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Chapter 2 Effects of Cholesterol modification on 
stimulated insulin secretion 

Insulin secretion is exquisitely sensitised to the glycaemic state of the organism.  To achieve this, 

glucose uptake and metabolism must be adequately coupled to appropriate insulin secretion.  The 

process of insulin secretion has been well described and involves closure of ATP-sensitive potassium 

channels (K+
ATP) located in β-cell membranes in response to ATP generation from the metabolism of 

glucose (and other substrates).  This causes membrane depolarisation, opening of voltage-gated 

calcium channels (Ca2+
V), and subsequent calcium entry into the cytoplasm, in turn stimulating fusion 

of insulin granules and exocytosis. 

Since the recent finding that the cholesterol-reducing statin family of drugs are linked to higher risk of 

new-onset Type II Diabetes (T2D) (34, 441-443), there has been speculation as to the nature of this 

connection.  It is possible that reduced availability of membrane cholesterol caused by inhibition of 

cholesterol synthesis in statin therapy may hinder insulin secretion.  Other studies have also shown 

that sub- and supra-optimal β-cell cholesterol levels unfavourably affect insulin secretion (336, 354, 

444, 445).  This project tests the hypothesis that the relationship between β-cell cholesterol content 

and stimulated insulin secretion is tri-phasic, characterised by optimal mid-range cholesterol 

concentration flanked by low and high cholesterol content which adversely affects insulin secretion in 

response to physiological and therapeutic secretagogues. 

BRIN-BD11 cells have been shown to be responsive to various secretagogues including glucose, 

amino acids and sulphonylureas (430, 434) and were thus used as an in vitro model in this project.  A 

more limited number of experiments was also attempted in freshly isolated pancreatic islets.  

Cholesterol was manipulated either by statin-mediated inhibition of the rate-limiting enzyme in 

cholesterol synthesis, 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) or using methyl-β-

cyclodextrin (MβCD).  The latter can be used to both increase or decrease membrane cholesterol.  

MβCD sequesters cholesterol from cellular membranes (410), but after pre-exposure of this agent to 

cholesterol (c-MβCD) it can also act as a cholesterol donor. 

Statins vary in lipophilicity and hydrophilic drugs have been deemed less likely to cause adverse 

pleiotropic effects due to decreased accessibility to extrahepatic tissue and intracellular compartments 

(170).  Thus, a further hypothesis in this project states that statins will exert concentration- and 

lipophilicity-dependent effects on insulin secretion in response to physiological and therapeutic 

secretagogues.  To test this, several statins were used including, in order of decreasing lipid solubility, 

fluvastatin, atorvastatin, simvastatin and pravastatin, the latter being considered hydrophilic (304). 
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2.1 Methods 

2.1.1 Materials 

Fetal bovine serum (FBS) was purchased from Fisher Biotec Pty Ltd and heat-inactivated before use.  

Ultrasensitive Insulin ELISA kits (Mercodia) and statins were purchased from Sapphire Bioscience.  

Amplex Red Cholesterol kits and BCA protein assay reagents were purchased from Life 

Technologies.  All other reagents were purchased from Sigma Aldrich (Australia) unless otherwise 

indicated.  BRIN-BD11 cells were a kind gift to my co-supervisor, P Newsholme, from Peter Flatt. 

2.1.2 Tissue culture 

BRIN-BD11 cells were cultured in RPMI medium supplemented with 1% penicillin streptomycin and 

10% FBS, in 5% CO2/95% air at 37°C, and passaged at 75-80% confluence.  All experiments used 

cells from passages 23-32. 

2.1.3 Preparation of LPDS 

Lipoprotein deficient serum (LPDS) was prepared from fetal bovine serum (FBS) using a protocol 

described by Goldstein et al (446) and others (409, 447).  Briefly, the density of FBS was adjusted to 

1.25 g/L using 0.354 g of NaBr per mL of serum.  Aliquots were then centrifuged at 70,000 x g for 

20 h at 20°C using a Sorvall T-1270 rotor in a Sorvall WX ultra centrifuge (ThermoFisher Scientific).  

After centrifugation, tubes were pierced at the base and the serum was allowed to flow by gravity into 
fresh collecting tubes.  One or eight mL aliquots were collected and the protein and cholesterol 

content of each aliquot was measured using the Pierce BCA protein assay (ThermoFisher Scientific) 

and the Amplex Red Cholesterol assay (Life Technologies), respectively.  Aliquots low in cholesterol 

were pooled and salt was removed either using a protein desalting column (ThermoFisher) or by 

dialysis against phosphate buffered saline (PBS, 137 NaCl, 2.7 KCl, 10 Na2HPO4, 2 KH2PO4, ph 7.4 

in mM) at 4°C using three dialysate changes over 24 h with a total of at least 200 times the volume of 

LPDS.  After dialysis, the osmolality was checked and the LPDS was filter-sterilized using a 0.2 µm 

syringe filter (Millipore) and assayed for protein content again.  It was stored at -20˚C and used at a 

similar concentration to 10% FBS based on protein content. 

2.1.4 Cholesterol reduction and enhancement using cyclodextrins 

Stock solutions of methyl-β-cyclodextrin (MβCD) and cholesterol loaded (c-) MβCD were prepared 

similarly to a previously published protocol (325) with some modifications.  MβCD was prepared at 

100 mM in PBS, filter sterilised and stored at -20ºC.  To load MβCD with cholesterol, the latter was 

added to 100 mM MβCD stock at 3.8 mg/mL.  The mixture was mixed vigorously for 20 min then 

sonicated (Misonix S-4000, Qsonica) on ice at 50% amplitude for 30 min using a microtip placed 

directly in the mixture.  The c-MβCD was then filter sterilised and stored at -20˚C. 
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BRIN-BD11 cells were seeded at 1x104 cells/well in 96-well culture plates and left to attach 

overnight.  They were grown for a further day before they were washed once in warm (37˚C) PBS and 

treated for 30 min, as described, with various concentrations of MβCD or c-MβCD prepared in Krebs-

Ringer Bicarbonate Buffer (KRBB, 115 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 

1.2 mM MgSO4.7H2O, 24 mM NaHCO3, 0.1% HEPES (v/v), 0.1% BSA (w/v), pH 7.4) supplemented 

with 1.1 mM glucose.  Treatment was followed by stimulated insulin secretion tests (described below) 

before cells were washed twice in PBS and allowed to dry.  Cholesterol was extracted using a 

protocol adapted from Robinet (448).  Eighty microlitres of hexane:isopropanol (3:2) was added, 

mixed by pipetting, and the extract transferred to a v-well plate and left to evaporate, leaving a lipid 

film.  Samples were stored at –20˚C until assayed for cholesterol. 

A similar protocol was used to confirm that cholesterol results were not an artefact caused by non-

cellular cholesterol from the c-MβCD treatment adhering to plastic plate wells.  Cells were grown in 

T25 flasks to 80% confluence, treated as above with MβCD or c-MβCD then washed and detached 

from the plate using 150 µL of 0.25 µL/mL trypsin.  Cells were scraped from the flask, collected in a 

1.5 mL Eppendorf tube and centrifuged at 500 x g for 3 min.  The pellet was washed once with PBS 

and re-centrifuged before 150 µL hexane:isopropanol (3:2) was added and mixed.  Tubes were 

centrifuged at 4,000 x g and the cholesterol-bearing supernatant was transferred to v-well plates and 

allowed to evaporate to dryness.  Where indicated, the pellet was prepared for DNA measurement by 

the addition of 100 µL RIPA buffer and storage at –20˚C until being assayed. 

2.1.5 Cholesterol reduction using statins 

BRIN-BD11 cells were seeded at 1 x 104 or 1 x 105 cells/well in 96- or 24-well culture plates, 

respectively.  They were left to attach overnight then treated for 24 h with 1 or 10 µM statins as 

indicated.  Statin stock solutions were prepared in dimethyl sulphoxide (DMSO) and stored at -80˚C.  

The final concentration of DMSO was never more than 0.01%.  Statin treatments were prepared in 

RPMI supplemented with lipoprotein-deficient FBS (LPDS) rather than FBS.  This was to remove 

exogenous sources of cholesterol, which could counteract the cholesterol lowering effect of the 

statins.  Cells were then washed in PBS and cholesterol was extracted as described above. 

2.1.6 Cholesterol measurement 

Stored samples were reconstituted in isopropanol mixed in equal parts with reaction buffer (RB) 

supplied in the Amplex Red Cholesterol Kit (Life Technologies, A12216).  Appropriate dilution of 

samples ensured they were within the dynamic range of the assay (0 to 8 µg/mL).  The kit 

manufacturer’s instructions were modified slightly by the addition of a pre-incubation step designed 

to digest any hydrogen peroxide (H2O2) latent in the isopropanol (448).  Using a black 96-well plate, 

~2 units of catalase in 10 µL of water was added to each well with 40 µL sample or calibrator.  The 
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plate was then incubated for 15 min at 37˚C prior to the addition of 50 µL Amplex Red working 

solution as per the manufacturer’s instructions.  H2O2 controls (10 µM) with or without catalase 

confirmed the action of catalase in each experiment.  Plates were read at excitation/emission 540/590 

nm on a plate reader (EnSpire, PerkinElmer). 

This enzymatic assay is based on the detection of H2O2 using the fluorescent compound 10-acetyl-3,7-

dihydroxyphenoxazine (Amplex® Red reagent).  H2O2 is generated by the oxidation of cholesterol by 

cholesterol oxidase.  Without the catalase digestion step, all fluorescence readings were inflated and 

the dynamic range decreased, making accurate determinations difficult.  However, as found 

previously (448), it was not necessary to deactivate the catalase after pre-incubation, most likely due 

to the far greater affinity of the detection agent (horseradish peroxidase, HRP) to H2O2 compared to 

catalase. 

2.1.7 Stimulated insulin secretion 

Cells were grown in 96-well tissue culture plates and treated with MβCD, c-MβCD or statins as for 

cholesterol reduction and enhancement experiments (Sections 2.1.4 and 2.1.5).  For statin 

experiments, an aliquot of media was collected at the end of the 24 h incubation and stored at –80˚C 

for later measurement of longer term insulin secretion.  These samples were designated ‘chronic’ 

insulin secretion samples.  ‘Basal’ stimulation refers to low glucose (≤ 2.5 mM) controls.  It is 

important to note that RPMI media, recommended for culture of BRIN-BD11 cells (430) and used in 

the majority of such studies, contains 11.1 mM glucose (449).  To allow cells to consume any stored 

glucose that could influence secretion rates, cells were washed once in PBS and pre-incubated in 

KRBB supplemented with 1.1 mM glucose for 40 min before stimulation of insulin secretion.  A 

slightly shorter pre-incubation period was carried out concurrently with the 30 min MβCD and 

c-MβCD treatments prior to stimulation when relevant. 

After pre-incubation, the medium was replaced by various secretagogues prepared in KRBB, as 

indicated in the results.  As is usual practice, amino acids and the GLP-1 analogue (exendin-4) were 

used in the presence of 16.7 mM glucose, because these secretagogues work synergistically with 

glucose to stimulate insulin secretion (450, 451).  All sulphonylurea secretagogues were used in the 

presence of 2.5 mM glucose, because they induce insulin secretion even in low glucose 

concentrations, although their insulinotropic action is not, as is commonly thought, strictly glucose 

independent (452).  Ethanol and DMSO were used as solvents for tolbutamide and glyburide, 

respectively, and control cells for these experiments were incubated in 2.5 mM glucose plus vehicle.  

Plates were incubated at 37˚C for a further 20 min during acute insulin stimulation before media were 

collected and stored at –80˚C for later insulin measurement.  Cells were then washed in PBS and used 

for cholesterol and/or protein quantification as described previously (448). 
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2.1.8 Islet extraction 

All animal work was performed in accordance with The Australian Code for the Care and Use of 

Animals for Scientific Purposes and was approved by Curtin University animal ethics committee 

(Approval number ARE2016-5).  Pancreatic islets were extracted from 6-12 week old male Wistar 

rats using a protocol similar to that previously described (453-455).  A cannula was inserted into the 

bile duct and the pancreas was perfused with 0.5 mg/mL of collagenase P (Sigma) dissolved in 10 mL 

of cold Hank’s balanced salt solution (HBSS).  After digestion at 37˚C for 15 min, complete medium 

(RPMI 1640 supplemented with 10% FBS, 100 units/mL penicillin and 0.1 mg/mL streptomycin) was 

added.  Histopaque (1.119, Sigma) supplemented with an electrolyte solution (5% v/v; 200 mM 

HEPES, 94 mM KCl, 24 mM MgSO4.7H2O, 25.6 mM CaCl2.2H2O) was used to purify islets, which 

were harvested by flotation to the supernatant following centrifugation for 15 min at 500 x g, with 

slow deceleration in a Beckman Coulter Allegra X-12 centrifuge with SX4750 rotor.  Purified islets 

were then washed twice and plated in ultra-low adherence plates (Corning) in complete medium to 

recover overnight at 37˚C in a 5% CO2/95% air incubator.  The next day, islets were handpicked 

under a microscope, transferred into 6-well, ultra-low adherence treatment plates and incubated with 

10 mM atorvastatin or vehicle control (DMSO) for 24 h.  Groups of 15 islets were then washed twice, 

pre-incubated in KRBB supplemented with 1.1 mM glucose for 40 min then stimulated successively 

in control and stimulation conditions for 20 min each.  Media were collected from the control and 

stimulation incubations and stored at –80˚C for subsequent analysis of insulin content.  Islet insulin 

content was subsequently measured after extraction by an overnight incubation in acid ethanol (1.5% 

concentrated HCl in 70% ethanol (EtOH)), as previously described (456). 

2.1.9 Insulin ELISA 

Insulin was assayed by sandwich enzyme-linked immunosorbent assay (ELISA) using an 

ultrasensitive or high range (for in vitro work and islets, respectively) Rat Insulin ELISA kit 

(Mercodia) as per manufacturer’s instructions.  Briefly, 25 µL (or 10 µL for high range kit) of 

appropriately diluted sample and 100 µL (or 50 µL) of enzyme conjugated detection antibody was 

added to wells pre-coated with capture antibodies.  After 2 h of incubation at room temperature the 

plate was washed thoroughly with wash buffer and 3,3’,5,5’-Tetramethyl-benzidine (TMB) was 

added.  Colour was allowed to develop for 15 min then the reaction was stopped with 0.5 M H2SO4.  

The absorbance was read on a plate reader (EnSpire, PerkinElmer) at 450 nm. 

2.1.10 Protein quantification 

Total protein was quantified using Pierce’s BCA Assay (Thermo Scientific) following manufacturer’s 

instructions.  After collection of media for insulin measurement, cells were solubilised using 25 µL 

RIPA buffer (140 mM NaCl, 1.0% NP-40 or Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS 

(sodium dodecyl sulphate), 1 mM EDTA (Ethylenediaminetetraacetic acid), 0.5 mM EGTA (Ethylene 



 74 

glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid), 10 mM Tris, pH 8.0).  In experiments 

where cholesterol had already been extracted, remaining cell debris was solubilised in 1% SDS in 

PBS for protein quantification. 

2.1.11 Statistical methods 

One or two-way ANOVA (as appropriate) followed by Tukey’s or Dunnett’s multiple comparisons 

test was performed using GraphPad Prism version 6.01 for Windows (GraphPad Software, La Jolla 

California USA, www.graphpad.com).  To account for variation between individual experiments, 

two-way ANOVA was used with individual experiments as the row factor and treatment-secretagogue 

combination as the column factor.  Row statistics were then used to produce figures.  Statistical 

significance was inferred at a nominal value of a = 0.05. 

2.2 Results 

Treatment with c-MβCD resulted in substantial increases in cellular cholesterol and was associated 

with a concentration-dependent decrease in insulin secretion when maximally stimulated by a 

combination of glucose + amino acids.  MβCD had a more modest effect both on cholesterol content 

and insulin secretion.  Both hydrophilic and lipophilic statins reduced cholesterol significantly, and 

maximal insulin secretion in response to glucose + amino acids was blunted, as observed for c-MβCD 

treatment.  Similarly, freshly isolated mouse islets treated for 24 h with atorvastatin secreted less 

insulin upon stimulation with high glucose + amino acids.  In contrast to c-MβCD, this statin effect 

was not acute, becoming significant only after extended exposure (24 h).  Detailed results are outlined 

below. 

2.2.1 Cholesterol absorption using c-MβCD, but not desorption using MβCD, 
blunted maximal stimulated insulin secretion. 

MβCD treatment for 30 min reduced cellular cholesterol in a dose-dependent manner (F(4, 52) = 

8.216, P < 0.0001).  Tukey’s multiple comparisons test revealed significant differences in cholesterol 

after 30-min treatments with 2.5 and 5 mM MβCD (25% and 28% reduction; P < 0.05 and P < 0.01 

compared to no treatment, respectively, Figure 2.1A).  There were no significant differences in 

cholesterol in response to 0.5 and 1 mM MβCD treatment.  Viability remained unchanged at all doses 

(data not shown). 

Cholesterol loading with c-MβCD resulted in highly significant increases in cell cholesterol (F(4, 50) 

= 52.89, P < 0.0001, Figure 2.1B) and were of greater magnitude than that caused by MβCD 

treatment, with significant increases of ~75% (P < 0.05), ~373% (P < 0.0001) and ~254% 

(P < 0.0001) at 1, 2.5 and 5 mM concentrations, respectively. 
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Figure 2.1. Effects of MβCD or c-MβCD on total cellular cholesterol (A, B), and insulin 
secretion in response to nutrients (C,D) and sulphonylureas (E,F and G,H). 
Acute (20 min) stimulation with glucose (G, mM) ± amino acids (ala = 10 mM alanine, gln/leu = 10 mM 
glutamine + 10 mM leucine) (C, D), tolbutamide (tlb, 200 µM) (E, F) or glyburide (glb, 20 µM) (G, H).  
Insulin results are expressed as relative to respective controls (0 or 2.5 mM glucose without 
treatment, red line) and shown as mean ± SEM.  Amino acids and sulphonylureas were used in the 
presence of 16.7 or 2.5 mM glucose, respectively, and tolbutamide and glyburide controls also 
contain ethanol or DMSO, respectively.  Experiments were repeated 2 (MβCD) or 3 (c-MβCD) times 
with 2-8 replicates per experiment.  * P < 0.001, + P < 0.01, F P < 0.05 compared to control 
(untreated, 0 or 2.5 mM glucose, indicated by a red line) unless otherwise indicated. 
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In untreated cells, insulin secretion was marginally increased by high glucose alone (16.7 mM).  Of 

note, in the vast majority of experiments, the BRIN-BD11 cells demonstrated little increase in insulin 

secretion in response to high (16.7 mM) compared to low (2.5 mM) or no glucose.  However, nutrient 

secretagogues, including glucose + L-alanine, or glucose with the combination of L-glutamine + 

L-leucine (all amino acids 10 mM), the latter of which acts on glutamate dehydrogenase in an 

allosteric manner to enhance glutamine hydrolysis (279), stimulated a 2 to 2.5-fold increase in insulin 

secretion (P < 0.001, Figure 2.1C, D).  Tolbutamide (200 µM) stimulated an ~1.1-fold increase in 

secretion above 2.5 mM glucose controls (not significant), and glyburide (20 µM) elicited an ~1.3-

fold increase (P < 0.001). 

Little effect was seen on insulin secretion in BRIN-BD11 cells treated with MβCD, whether 

stimulated by sulphonylureas, high glucose or amino acids in the presence of glucose.  However, there 

were two exceptions.  MβCD (1 mM) reduced the effect of glutamine + leucine (10 mM) on insulin 

secretion significantly (Figure 2.1C), and higher concentrations of MβCD (5 mM) diminished the 

normally significant increase caused by 20 µM glyburide (Figure 2.1G).  MβCD tended to increase 

variability in stimulated insulin results, particularly for the sulphonylureas. 

In contrast to the very modest effects of MβCD, treatment with c-MβCD was associated with a 

marked concentration-dependent reduction in maximal insulin secretion in response to 16.7 mM 

glucose + amino acids (alanine and glutamine + leucine, all 10 mM, Figure 2.1D).  Control wells for 

tolbutamide and glyburide demonstrated more variability, possibly due to the ethanol and DMSO, 

respectively, although the concentration of the vehicle was no more than 0.2%.  Glyburide (20 µM) 

stimulated insulin secretion but tolbutamide (200 µM) had little effect, at least at the concentrations 

used, compared to the controls: even so, c-MβCD appeared to cause a concentration dependent 

decrease in insulin secretion in the presence of tolbutamide.  A small, significant difference was seen 

in basal (2.5 mM glucose) insulin stimulation with some concentrations of c-MβCD (Figure 2.1F).  

Intermediate concentrations of c-MβCD reduced the difference between control and glyburide-

stimulated insulin secretion (Figure 2.1H), though these changes are small and may be due to the 

general variability in these samples.  Of note, few other changes were seen in basal secretion with 

either MβCD or c-MβCD treatments. 

2.2.2 Statins reduced cellular cholesterol and adversely influenced insulin 
secretion 

Overall, statins were very effective at reducing total cellular cholesterol in BRIN-BD11 cells.  

Hydrophilic and lipophilic statins were used at concentrations of 1 or 10 µM in lipoprotein-deficient 

media to inhibit cholesterol synthesis in cells for 24 h before total cell cholesterol was measured 

(Figure 2.2 – 2.4A, Figure 2.4 D).  Cell cholesterol was reduced in a dose-dependent manner in all 
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statins used except for fluvastatin, which showed similar decreases at 1 µM and 10 µM doses, 

although maximum reduction was at 1 µM (Figure 2.4D). 

In untreated cells, minimal sensitivity to high glucose (16.7 mM) was again observed, with an average 

1.16-fold (not significant) increase in secreted insulin compared to low glucose (2.5 mM, not shown).  

For this reason, 16.7 mM was used in place of a low glucose control in some experiments.  However, 

an average 2-fold change (P < 0.001) was seen in response to 10 mM L-alanine (ala) or L-glutamine + 

L-leucine (gln/leu) in the presence of 16.7 mM glucose compared to 16.7 mM glucose alone (Table 

2.1, Figure 2.2, Figure 2.3 and Figure 2.4).  Sulphonylureas elicited a weaker stimulatory response, 

with 20 µM glyburide (glb) failing to significantly increase insulin secretion.  Tolbutamide (200 µM, 

tlb) was more effective in these experiments, with an average 1.35-fold increase (P < 0.01) in 

untreated cells.  The synthetic incretin hormone exendin-4 (Ex-4), in the presence of 16.7 mM 

glucose, stimulated an average 1.8-fold increase (P < 0.001) in insulin secretion. 

 
Figure 2.2. Effects of pravastatin on cholesterol and insulin secretion in BRIN-BD11 cells. 
Statins were used in lipoprotein-deficient media at 1 and 10 µM.  Cholesterol was depleted in a 
concentration dependent manner (A).  Maximal but not basal insulin secretion was blunted after 
pravastatin treatment.  Insulin secreted in response to glucose (G) ± alanine (Ala, 10 mM) (B) or 
Exendin-4 (Ex-4, 10 nM) (C) was reduced by pravastatin treatment.  However, insulin secreted in 
response to the sulphonylureas glyburide (Glb, 20 µM) (E) or tolbutamide (Tlb, 200 µM) (F) was 
minimally affected.  Chronic (24 h) insulin secretion (in RPMI, 11 mM glucose) was increased in 
association with the higher concentration of pravastatin (D).  Data is presented as mean ± SEM.  n=3-
7; * P <0.001; + P <0.01; F P <0.05 compared to control (red line) unless otherwise indicated. 
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Table 2.1. Stimulated insulin secretion after 24 h statin treatment. 
.  

 

Glb, 20 µM glyburide + 2.5 mM glucose; Tlb, 200 µM Tolbutamide + 2.5 mM glucose; Gln/Leu, 10 mM each of L-glutamine and L-Leucine + 
16.7 mM glucose; Ala, 10 mM L-alanine + 16.7 mM glucose; Ex-4, 10 nM exendin-4 + 16.7 mM glucose.  AA control, amino acid control 
(Gln/Leu and Ala).  * P < 0.05 compared to the relevant untreated control (highlighted). 
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Figure 2.3. Effect of atorvastatin on cellular cholesterol and insulin secretion. 
Cellular cholesterol was reduced in a dose-dependent manner by 24 h atorvastatin treatment 

(A).  Insulin secreted in response to acute (20 min) stimulation by amino acids (B), Gln/Leu, 

10 mM L-glutamine + 10 mM L-leucine or ala, 10 mM L-alanine) and 10 nM exendin-4 (C) but 

not 16.7 mM glucose (16.7G) was also reduced after atorvastatin treatment.  Insulin secreted in 

response to the sulphonylurea tolbutamide (tlb, F) but not glyburide (glb, E) was also reduced 

by the higher concentration of atorvastatin.  Chronic (24 h) stimulation in media containing 

11.1 mM glucose was not affected by atorvastatin treatment (D).  Data is presented as mean ± 

SEM.  n=3-6; * P <0.001; + P <0.01; F P <0.05 compared to control (red line) unless otherwise 

indicated. 

The influence of statins on stimulated insulin secretion varied.  For pravastatin- (Figure 2.2B) 

and atorvastatin- (Figure 2.3B) treated cells, insulin secretion stimulated by L-alanine + 16.7 

mM glucose was diminished in a dose-dependent manner (P < 0.001).  This effect appeared to 

be stronger with atorvastatin, with the higher atorvastatin dose abrogating the stimulatory effect 

of the amino acid.  A similar blunting was seen after gln/leu stimulation in atorvastatin-treated 

cells. 

Likewise, exendin-4-stimulated insulin secretion was blunted by both pravastatin and 

atorvastatin treatment.  Tolbutamide-stimulated insulin secretion also showed some blunting 

with pravastatin, atorvastatin and fluvastatin treatment, while in these experiments glyburide 

failed to stimulate insulin secretion and this was not altered by atorvastatin or pravastatin 

treatment.  

For all acute insulin secretion experiments and across all statin treatments, no change was 

evident in basal (2.5 glucose) or glucose-only (16.7 mM) acutely stimulated insulin secretion.  
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Similarly, no change was found over 24 h of basal secretion in atorvastatin-treated cells, but 

surprisingly, higher dose pravastatin elicited a modest but significant increase in chronic insulin 

secretion (Figure 2.2 D).  Further investigation in BRIN-BD11 cells treated with simvastatin 

and fluvastatin yielded similar results, with no change in basal insulin secretion, but blunting of 

stronger stimulation (Figure 2.4). 

 
Figure 2.4. Effect of simvastatin and fluvastatin on cholesterol and insulin secretion. 
Cholesterol was reduced by simvastatin (A) and fluvastatin (D).  Insulin secreted in response to 

acute stimulation by 10 mM L-alanine was decreased by high but not low concentrations of 

simvastatin (B) and fluvastatin (E).  Tolbutamide-stimulated insulin secretion was also blunted 

by high dose fluvastatin (F) but not simvastatin (C).  Data is presented as mean ± SEM.  n=2 

(simvastatin) or 3 (fluvastatin); * P < 0.001; + P <0.01; F P <0.05 compared to control (red line) 

unless otherwise indicated. 

In all experiments described above, 24 h statin treatments were followed by stimulated insulin 

secretion performed in the absence of statins.  However, it is possible that statins could have an 

acute inhibitory effect, reducing insulin secretion directly by some mechanism that interferes 

with the secretory process.  To investigate this, two different approaches were used.  Firstly, 

insulin secretion was stimulated in the presence of 1 or 10 µM atorvastatin, pravastatin or 

simvastatin in previously statin-naive cells (Figure 2.5 A, B).  No acute statin influence was 

observed in the single experiment undertaken at each statin concentration.  In the second 

method, cells were treated with either atorvastatin or pravastatin (10 µM) for 24 h then 

stimulated to secrete insulin either in the continued presence of statins or not (Figure 2.5 C-H).  
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Except for tolbutamide-stimulated, pravastatin-treated cells, no difference in insulin secretion 

was observed based on the continued presence of statin during stimulation 

 
Figure 2.5. Acute effects of statins on insulin secretion. 
The presence of low (A) or high dose (B) statins had no effect on stimulated insulin secretion in 

previously statin-naïve cells. The presence of statins during stimulation also had no additional 

effect on prior exposure (24h) to pravastatin (C-E) or atorvastatin (F-H).  One exception was 

found in response to Tlb (E), which was further attenuated by the continuing presence of 

pravastatin but not atorvastatin.  Data is presented as mean ± SEM.  P, pravastatin; A, 

atorvastatin; S, simvastatin; +-, cells treated for 24 h with statin only; ++ cells treated for 24 h 

with statin and stimulated to secrete insulin in the continued presence of statin.  Ala, 10 mM 

L-alanine; Ex-4, 10 nM exendin-4; Tlb, 200 µM tolbutamide.  F, n=2, A, B, n=1 (4 replicates).  All 

others, n=3.  * P < 0.001; + P < 0.01; F P < 0.05 compared to control (red line) unless otherwise 

indicated. 
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2.2.3 Effect of statin on stimulated insulin secretion in isolated rat islets 

To assess the influence of statins on insulin secretion in primary cells, pancreatic islets were 

isolated from Wistar rats, treated for 24 h with 10 µM atorvastatin ex vivo, and subject to acute 

stimulation with 16.7 mM glucose + L-alanine (Figure 2.6).  When expressed in terms of 

insulin/islet/minute, ala-stimulated untreated, but not atorvastatin-treated, islets secreted 

significantly more insulin than unstimulated controls (P < 0.05, Figure 2.6 A).  Islet insulin 

content was also measured in the same islets after stimulation tests were completed.  Stimulated 

insulin secretion is expressed as a percentage of total insulin content in Figure 2.6 B and shows 

a significant difference in percent content secreted during ala stimulation between atorvastatin 

treatment and control groups. 

The modest stimulation indices in Figure 2.6 C are indicative of islet damage during the 

extraction process, resulting in increased basal insulin secretion (Patrik Rorsman, personal 

communication, 2017).  Nevertheless, a trend towards statin-mediated blunting of maximal 

secretion can be seen in alanine-stimulated islets and the effect can be expected to increase with 

improved technical expertise. 

 
Figure 2.6. Effect of statins on islet insulin secretion. 
Insulin from isolated islets secreted in response to acute (20 min) stimulation with 10 mM 

L-alanine (Ala) + 16.7 mM glucose preceded (or not) by 24 h atorvastatin treatment.  A) 

Stimulated secretion per islet per min.  B) Results expressed as a percentage of islet insulin 

content. C) Results expressed as stimulation index (stimulated secretion/unstimulated secretion 

in the same islets).  D) Freshly isolated islets.  n=6 separate experiments with at least 4 

replicates per experiment.  G = glucose (mM).  F P < 0.05, + P < 0.01, * P < 0.001 compared to 

control (red line) unless otherwise indicated. 
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2.3 Discussion 

The recently described link between increased onset of T2D and statin therapy (441) has 

stimulated considerable research into unknown pleiotropic actions of statins and the role of 

cholesterol in secretory processes.  The aim of the present study was to determine whether 

stimulated insulin secretion, in response to a range of different secretagogues, was affected by 

the cholesterol-reducing effects of statin therapy, and the commonly used experimental reagents 

MβCD and c-MβCD, known to effectively modulate cell cholesterol.  Statins were shown to 

reduce maximally stimulated insulin secretion.  This could be due to drug on-target effects to 

inhibit cholesterol synthesis, resulting in reduced cholesterol concentrations in the cell 

membrane or organelles including secretory granules.  It could also be related to decreases in 

various biologically important mevalonate pathway-derived products down-stream of HMG-

CoA, or other pleiotropic statin effects.  The use of MβCD, both ‘empty’ and pre-loaded with 

cholesterol, can help to determine whether the statin effect is likely to be related to cellular 

cholesterol concentrations. 

2.3.1 MβCD–mediated cholesterol manipulation effects on insulin secretion 

MβCD sequesters cholesterol from the cell membrane, but when pre-loaded with cholesterol, 

can also deliver it to the cell membrane (410).  The efficacy of MβCD in cholesterol 

manipulation is cell type-dependent, showing altered efficiency in different cells.  Our results 

suggest a greater impact on cholesterol loading than depletion in BRIN-BD11 cells.  In fact, 

BRIN-BD11 cells were quite resistant to cholesterol depletion with MβCD, yielding a 27.5% 

(-1.38-fold) reduction with 5 mM MβCD over 30 min of treatment.  Other cell lines in our 

laboratory demonstrated 56% (CHO T10), 40% (HepG2) and 23% (HSMM, with very low 

native cholesterol content) reduction, using the same stock preparation, dose and identical 

protocol and reagents (457).  On the other hand, BRIN-BD11 cells were very responsive to 

cholesterol uptake from c-MβCD, with a maximum 4.5-fold increase with 2.5 mM c-MβCD 

treatment for 30 min.  Likewise, published reports vary in their findings regarding the influence 

of MβCD for a range of cell types, treatment times and doses.  For example, Hissa et al (425) 

demonstrated a 4.5-fold reduction in cholesterol in immortalised mouse fibroblast cells using 

5 mM MβCD for 45 min in the absence of serum, and alveolar type II cells were depleted of 

57% of their cholesterol using 3 mM MβCD over 30 min (458).  Rituper et al (325) achieved a 

72% reduction of cholesterol in rat pituitary lactotrophs using 10 mM MβCD for 10 min then 

replenished 75% of the extracted cholesterol in a further 10-min incubation with cholesterol-

loaded MβCD.  Xia et al (66) also used 10 mM MβCD and reported a 58% reduction in 

cholesterol after 30 min of treatment in αTC6 (pancreatic islet α-cell line) cells. Ge et al (333) 

removed 32% of cholesterol from platelets in 30 min with 10 mM MβCD and loaded 

cholesterol to 131.8% with c-MβCD.  Bacova et al (332), who found a large difference in native 
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cholesterol content between INS-1 and INS-1E cell lines, reduced cholesterol to 6 and 3 % of 

control after 2 h of incubation in 10 mM MβCD. 

Two anomalies were seen in cholesterol manipulation with cyclodextrins.  The first was a slight 

non-significant increase in cholesterol (0.8 ± 0.1 vs 0.9 ± 0.1 ng/µg protein, P = 0.29, Figure 

2.1C) at low concentrations of MβCD treatment.  A similar phenomenon has previously been 

observed (459) in T lymphocytes donated by young but not elderly participants and using the 

same dose (0.5 mM for 30 min) of MβCD.  The second interruption to the generally dose-

dependent cholesterol curve was at 2.5 mM c-MβCD, where cholesterol was significantly 

elevated compared to the 5 mM dose (3.74 ± 0.17 vs 2.8 ± 0.5 ng/µg protein, P = 0.011).  It is 

not known whether some homeostatic mechanism may be responsible for these departures, or 

whether further replications would make them more, or less prominent. The short duration (30 

min) and environment of treatment (serum-free KRBB) means cholesterol synthesis or 

uptake/efflux via lipoprotein particles can be ruled out as probable mechanisms of change. 

Cholesterol quantification was normalised to protein content.  While protein would not be 

expected to change over 30 min of treatment due to differential cell growth or replication, 

treatments could potentially compromise cell attachment to the plate.  To validate whether 

cholesterol extraction introduced bias to measurement of protein, protein quantified in 

independent experiments was compared with protein quantified from cell skeletons remaining in 

the plate after cholesterol extraction (as in a protocol described previously (448)).  There was no 

significant difference between the average change made by extraction to protein measures for 

any of the c-/MβCD treatments.  Cholesterol extraction did, however, make an overall 

difference to protein quantification (P = 5.8 x 10–9), with an average of 0.08 mg/mL (32%) more 

protein measured if cholesterol was not extracted first (results not shown).  This is expected, as 

some proteins may be soluble in hexane/isopropanol used to extract the cholesterol.  Thus, 

cholesterol and protein extraction carried out in successive steps should not introduce bias in 

protein or normalised cholesterol results. 

Cholesterol depletion with MβCD had little effect on subsequent insulin secretion, with only 

gln/leu-stimulated secretion showing a small decline.  This is probably related to the modest 

cholesterol reduction caused by MβCD.  In contrast, and in keeping with its greater influence on 

cellular cholesterol, c-MβCD had a significant, dose-dependent effect on subsequent amino 

acid-stimulated insulin secretion, with a 2.35- and 2.37-fold change stimulated by glucose + 

gln/leu and glucose + ala reduced to 1.15- and 1.25-fold (P < 0.001), respectively, after 5 mM 

c-MβCD treatment.  Interestingly, this effect was seen only in maximally stimulated secretion, 

with basal or mildly stimulated insulin secretion unaffected.  This may be a consequence of 

statistical power. 
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Of note, in the majority of experiments, the BRIN-BD11 cells demonstrated little increase in 

insulin secretion in response to high (16.7 mM) compared to low (2.5 mM) or no glucose.  

Although these cells are known to exhibit glucose-sensitive insulin secretion (460, 461), the 

effect size is small, requiring many replications to gain significance.  Secretion from these cells 

can be variable, for example, exhibiting variable insulin secretion depending on the type of 

substrate (462, 463). 

Given that the sulphonylureas did not demonstrate a robust stimulatory influence in proportion 

to the variance, the experimental design resulted in lower than expected statistical power, and 

more samples would need to be measured to improve the chance of determining an effect.  An 

effect size of 0.16 was calculated (464) in statin-free controls for glyburide, 0.71 for 

tolbutamide and 1.18 for alanine compared to relevant controls.  Thus a reduced chance of 

showing an effect (particularly for the glyburide experiments) could explain discrepancies in the 

sulphonylurea results, for example between MβCD and statin studies. 

Other studies utilising MβCD to deplete cholesterol in β-cell lines have found diverse effects.  

For example, a significant dose-dependent decrease in glucose-stimulated insulin secretion from 

INS-1 and INS-1E insulinoma cell-lines was observed after 2 h of treatment with 10 mM 

MβCD (332).  Conversely, a significant increase in insulin secreted by HIT-T15 cells was 

associated with 10 mM MβCD treatment for 30 min when stimulated with 10 mM glucose for 

1 h (69).  These studies used a higher dose and/or time than was used in the present study and 

cholesterol was reduced to a greater extent, which may account for the difference.  There may 

also have been influences on membrane integrity as discussed below.  Indeed, the study in INS-

1 and INS-1E cells mentioned above reported insulin secretion as % of basal, due to the greatly 

increased basal secretion in cholesterol depleted cells.  Basal secretion was not measured in the 

HIT-T15 study, which may account for the different result. 

Cholesterol loading caused significant blunting of maximally stimulated insulin secretion in the 

current study.  Elsewhere, LDL receptor knockout mice with resulting high cholesterol content 

in islets had reduced insulin response to glucose stimulation.  This was accompanied by 

decreased intracellular calcium, observed by changes in Fura-2/AM fluorescence in association 

with intracellular calcium concentrations.  In the same study, reduction of cholesterol to levels 

consistent with wild-type using MβCD treatment returned GSIS to normal.  At the same time, 

reduction of cholesterol with MβCD in wild type islets also reduced intracellular calcium 

concentrations and GSIS, except at high MβCD concentrations (10 mM), when membrane 

integrity was compromised and insulin secretion greatly increased (444). 

Extensive studies on the effect of cyclodextrins in exocytosis include findings that cholesterol 

reduction caused lipid raft disassembly, along with loss of channel proteins (such as Cav1.2) and 

fusion proteins (such as SNAP25, syntaxin-1A and VAMP2) from lipid rafts (69, 73), and 
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reduced granule fusion (331).  These effects have been attributed partly to the physical 

properties of cholesterol on membranes such as curvature and fluidity (327).  Loss of 

hypotonicity-stimulated insulin secretion has also been attributed to rigidity caused by 

cholesterol loading (332). 

2.3.2 Statins reduced cholesterol and blunted maximal insulin secretion 

Statin treatment in lipoprotein-deficient media, regardless of the specific statin, was very 

effective in reducing total cellular cholesterol.  In the absence of lipoprotein-mediated flux, this 

change must be mainly a result of reduced cholesterol synthesis.  It is interesting to note the 

implication this has for the rate of cholesterol synthesis and the rapidity with which cholesterol 

is diminished from β-cells in the absence of lipoprotein-mediated efflux, with 47.5% – 72% 

cholesterol reduction with different statins over a 24-h period.  Some of this ‘loss’ could be 

associated with cell proliferation.  BRIN-BD11 cells are known to divide approximately every 

20 h (430).  Existing cholesterol would thus be reduced in comparison to protein content of the 

population unless de novo synthesis could match this demand. 

Another consideration is the role of cholesterol in the insulin granule membrane, the fate of 

which is not fully elucidated.  It is known that the total surface area of insulin granules (at least 

in rabbits) is ~4.5-fold that of the plasma membrane, having similar cholesterol concentration 

(344).  This represents a considerable pool of cholesterol, which is assumed to be cycling 

between insulin granules and plasma membranes.  The possibility that some could be lost during 

exocytosis somewhat depends on the nature of fusion, release and membrane retrieval.  Imaging 

analysis has demonstrated that insulin granules are created de novo in the Golgi and are not 

rapidly recycled in ‘kiss-and-run’ events (465).  A review of this and other possible models is 

available elsewhere (466).  Consistent with the de novo granule synthesis model, β-cells possess 

enzymes for lipogenesis and their inhibition is linked to reduced insulin secretion, leading to the 

proposal that mitochondrial biosynthesis may provide substrates for lipid synthesis, at least 

partially to supply granule membrane lipids (467).  Conversely, studies in calf chromaffin cells 

and MIN6 β-cells have reported data suggesting a link between rates of exocytosis and 

endocytosis, supporting the concept of a membrane cycling mechanism (468, 469).  Thus, the 

extent of potential cholesterol loss to cells during exocytosis, if any, remains unclear. 

Regardless of the mechanism of cholesterol loss or its alternative fate during inhibition of 

synthesis, the effects on robustly stimulated insulin secretion are similar to that found after 

cholesterol loading by c-MβCD.  Statin-treated cells had a reduced insulin response when 

acutely stimulated by potent secretagogues including gln/leu, ala, and ex-4, and in some cases, 

tolbutamide.  A similar result was produced in atorvastatin-treated islets.  In studies elsewhere, 

rosuvastatin (470) and simvastatin but not pravastatin (302) reduced glucose-stimulated insulin 

secretion in INS-1 832/13 and MIN6 cells, respectively.  Cellular cholesterol was not measured 
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in the latter study so it is not possible to assess the effectiveness of HMG-CoA inhibition.  An 

insulin secretion rate-attenuating effect was found in β-cells from human islets treated with 

100 nM atorvastatin, pravastatin, rosuvastatin and pitavastatin (471).  In islets isolated from 

rosuvastatin-treated mice on a normal diet, insulin secretion in response to high glucose 

(> 11.1 mM) or potassium-stimulated insulin secretion was also reduced (324).  Interestingly, 

basal insulin secretion was not affected. 

The lack of effect produced by glyburide or basal stimulation in this study contrasts with the 

results above, possibly due to effect size and statistical power.  When cholesterol is plotted 

against glucose + alanine-stimulated insulin secretion across atorvastatin, pravastatin and 

c-MβCD treatment, a pattern emerges where the highest secretion is at untreated levels, and 

deviations in cell cholesterol, either up or down, are associated with reduced insulin secretion 

(Figure 2.7).  This supports the stated hypothesis, at least for secretagogues that stimulate a 

robust insulin response. 

Similar effects on the blunting of maximal insulin secretion of both cholesterol depletion and 

overload could result from either similar or diverse mechanisms which have similar outcomes.  

For example, mitochondrial insufficiency could reduce maximal insulin secretion similarly to 

effects on membrane characteristics limiting exocytosis.  Evidence supporting these examples 

include the rescue of GSIS impaired by lovastatin by the addition of mevalonate, postulated in 

that study to be due to the restoration of the prenylation of small GTP-binding proteins (472, 

473).  Elsewhere, Xu et al postulated that fewer insulin granule fusion events take place in 

cholesterol loaded cells (5 mM c-MβCD for 30 min), accompanied by changes in the nature of 

those events (474).  Mechanisms of cholesterol modulation-induced insulin blunting may thus 

be varied and may be cumulative. 

Like glucose, nutrient secretagogues such as L-alanine and L-glutamine undergo complete 

hydrolysis in the TCA cycle and electron transport chain to produce H2O, CO2 and ATP (264).  

ATP is coupled to insulin secretion via K+
ATP channels and the subsequent processes of insulin 

secretion.  Sulphonylureas such as tolbutamide, on the other hand, bind directly with the SUR 

entity of the K+
ATP channel, causing it to close independently of metabolic processing and the 

ATP:ADP ratio.  Given that both tolbutamide and nutrient secretagogue-stimulated insulin 

secretion were affected by statin-induced cholesterol changes, it seems probable that cholesterol 

content-related mechanisms are at least partially, and possibly mainly, involved, as suggested 

elsewhere (205, 299-301, 323). 
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Figure 2.7. Correlation between cholesterol and Insulin. 
Insulin secreted in response to L-alanine was plotted against cholesterol values for different 

concentrations of statins (pravastatin and atorvastatin, LHS) and c-MβCD (RHS).  A polynomial 

correlation curve was fitted to the data. 

A greater insulin inhibiting effect that was seen after nutrient or exendin-4 stimulation could be 

due to secretagogue dose equivalence, and indeed this is most likely the case for glyburide, 

which, in statin experiments, failed to stimulate insulin secretion even in untreated cells in some 

experiments.  However, there are other factors such as metabolic coupling factors (MCF) and 

inhibition of cholesterol intermediates involved in metabolic and secretory processes, that may 

contribute to nutrient-secretagogue failure after cholesterol inhibition and these will be explored 

in more detail in later chapters. 

2.3.3 Lipophilic vs hydrophilic statins 

Pravastatin is a hydrophilic statin while atorvastatin is lipophilic.  It is anticipated that this 

physicochemical characteristic would differentially influence the intracellular permeability of 

the two statins.  In support, many studies have found reduced pleiotropy with pravastatin 

compared to atorvastatin or other lipophilic statins (212, 357, 475).  In the current study both 

statins effectively reduced cellular cholesterol and impaired robustly stimulated insulin 

secretion, but pravastatin had a somewhat milder effect than atorvastatin, demonstrated by 

smaller differences in stimulated insulin secretion with or without high dose (10 µM) statin.  For 

example, the 10 µM pravastatin dose was not different from the 1 µM dose in its effect on 

insulin stimulated by 16.7 mM glucose + alanine, while the same doses in atorvastatin caused a 

significant difference. 

There are two factors affecting lipophilicity-related variability that differ in this study from the 

in vivo situation.  Firstly, variances between lipophilic and hydrophilic statins in first-pass 

hepatic uptake and cytochrome P450 processing have been described (169), however, no 

hepatic processing occurs in in vitro studies such as the current one.  Pravastatin is not 

metabolised enzymatically and largely undergoes extraction via the bile/faecal route or 

glomerular filtration in a similar form to that which is ingested, although acids can catalyse the 
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formation of isomers, which are similarly excreted (476).  In contrast, atorvastatin undergoes 

metabolism by CYP3A4 and metabolites are eliminated via the bile (172). 

Secondly, the use of DMSO as the solvent may increase the intracellular penetration of 

pravastatin, as it is known to do with other substances (477).  This possibility was suggested by 

reduced efficacy to inhibit cholesterol synthesis and interfere with insulin secretion when 

pravastatin was dissolved directly in water (results not shown), however, other factors may have 

contributed to this effect and further study would be necessary. 

For the reasons outlined above, differences between lipophilic and hydrophilic statins may have 

been minimised in the current study compared to the in vivo situation.  Results reported here do 

not negate the possibility that lipophilic statins may confer greater pleiotropy than their 

hydrophilic counterparts.  Further studies with greater power, the use of additional hydrophilic 

statins (e.g. pitavastatin) and addressing the issues above would be necessary to conclusively 

compare the effects of statins on β-cell function based on their lipophilicity. 

2.3.4 Atorvastatin does not acutely affect insulin secretion 

An acute effect of statin has been recently documented, where an elegant single islet imaging 

protocol was used to demonstrate that stimulated insulin secretion was rapidly inhibited by co-

incubation with simvastatin (478).  If accurate, this would indicate that processes other than 

inhibition of cholesterol or its intermediates, which would require hours rather than minutes of 

statin exposure, were implicated mechanistically. 

In contrast to the report mentioned above, no acute effect of atorvastatin on insulin secretion 

was found in this study, either when added to stimulation media in untreated cells, or 

characterised by further changes effected by ongoing atorvastatin treatment during stimulation 

(Figure 2.5).  The acute effect reported by Scattolini et al could have been due to differences 

between simvastatin and atorvastatin, or it could be artefactual; insulin was not measured 

directly, but by fluorescence of a zinc fluorophore, zinc being co-secreted with insulin in a 

stoichiometric manner (479-481).  However, no controls were used to assess whether 

simvastatin could potentially affect fluorescence independently, such as by formation of salts 

with zinc, with the statin binding to zinc in competition with the fluorophore (as is a known 

possibility, (482) see Example 6).  Results in the current study suggest that acute effects such as 

direct interference with ion channels are unlikely.  However, GSIS was previously found to be 

decreased after just 2 h of 1 µM simvastatin treatment, but not by inhibition of cholesterol 

downstream of farnesyl pyrophosphate, indicating that isoprenylation intermediates may have a 

role in the statin-mediated attenuation of GSIS (483). 
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2.3.5 Conclusion 

Both c-MβCD treatment, which significantly increased cellular cholesterol via membrane-

associated cholesterol loading, and statin treatment, which decreased cellular cholesterol by 

inhibiting its synthesis, were associated with blunting of maximal insulin secretion.  Pravastatin 

(hydrophilic) and atorvastatin (lipophilic) were the main statins under investigation in this 

project, but similar results were also found with fluvastatin and simvastatin (both lipophilic). 

Taken together, it appears that potency to modulate cholesterol content has a greater impact on 

the risk of blunted insulin secretion than lipophilicity, the direction of cholesterol modification, 

i.e., whether it is increased or decreased, or the mode of cholesterol manipulation i.e., whether it 

is modified via membrane loading or sequestration or by HMGCR inhibition.  One exception to 

this was an anomaly in cholesterol loading using c-MβCD where the 2.5 mM dose exceeded the 

5 mM dose in post-treatment cellular cholesterol measurements. 

These results support the hypothesis that the relationship between β-cell cholesterol content and 

stimulated insulin secretion is tri-phasic, characterised by optimal mid-range cholesterol 

concentration flanked by low and high cholesterol content which reduces insulin secretion in 

response to robust stimulation with physiological and therapeutic secretagogues, but does not 

affect acute basal secretion.  Chronic basal secretion may be increased, at least by some statins 

(pravastatin), possibly due to membrane damage, but further investigation would be necessary 

to confirm this.  Increased LDHA activity in the media of atorvastatin treated cells was recently 

reported in another β-cell line (NIT-1), suggesting membrane damage (357). 

These results also support the hypothesis that statins exert concentration-dependent effects on 

insulin secretion, and this is more closely linked to the extent to which they modify cholesterol 

content rather than lipophilicity, at least in an in vitro context.  The lipophilic statins, however, 

were more likely to reduce viability at higher concentrations and atorvastatin exerted a stronger 

adverse influence on insulin secretion than pravastatin. 

Nutrient and therapeutic secretagogues used in this project stimulate insulin secretion either 

directly by binding to the K+
ATP channel to facilitate its closure or via the TCA cycle, being 

coupled to insulin secretion via ATP and various other metabolic coupling factors.  However, 

insulin blunting seemed more related to the capacity to stimulate secretion rather than the 

mechanism of stimulation, with more robust stimulation more greatly affected than low-level 

stimulation and basal stimulation not affected. 

2.3.6 Limitations and future directions. 

While BRIN-BD11 cells are reportedly responsive to glucose stimulation (461), the effect size 

is small, reducing the statistical power of insulin stimulation experiments. This cell line does, 

however, demonstrate appropriate glucose metabolism (460, 484) and insulin responsiveness to 
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amino acids (450) and is thus considered an appropriate model.  However, the minimal size of 

the response to glucose observed in the present study is a limitation. 

Islet results are expected to show greater stimulation indices than were produced here.  Our 

group is in the process of learning the technically difficult skill of successful islet isolation and, 

while to the best of my knowledge the results reported here are reliable, it is expected that, with 

time and practice, more convincing results will be produced. 

This study demonstrates the effectiveness of HMGCR inhibition by statins in a tissue type 

neither specifically targeted by these drugs nor usually associated with large cholesterol flux.  It 

is known that lipophilic statins are metabolised by hepatic enzymes (172), which are not 

available in this in vitro system.  The difference in impact between the original drug and its 

post-hepatic metabolites is not known.  At the very least, first-pass hepatic processing would be 

expected to reduce the statin concentration reaching the β-cells in vivo.  However, details of 

expected exposure of β-cells to statins or their metabolites, and how closely this in vitro study 

replicates the conditions in vivo is unknown.  This is a limitation of this study. 

Further study that would support this body of research would be to conduct rescue experiments, 

where cholesterol depletion is rescued by cholesterol loading.  Preliminary work has been done 

on such a study and is available in Appendix A.1. 

The fate of cholesterol in β-cells is not fully understood, and it would be useful to trace 

cholesterol in a closed in vitro system.  In addition, tracing labelled cholesterol provided to 

replete severely cholesterol-depleted cells, with reference to potential insulin secretion rescue, 

would be useful in determining mechanisms of statin-mediated insulin blunting. 

This project supports existing research demonstrating that there is a clear link between cellular 

cholesterol and insulin secretion, but the nature of this link is not fully understood.  The 

influence of lipoprotein particles in moderating statin effects in islets is also not fully 

understood, and to remove the possibility of any such influence, this study was performed in 

their absence.  However, the in vivo situation is further complicated by the presence of 

lipoprotein particles, which will vary in concentration and ratio of constituents between species 

and between individuals.  Further research would be helpful to address these topics. 
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Chapter 3 Metabolic effects of statins in β-cells 

In the previous chapter, maximal insulin secretion was blunted by both cholesterol-reducing 

statin medication and cholesterol-enhancing c-MβCD treatment in BRIN-BD11 cells.  These 

effects may be directly due to modified cholesterol levels or they may be caused by pleiotropic 

mechanisms including diminished concentrations of biologically active intermediates 

downstream of HMG-CoA in the cholesterol synthetic pathway. 

 HMG-CoA reductase inhibitors reduce the synthesis not only of cholesterol, but also of 

products derived from intermediates of the mevalonate pathway.  Some of these, such as 

Coenzyme Q10 and haem-A, have important functions in normal cell metabolism, particularly 

in mitochondrial oxidative phosphorylation.  In β-cells, glucose metabolism is tightly coupled to 

insulin secretion, with the production of ATP through oxidative phosphorylation being central 

to the process.  In this chapter, the primary aim was to characterise the metabolic effects of 

statin treatment on mitochondrial function in BRIN-BD11 cells.  A phenotypic switch from 

obligatory aerobic respiration to a more glycolytic metabolic profile was found.  This was not 

accompanied by changes in glucose uptake, and an investigation exploring possible changes in 

the expression profile of a panel of glycolytic enzymes found an increase in hexokinase I 

expression and phosphorylation of glycogen synthase kinase β at serine 9.  How these effects 

might reduce the capacity to secrete insulin and increase the risk of T2D is discussed. 

3.1 Background  

3.1.1 β-cell metabolism 

Pancreatic β-cells possess unique features, such as expression of a high Km form of glucose 

transporter (GLUT2) and hexokinase (glucokinase) and low expression of glucose-6-phosphate 

phosphatase, to support their important physiological role in providing insulin in a fuel-

dependent manner to ensure systemic glucose homeostasis (described in Section 1.4.1).  

However, this also exposes the β-cell to increased metabolic vulnerabilities as they lack the 

capacity of other cell types to moderate metabolic risk.  For example, constitutive expression of 

glucose transporters (485) means they are unable to reduce glucose uptake in a high glucose 

environment (243). 

Under normal conditions, 80-90% of glucose entering the β-cell is committed to complete 

hydrolysis to carbon dioxide and water (247, 252).  Metabolic coupling factors (MCF) such as 

ATP, NADPH, malonyl-CoA, fumarate, malate and citrate/isocitrate ensure that insulin 

secretion is balanced to nutrient load (77, 243, 486, 487).  Reduced responsiveness to glucose in 

metabolic disturbance, such as metabolic syndrome or type 2 diabetes (T2D) is, in part, due to 

insulin resistance, but insulin secretion coupling, the capacity to secrete insulin in response to 
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plasma glucose concentration changes, also plays a role, particularly in later stages of disease 

(488, 489). 

Glucose toxicity occurs when chronically elevated glucose increases mitochondrial ROS 

production, and insulin secretion is inadequate due to reduced insulin gene expression and 

increased β-cell apoptosis (490), also referred to as β-cell fatigue.  β-cells possess excess fuel 

detoxification pathways, which are mobilised under high glucose load.  These operate when 

glucose exceeds β-cell saturation (16 mM in rat islets, (243)) and result in reduced insulin 

secretion coupling.  Beyond this, glucose utilisation proceeds to fuel detoxification pathways 

including futile cycling and synthetic pathways to form metabolites such as citrate, glycerol, 

triglycerides, fatty acids and cholesterol, providing alternative glucose disposal routes (243).  

Indeed, under chronic glucotoxic conditions, it has been postulated that β-cells can reduce stress 

by dedifferentiation, thereby exchanging functional uniqueness, including insulin secretion 

coupling, for increased chance of survival (245, 491). 

Dedifferentiation, thought to be initiated by glucotoxicity, is a state whereby the β-cell devolves 

towards a progenitor-like or otherwise altered phenotype, characterised by a loss of metabolic 

specificity and insulin secretion dysfunction (492).  An increase in the expression of normally 

supressed genes such as LDHA, the monocarboxylate transporter MCT1, and hexokinase I, 

concomitant with a reduction in the expression of specifically preferential genes such as those 

for insulin, GLUT2, glucokinase, mitochondrial glycerol phosphate dehydrogenase, pyruvate 

carboxylase and ion channels have been reported (493, 494).  Changes in expression or 

activation of β-cell-enriched transcription factors also occur (248, 495, 496).  Increased lactate 

production, reduced insulin secretion and a switch towards a more anaerobic phenotype are all 

manifestations of these adaptations (497).  Importantly, similar transcriptional changes and 

clinical characteristics are observed in T2D patients (498).  Dedifferentiated β-cells appear to 

have the capacity to re-differentiate under favourable conditions (499). 

3.1.2 Metabolic implications in statin treatment 

Statin-related myotoxicity occurs in ~10% of patients (36, 196), prompting research into its 

metabolic effects.  In vivo studies report decreased oxidative phosphorylation in muscle (500), 

adverse changes in indices of systemic insulin resistance (501), and increased incidence and 

progression of T2D with statin therapy (See Table 1.1). 

Several potential mechanisms of statin-mediated metabolic risk have been postulated, but no 

consensus has been reached to date.  Statin treatment inhibits not only cholesterol synthesis but 

also intermediates of the mevalonate pathway and their products, some of which are known to 

be important in metabolic processes as reviewed in Chapter 1.  For example, coenzyme Q10 is 

important for its redox function and involvement in the mitochondrial electron transport chain 
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(ETC) (76) (See Figure 1.3).  Similarly, the farnesyl and geranylgeranyl isoprenoids act as 

donors of a hydrophobic prenylation moiety to small signalling G-proteins, controlling their 

localisation and function (502).  These intermediate products are essential in signalling 

processes linked to insulin secretion (503).  Thus, it is reasonable to consider the possibility of 

metabolic disruption by statin treatment in the search for mechanisms by which statins are 

linked to new onset and progression of T2D. 

In summary, compelling reasons to assess the effect of statin treatment on metabolic function in 

highly metabolic β-cells include a) the known effects of statins on metabolic function in tissues 

other than β-cells; b) the postulation of several potential mechanisms by which statins may 

affect β-cell metabolic function; c) β-cells’ specific susceptibility to metabolic stresses; and 

d) the importance of metabolic stimulus-secretion coupling to insulin sufficiency and whole-

body glucose homeostasis. 

3.2 Methods 

3.2.1 Cells and reagents 

The BRIN-BD11 cell line was a kind gift to Philip Newsholme from Peter Flatt (School of 

Biomedical Sciences, Ulster University).  Seahorse consumables were obtained from In Vitro 

Technologies, Australia.  Antibodies were supplied by Cell Signalling or Abcam and other 

Western blotting reagents were obtained from BioRad.  Statins were purchased from Sapphire 

Biosciences.  All other kits and reagents were supplied by Sigma (Australia). 

3.2.2 Tissue culture and LPDS preparation 

BRIN-BD11 cells (passage 22-32) were grown in RPMI-1640 supplemented with 1% penicillin 

/ streptomycin and either 10% foetal bovine serum (FBS) or the equivalent volume of bovine 

lipoprotein deficient serum (LPDS), based on protein content.  They were cultured at 37˚C in a 

humidified 5% CO2/95% air environment.  LPDS was prepared as described in Section 2.1.3. 

3.2.3 Mitochondrial and Glycolytic stress tests. 

Anaerobic glycolysis and oxidative phosphorylation represent the two main energy-producing 

pathways of mammalian cells (504).  Oxygen consumption rate can be measured directly, and 

glycolysis can be measured indirectly via extracellular acidification as an indication of lactate 

production.  These measures can then be used to assess the metabolic profile of cells.  This 

technique is facilitated by the Seahorse extracellular flux analyser that can measure both 

parameters simultaneously, often in the context of the mitochondrial and glycolytic stress tests.  

Both stress tests use a succession of agents to allow analysis of the mitochondrial or glycolytic 

function of the sample cells. 
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The Mito Stress Test includes injections of oligomycin, carbonyl cyanide-4-(trifluoromethoxy) 

phenylhydrazone (FCCP) and a mixture of rotenone and antimycin A, delivered in that order.  

These drugs, respectively, inhibit ATP synthase, uncouple respiration from ATP synthesis by 

allowing H+ ions to move unchecked across the mitochondrial membrane, and inhibit 

complexes I and III of the electron transport chain.  Oxygen consumption rate (OCR) data 

collected throughout the test allows quantification of basal respiration, ATP production and 

maximal respiration.  Proton leak, spare capacity and non-mitochondrial respiration can also be 

calculated, as represented in Figure 3.1A and Table 3.1. 

 
Figure 3.1. Stress test kinetics. 
A: Diagram representing Mito Stress Test kinetics showing how different respiratory parameters 

can be calculated.  B: Diagram representing glycolytic stress test kinetics showing how different 

glycolytic parameters can be calculated.  Images adapted from Agilent. 

 

The glycolytic stress test involves injecting glucose, followed by oligomycin and 

2-deoxyglucose (2DG), which inhibits glycolysis.  The pH of the medium in the immediate 

vicinity of the sample is measured concurrently with the OCR and is calculated as extracellular 

acidification rate (ECAR).  Increased ECAR is known to be a direct result of lactate 

accumulation, provided CO2-related acidification is taken into account (505).  From the 

resulting ECAR data it is possible to calculate glycolysis, glycolytic capacity, glycolytic reserve 

and non-glycolytic acidification (Figure 3.1 and Table 3.1).  Note that the 2DG injection is not 

required to obtain data for glycolytic parameters.  The injection protocol in these experiments 

combined elements of both assays, utilising the maximum number of injections (4) to allow 

analysis of both mitochondrial and glycolytic function simultaneously. 
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Table 3.1. Table of equations for mitochondrial and glycolytic parameters 
Letters in bold italics refer to values in the corresponding area of Figure 3.1.  Min = minimum 

value; Max = maximum value; numbers refer to the measurement number: For example, 

Y (Max) = the highest value within the Y region; W (3) = 3
rd

 measurement within the W area 

(immediately before the oligomycin injection).  Sourced from Agilent. 

 Parameter Equation 

Mitochondrial Respiration 

NMR Non-mitochondrial oxygen consumption Z (Min) 

BR Basal respiration W (3) – Z (Min) 

MR Maximal respiration Y (Max) – Z (Min) 

PL Proton (H+) leak  X (Min) – Z (Min) 

AP ATP production W (3) – X (Min) 

SRC Spare respiratory capacity MR – BR 

SRC% Spare respiratory capacity % MR/BR x 100 

CE Coupling efficiency AP/BR x 100 

Glycolytic Function 

Glyc Glycolysis F (Max) – E (3) 

GC Glycolytic capacity G (Max) – E (3) 

GR Glycolytic reserve GC – Glyc 

GR% Glycolytic reserve as % GC/Glyc x 100 

 

Cells were seeded in 96-well Seahorse culture plates at 1 x 105 cells per well in RPMI medium 

supplemented with LPDS and antibiotics as described above, and left to attach overnight.  They 

were then treated with 1 or 10 µM atorvastatin calcium salt, pravastatin sodium salt, 

simvastatin, fluvastatin sodium hydrate or vehicle control (DMSO) for 24 h.  The Seahorse 

extracellular flux analyser was pre-warmed and the Seahorse cartridge hydrated for 24 h before 

the assay as per commercial instructions.  Before the assay, media were changed to unbuffered 

Seahorse medium containing 2.5 mM glucose to facilitate accurate measurement of minute pH 

changes in the extracellular environment.  The cells were incubated for 1 h without CO2 prior to 

beginning the assay. 

The instrument protocol consisted of basal readings, 12 min; injection A: 2.5 or 25 mM glucose, 

20 min; injection B: 2µM oligomycin, 20 min; injection C: 0.2 µM FCCP, 20 min; injection D: 

1µM each of rotenone and antimycin A, 12 min.  Each experiment was repeated three times 

with four replicates in each experiment. 

3.2.4 Glucose uptake and mitochondrial function by alamar blue assay 

Glucose uptake was estimated in BRIN-BD11 cells by measuring a fluorescently labelled 

glucose analogue by flow cytometry.  Cells were seeded in T75 flasks at 4 x 106 cells per flask 
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and grown to 70% confluence in RPMI supplemented with FBS as outlined above.  They were 

then washed twice in warm phosphate buffered saline (PBS) and medium was replaced with 

RPMI supplemented with LPDS and either 10 µM atorvastatin, pravastatin or DMSO as vehicle 

control.  After a 24 h incubation medium was removed, cells were washed once in PBS, 

trypsinised and transferred to microcentrifuge tubes.  Cells were centrifuged at 700 x g for 

3 min, and 20 µM of the glucose analogue 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-

Deoxy-D-glucose (2-NBDG, ThermoFisher Scientific) was added in glucose free medium for 

30 min.  Cells were washed once in PBS then resuspended in PBS and kept on ice.  Propidium 

idodide was added to a final concentration of 0.5 µg/mL to detect dead cells before analysis on a 

BD LSR Fortessa flow cytometer (excitation/emission 496/636 and 465/540 for propidium 

iodide and 2NBDG, respectively). 

Alamar blue (Life Technologies, 10% of the media volume) was added to the media of treated 

cells, which were incubated at standard culture conditions for a further 4 h.  Fluorescence was 

determined in a plate reader (EnSpire, PerkinElmer) at 570/585 nm excitation/emission and 

normalised to wells containing media and alamar blue reagent but no cells. 

3.2.5 Whole cell ATP/ADP assessment 

Cells were seeded in 96-well plates at 1 x 104 cells per well and treated with 10 µM atorvastatin 

or pravastatin for 24 h in RPMI supplemented with LPDS as described above.  Cells were 

washed once with PBS and pre-incubated in Krebs–Ringer Bicarbonate Buffer (KRBB) 

supplemented with 1.1 mM glucose for 40 min before being stimulated for 20 min using 

16.7 mM glucose plus 10 mM L-alanine (Ala) in KRBB.  Media were then removed and cells 

were immediately lysed using ATP reagent from a commercial ADP/ATP Ratio Assay Kit 

(Sigma-Aldrich, catalogue number MAK 135) following kit instructions.  Briefly, lysates were 

placed in a white 96-well plate and luminescence was measured after 1 min using a microtitre 

plate reader (EnSpire, Perkin Elmer, USA).  The plate was incubated at room temperature for a 

further 10 min, then the luminescence was measured again.  This reading was considered the 

residual background luminescence for the ADP reading that followed.  ADP reagent (5 µL) was 

added to each well to convert ADP to ATP, and the luminescence was measured for the third 

time after 1 min.  ADP was calculated by subtracting reading 2 from reading 3, and the 

ATP/ADP ratio calculated by dividing reading 1 by the difference between readings 3 and 2. 

3.2.6 Quantification of glycolytic proteins by Western Blotting 

Cells were grown to 80% confluence in T75 flasks.  They were treated with 10 µM atorvastatin, 

pravastatin or DMSO for 24 h before being pre-incubated for 40 min in KRBB with 1.1 mM 

glucose and stimulated with 16.7 mM glucose + 10 µM L-alanine for 20 min as described 

above.  Cells were then scraped from the flask and collected in 15 mL centrifuge tubes, 

centrifuged at 300 x g for 5 min, washed once in PBS, and re-suspended in 150 µL ice-cold 



 98 

lysis buffer (50mM Tris, pH 7.5, with 0.5mM EDTA and 20% glycerol + phosphatase/protease 

inhibitors).  Cells were then incubated on ice for 20 min with occasional mixing before being 

sonicated on ice at 50% amplitude twice for 10 s with 5 s between bursts, using a probe 

sonicator with microtip attachment (Misonix s-4000, QSonica).  Lysates were centrifuged at 

800 x g for 10 min at 4˚C.  Supernatants were collected and the pellets washed in a further 

100 µL of lysis buffer and re-centrifuged.  Wash supernatants were pooled with the original 

supernatant collected from the same tube and protein was estimated using the BCA assay 

(Pierce, BioRad).  Lysates were stored at -80˚C until used for Western blotting. 

Protein samples were run on precast 4-12% acrylamide gels (Bolt™, Life Technologies) using 

15 or 30 µg protein per well under reducing conditions (50 mM dithiothreitol, Bolt™ Sample 

Reducing Agent, Life Technologies) for ~50 min at 120 volts.  Proteins were then transferred to 

nitrocellulose membranes using the iBlot system and a 7-min dry transfer protocol.  Transfer 

stacks were obtained from Life Technologies.  Membranes were blocked in blocking buffer (3% 

bovine serum albumin (BSA) in TBST: 0.1% Tween 20, 137 mM NaCl, 2.7 mM KCl, 19 mM 

Tris base, pH 7.4) for 1 h at room temperature, then cut and incubated in the relevant primary 

antibody diluted to appropriate concentrations (see Table 4.1) in blocking buffer overnight at 

4˚C with gentle rocking.  Appropriate horseradish peroxidase (HRP)-conjugated secondary 

antibodies (rabbit, mouse or goat) were used for 1 h at room temperature and membranes were 

washed three times for 5 min in blocking buffer.  Membranes were incubated in enhanced 

chemiluminescence (ECL) Prime Western Blotting Detection Reagent (GE Healthcare 

Lifesciences) for 2 min before being detected using a BioRad ChemiDoc imaging system and 

analysed using Image Lab 6.0 software. 

3.2.7 Statistical Analysis 

Seahorse data was collected and organised using dedicated report making software (Wave, 

Agilent Technologies, version 2.4.0) then analysed using two-way ANOVA followed by 

Tukey’s multiple comparisons test in GraphPad Prism version 6.01 for Windows (GraphPad 

Software, La Jolla California USA, www.graphpad.com).  For Seahorse data requiring 

calculations (mean of measure A – mean of measure B, for example) the error was calculated 

using the formula ("# + %#), where a is the standard deviation (SD) or standard error of the 

mean (SEM) of measure A and b is the SD or SEM of measure B.  Flow cytometry data was 

analysed using FlowLogic (Version 2.2, Inivai) and Western blot densitometry was performed 

using Image Lab 6.0 software.  Statistical significance was calculated using one- or two-way 

ANOVA followed by Dunnett’s multiple comparisons test in GraphPad Prism.  Statistical 

significance was inferred at a nominal value of a = 0.05. 
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3.3 Results 

3.3.1 Mitochondrial function 

Oxygen consumption (OCR) and extracellular acidification (ECAR) rates were measured 

simultaneously using the Seahorse extracellular flux analyser after 24 h statin treatment at 1 or 

10 µM as indicated (See Figure 3.2).  A class effect was observed whereby all statins tended 

towards reduction of basal and maximal oxygen consumption rates, with reduced ATP 

production.  At the same time, an increase in glycolysis was observed. 

3.3.2 Oxygen Consumption Rate (OCR) 

Atorvastatin was found to have a greater adverse effect on OCR than pravastatin at the same 

concentration (10 µM).  Simvastatin (1 µM) similarly tended towards reduced OCR, though not 

significantly.  Basal respiration was reduced in all statins, though this was significant only in 

atorvastatin (69 ± 5% of vehicle control (VC), P < 0.01) and 10 µM simvastatin (28 ± 10% of 

VC, P < 0.001) treatment groups.  Maximal respiration (MR) was reduced to 80 ± 11% and 

65 ± 4% (P < 0.05, P < 0.001) for pravastatin- and atorvastatin-treated cells, respectively, 

compared to the vehicle-treated group.  ATP production (AP) was reduced to 61 ± 8% in 

atorvastatin-treated cells (P < 0.05) but was not significantly different from vehicle-treated 

controls in response to pravastatin treatment.  Proton leak (PL) and non-mitochondrial oxygen 

consumption were not affected by statin treatment.  Respiratory capacity percent (RC%) and 

coupling efficiency, calculated as per Table 3.1, were likewise unaffected by statin treatment.  

Spare respiratory capacity was significantly different for 10 µM simvastatin, (P < 0.001) and as 

a class there was a difference between statin treated amd non-treated cells (P < 0.01). 

Simvastatin was found to be highly toxic to mitochondria at 10 µM, with very low oxygen 

consumption rates across the entire protocol.  Nevertheless, there was little evidence of 

increased death in 10 µM simvastatin-treated cells in a parallel experiment where cells were 

stained with trypan blue (Figure 3.6), though morphologic changes showed a rounding of cells 

with greatly reduced surface area of attachment.  Other statins caused similar morphological 

changes in a dose-dependent manner, but cell death was not greatly increased. 
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Figure 3.2. Mitochondrial stress test kinetics. 
A. A representative example of mitochondrial oxygen consumption rate (OCR) with or without 

statin treatment.  B. Pooled data from three separate experiments, each with four replicates, 

indicated a trend towards a statin class effect characterised by reduced maximal respiration 

(MR), basal respiration (BR) and ATP production (AP).  Proton leak (PL) was not affected by 

statin treatment.  Spare respiratory capacity (SRC), calculated by MR – BR tended towards a 

statin effect, with reduced respiration in statin-treated compared to non-statin-treated cells (P < 

0.05), though not significant for any statin individually.  NT/F, untreated and supplemented with 

foetal bovine serum (FBS) rather than lipoprotein deficient serum (LPDS), used for all other 

samples; NT/L, untreated and supplemented with LPDS; VC, vehicle control (DMSO); 10P, 10 

µM pravastatin; 10A, 10 µM atorvastatin; 1S, 1 µM simvastatin; 10S, 10 µM simvastatin.  n=3; 

Φ P < 0.05; + P < 0.01; * P < 0.001.  Data is presented as mean ± SEM. 

 

3.3.3 Extracellular Acidification Rate (ECAR) 

During glycolysis, the extracellular environment is acidified due to proton efflux from the cell 

when glucose is metabolised to pyruvate and then lactate, which is secreted.  The extracellular 

acidification rate can thus be measured as a proxy for glycolysis (505).  It has previously been 

confirmed that BRIN-BD11 cells also secrete lactate during anaerobic glycolysis, which can 
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reliably be measured in this manner (506), unlike primary β-cells that do not possess the 

enzymes and monocarboxylate transporters required for this process. 

A significantly higher acidification rate, representing increased glycolysis, was measured in 

cells treated with statins, apart from 10 µM simvastatin, which was found to be toxic to both 

aerobic and anaerobic energy-producing pathways in BRIN-BD11 cells (Figure 3.3).  

Glycolysis in pravastatin-, atorvastatin- and simvastatin- (1 µM) treated cells was 135 ± 30%, 

143 ± 29% and 142 ± 28% that of vehicle-treated cells (P < 0.05, P < 0.01 and P < 0.01), 

respectively.  While glycolytic capacity did not change, statin-treated cells were functioning at 

maximum glycolytic capacity due to their high glycolytic rate, while untreated cells had the 

capability to increase glycolysis by ~50%.  This is illustrated by severely reduced glycolytic 

reserve (GR) in statin-treated cells. 

To assess the cumulative effect of statin treatment on both major pathways of energy 

production, glycolysis and oxidative phosphorylation (OxPhos), values for maximum 

respiration and glycolytic capacity were calculated as a percentage of control and stacked 

(Figure 3.4A).  A slight decrease in total energy production capacity was observed in statin 

treated cells compared to the control.  However, the cumulative reserve capacity of both 

OxPhos and glycolysis was severely impaired in statin-treated cells, due mainly to decreased 

glycolytic reserve (Figure 3.4B).  These cells appeared to be working at maximum glycolysis 

after statin treatment with high glucose stimulation, whereas untreated cells maintained some 

reserve capacity. 

3.3.4 Alamar blue mitochondrial function assay 

As a further assessment of mitochondrial function, an alamar blue assay was used to observe the 

reduction of resazurin to resorufin.  In healthy cells this is a continuous process after the 

addition of alamar blue reagent and is often used to assess cell proliferation and cytotoxicity 

(507).  In accordance with extracellular flux assays, 10 µM atorvastatin and simvastatin 

demonstrated reduced mitochondrial reduction of resazurin after 4 h incubation with 10% 

alamar blue (Figure 3.5A). 

3.3.5 Quantifying ATP/ADP Production 

An alternative method of ATP measurement was undertaken to compare with the indirect 

measurement of ATP production as a function of oxygen consumption using the Seahorse 

extracellular flux analyser as indicated above.  ATP was measured directly in whole cell lysates 

using a luciferin substrate reaction.  As a second step, cellular ADP was converted to ATP 

enzymatically and measured.  Both ATP and ADP luminescence was slightly reduced in 

atorvastatin treated cells, but no significant difference was observed between vehicle- and 

statin- treated cells in ATP, ADP or the ratio of ATP:ADP. 
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Figure 3.3. Glycolytic function analysis. 
A. A representative example of glycolysis kinetics demonstrating extracellular acidification rate 

(ECAR) with and without statin treatment.  B. Pooled data from three separate experiments, 

each with four replicates indicated a class effect of statins to increase glycolysis (Glyc).  

Glycolytic capacity (GC), however, was not altered.  Glycolytic reserve (GR) calculated by GC – 

Glyc, was decreased in statin treated cells in proportion to the increase in glycolysis.  NT/F, 

untreated and supplemented with foetal bovine serum (FBS) rather than lipoprotein deficient 

serum (LPDS), as for all other samples; NT/L, untreated and supplemented with LPDS; VC, 

vehicle control (DMSO); 10P, 10 µM pravastatin; 10A, 10 µM atorvastatin; 1S, 1 µM simvastatin; 

10S, 10 µM simvastatin.  The data represents mean ± SEM.  Φ P < 0.05; + P < 0.01; 

* P < 0.001. 
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Figure 3.4. Metabolic potential and reserve. 
Data was collated from both oxidative phosphorylation (grey) and glycolysis (black) for further 

comparison. A. Maximal respiration (MR) and glycolytic capacity (GC) values were recorded as 

% of control and then stacked.  Together they demonstrate that the total capacity for glucose 

oxidation changed little.  B. Similarly, stacked data representing glycolytic reserve (GR) and 

spare respiratory capacity (SRC) demonstrates that statin treated cells had reduced capacity to 

increase glucose oxidation by either pathway.  Rather, statin treatment increased the relative 

contribution of anaerobic glycolysis to glucose oxidation and little further capacity existed.  Data 

is represented as mean ± SEM of three separate experiments, and red lines indicate control 

values.  NT/F, untreated and supplemented with FBS; NT/L, untreated and supplemented with 

LPDS (as for all other groups); VC, vehicle control; 10P, 10 µM pravastatin; 10A, 10 µM 

atorvastatin; 1S, 1 µM simvastatin; 10S, 10 µM simvastatin. 
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Figure 3.5. Further metabolic assessment of statins in BRIN-BD11 cells. 
A. An alamar blue assay demonstrated reduced mitochondrial reduction of resazurin to 

resorufin in cells treated with 10 µM concentrations of atorvastatin (A) and simvastatin (S) but 

not pravastatin (P) or lower dose (1 µM) of either statin.  Data is expressed as % of vehicle 

control (VC), represented by the red line.  NT, no treatment.  n=6.  B. Glucose uptake measured 

by flow cytometry after 30 min incubation with a fluorescent glucose analogue demonstrated no 

changes after statin treatment.  C. Total cellular ATP and ADP were not affected by 10 µM 

atorvastatin assessed by luminescence assay.  ATP:ADP ratio (hatched bars, read from the 

right y-axis) was also unaffected. B and C, n=3.  Flow cytometry data (B) is represented as 

median fluorescence ± SEM (arbitrary fluorescent units (AFU), scale x 10
-3

) and all other data 

represents mean ± SEM.  * P < 0.001. 

 

3.3.6 Glucose Uptake 

Having observed an increase in glycolysis after statin treatment, it was of interest to determine 

whether increased glucose uptake contributed to this metabolic change.  This was determined by 

flow cytometric analysis using a fluorescently labelled deoxyglucose (2NBDG).  Dead cells 

were gated out based on permeability to propidium iodide.  No difference was found between 

cells treated with vehicle only and those treated with 10 µM pravastatin or atorvastatin, 

indicating that increased glycolysis associated with statins was not accompanied by increased 

glucose uptake (Figure 3.5C). 
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Figure 3.6. The effect of statins on cell death as assessed by trypan blue exclusion. 
Cells treated with 1 or 10 µM statin for 24 h were stained with trypan blue.  This stain is taken 

up only by cells with compromised membranes, indicating cell death (arrows indicate examples 

only).  A) No treatment; B) DMSO control; C-H) statins and concentrations as shown.  Several 

cells within each treatment group were positive for trypan blue uptake, with slightly more in the 

10 µM simvastatin group (H). 

 

3.3.7 Influence of statins on selected glycolytic enzymes 

To investigate the possibility that phenotypic changes were accompanied by changes in the 

expression of glycolytic enzymes, statin-treated BRIN-BD11 cells were stimulated with high 

glucose (16.7 mM) + alanine for 20 min before being harvested for Western blot interrogation 

using a glycolytic enzyme antibody panel standard to our laboratory.  β-actin was used as a 

loading control.  Increased expression of hexokinase I (1.4-fold, P < 0.05) in atorvastatin treated 

cells was observed.  No changes in expression were demonstrated in the other enzymes 

investigated (Figure 3.7).  However, there was an increase in the inhibitory phosphorylation of 

glycogen synthase kinase (pGSK3β) at serine 9 associated with atorvastatin treatment (1.45-

fold, P < 0.01).  A table outlining the role of these enzymes in glycolysis is available in 

Appendix A.2. 
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Figure 3.7. The effect of statins on glycolytic enzyme expression. 
A) Representative blots and B) densitometric analysis of glycolytic enzymes in BRIN-BD11 cells 

treated for 24 h with 10 µM pravastatin (10P), atorvastatin (10A), or vehicle control (VC, DMSO) 

and stimulated for 20 min with 16.7 mM glucose + 10 mM alanine immediately before lysis 

demonstrated few changes in expression.  The exceptions were hexokinase I and glycogen 

synthase kinase (pGSK3β) phosphorylated at serine 9, both exhibiting increased expression 

with 10 µM atorvastatin treatment.  BRIN-BD11 cells showed considerable expression of a 

protein recognised by the lactate dehydrogenase (LDHA) antibody, though only a small band 

was found at the expected molecular weight of 36 kDa.  Data is shown as the mean ± SEM of 2-

4 individual experiments. GLK, glucokinase (hexokinase IV); PFKP, phosphofructokinase; PKM, 

pyruvate kinase (muscle 2); GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PDH, 

pyruvate dehydrogenase. 

3.4 Discussion 

ATP generation through oxidative phosphorylation is important for coupling metabolism with 

insulin secretion.  Thus, mitochondrial dysfunction could contribute to the diabetogenic effect 

of statins.  Furthermore, statin-related adverse effects in muscle have been associated with 

mitochondrial dysfunction (167), and an influence of statins on mitochondrial function has been 

demonstrated in human muscle and C2C12 cells (mouse myoblast) (361, 508, 509), rat liver 

(510) and HepG2 cells (human hepatoma) (511).  Few studies, however, have focused on the 
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effect of statins on mitochondrial function in β-cells.  Sadighara et al (512) studied the effect of 

atorvastatin on isolated mitochondria from whole rat pancreas but used concentrations of the 

drug that were found to be toxic to β-cells in the current study.  Additionally, while several 

effects including decreased mitochondrial membrane potential and increased ROS were 

reported, any effect specifically on β-cell mitochondria would likely be masked by the far more 

abundant exocrine-derived organelles.  The present study thus provides important information 

regarding possible statin-related mitochondrial effects. 

3.4.1 Statins induced a shift to glycolysis and reduced respiration 

Glycolytic stress test results in this study show that 24-h statin treatment (atorvastatin, 

pravastatin and simvastatin) induced a glycolytic phenotype in BRIN-BD11 cells.  Respiration 

rates in β-cells are usually high, as these cells are active with a very high aerobic to anaerobic 

ratio.  The main effect of statin treatment was to reduce MR by 23 – 35 % (P < 0.05) while 

increasing anaerobic glycolysis by 35 – 43% (P < 0.05).  In addition, atorvastatin treatment 

reduced basal respiration and ATP production rates by 31% and 39% (P < 0.01, P < 0.05), 

respectively.  This suggests a Warburg-like metabolic phenotypic switch and could explain the 

blunted maximal insulin secretion observed in statin treated cells (see Chapter 2), at least in 

part. 

Statin-treated BRIN-BD11 cells were found to be functioning close to their maximal metabolic 

capacity with little reserve, possibly to compensate for the reduced efficiency of the glycolytic 

phenotype to generate ATP.  The diminished maximal respiration was reflected in the reduced 

spare respiratory capacity (calculated by maximal respiration – basal respiration) of statin 

treated cells.  Glycolytic reserve, not expected to be large in β-cells, was also reduced, although 

this did not reach statistical significance in individual treatments.  When considered together, 

reduced spare respiratory capacity and glycolytic reserve would greatly reduce the overall 

metabolic potential of the cells. 

Maintenance of a reasonable bioenergetic reserve capacity has been flagged as a signature of 

healthy mitochondria (352, 513).  The reduction of bioenergetic reserve capacity, both from 

aerobic (spare respiratory capacity) and anaerobic respiration (glycolytic reserve) (Figure 3.4) 

could mean that cumulative stress in the presence of additional stressors, such as 

hyperglycaemia and/or hyperlipidaemia, would have the potential to cause mitochondrial failure 

and further stimulus-secretion disconnection in β-cells.  This could explain the increased risk of 

new onset T2D associated with statin therapy in patients with pre-existing risk factors for 

metabolic health (33, 219). 

A similar shift towards anaerobic glycolysis was seen in the erythrocytes of simvastatin-treated 

rats (514), accompanied by greatly increased production of lactate and pyruvate, increased 
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uptake of a fluorescent glucose analogue and increased glucose-6-phosphate dehydrogenase 

activity.  The latter two observations may compensate for the reduced energy efficiency of the 

anaerobic pathway. 

3.4.2 Glucose uptake 

Contrary to the increased glucose uptake in erythrocytes in response to simvastatin mentioned 

above, statins have also been shown to decrease glucose uptake in a variety of insulin-

responsive tissue types such as liver (515), adipocytes (515, 516) and skeletal muscle (471, 

515).  In addition, expression of the glucose transporter GLUT2 was suppressed in a 

concentration-dependent manner in response to atorvastatin and pravastatin treatment in human 

β-cells (471).  In BRIN-BD11 cells in this study, statins had no effect on glucose uptake.  The 

increase in glycolysis (Figure 3.5C) therefore cannot be explained by an increase in glucose 

uptake.  This supports the conclusion that glucose metabolism is re-routed from the aerobic to 

the anaerobic pathway in response to statin treatment.  Without compensatory increased glucose 

uptake to maintain ATP production at levels similar to non-treated cells, reduced insulin 

secretion in response to glucose stimulation can be predicted. 

3.4.3 ATP production 

While there is an atorvastatin-related decrease in ATP production as measured by the Mito 

Stress Test as indicated above, total cellular ATP did not change with statin treatment, 

according to results obtained using a whole cell ATP/ADP assay.  It should be noted that the 

two assays differ in that the former measured the rate of ATP generation and the latter measured 

total ATP at a given timepoint.  The ATP measured in the Mito Stress Test is an indirect rate 

measure, contrasting with the direct measurement of ATP by luciferase luminescence.  Others 

have also found differences between measures of ATP using similar assays (243). 

The ATP/ADP ratio is known to have a direct effect on insulin secretion, being responsible for 

closure of ATP-sensitive potassium channels (K+
ATP), which then causes depolarisation, opening 

of calcium channels and consequent secretory granule/membrane fusion and exocytosis (517).  

The ATP/ADP ratio measured by luminescence did not change with statin treatment in this 

project.  However, mitochondrial stimulus-secretion coupling factors other than ATP/ADP ratio, 

including citrate, 2-oxoglutarate and associated glutamate, malate and NADPH, may be reduced 

due to depressed mitochondrial function.  The effect of statins on these coupling factors remains 

to be determined. 

3.4.4 Expression of enzymes dictating the fate of glucose 

It is unclear whether decreased aerobic capacity may precipitate the switch to a glycolytic 

phenotype or whether it is driven by changes in the expression of glycolytic enzymes stimulated 

by alternative mechanisms.  In tumorigenesis, the Warburg effect is initiated, at least in part, by 
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pyruvate kinase (PK) (518).  PKM2, the isoform found mainly in islets, is translocated to the 

nucleus after being phosphorylated at serine 37 by extracellular signal-regulated kinase 

(ERK) 1/2.  It then acts as a transcription factor to regulate its own expression and that of other 

rate-limiting glycolytic enzymes such as glucose transporter 1 (GLUT 1) and lactate 

dehydrogenase (LDHA).  High affinity hexokinases I & II are also an early marker of 

malignancy in liver and pancreas, with a concomitant silencing of glucokinase (GLK) (519). 

Similar mechanisms could potentially drive the change towards a more glycolytic phenotype 

observed in this study.  Alternatively, hypoxia in β-cells strongly induces LDHA, pyruvate 

dehydrogenase kinase 1 (PDK1), GLUT1 and monocarboxylate transporter (MCT) 1 or 4 (497, 

520).  These adaptations, mediated by the activation of hypoxia inducible factor (HIF)1α, 

facilitate the anaerobic pathway of glucose metabolism that is normally repressed in β-cells. 

To further characterise changes in the metabolic phenotype of statin-treated BRIN-BD11 cells, 

Western blot analysis was performed for a small panel of glycolytic enzymes to assess potential 

expression changes.  These included enzymes such as hexokinase I and LDHA, known to be 

down-regulated in primary β-cells, but which are implicated in the phenotypic switch towards 

anaerobic glycolysis.  A summary of the role of enzymes included in the panel is available in 

Appendix A.2. 

The two significant changes observed in this study were an increased expression of hexokinase I 

and increased inhibitive phosphorylation at serine 9 in GSK3β.  While no changes were seen in 

the expression of the other enzymes (hexokinase II, GLK, phosphofructokinase-platelet (PFKP, 

the isoform found in β-cells), pyruvate kinase (PK) M2, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), pyruvate dehydrogenase (PDH) and LDHA), gene upregulation and 

activation studies would present a more complete picture of how they may respond to statin 

treatment. 

Hexokinase I 

Hexokinase I is selectively repressed in β-cells and liver (245), although it is expressed in 

BRIN-BD11 cells; a phenotypic shift to low affinity hexokinases is commonly observed during 

the first 20 passages in the establishment of β-cell cultures (429).  Other stressors such as high 

sucrose consumption (521) and hyperglycaemia following partial pancreatectomy (493, 494) are 

also associated with enhanced hexokinase I expression in islets.  MIN6 cells exhibited increased 

hexokinase I expression and decreased GLK expression over time and this was relative to loss 

of GSIS (522).  In other tissues, hexokinase I transcription, along with other glycolytic genes, 

was increased in patients with impaired respiration related to genetic mitochondrial disease 

(523), demonstrating a link between impaired mitochondrial function and hexokinase I 

upregulation. 
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GSK3β 

The role of glycogen synthase kinase 3β (GSK3β) in β-cells is complex.  GSK3β is a kinase 

involved in several signalling pathways, including insulin.  It is named for its function of 

inactivating glycogen synthase (87), but has more predicted substrates than any other kinase 

(524, 525), including numerous transcription factors, implicating a widespread influence on 

gene expression (525).  It has the unusual characteristic of constitutive activity but can also be 

phosphorylated at tyrosine 216 for maximal activation or at serine 9 for inhibition of many, but 

not all, of its phosphorylating activities (525, 526). 

Among other actions, GSK3β phosphorylates the transcription factor promoting insulin gene 

transcription, pancreatic duodenal homeobox-1 (PDX-1), triggering its proteasomal degradation 

in low glucose (527).  Phosphorylation of GSK3β at serine 9 by Per-Arnt-Sim domain-

containing kinase (PASK) inactivates it, stabilising PDX-1 in high glucose conditions.  

Increased activation of GSK3β has been associated with several diseases, including T2D (528-

531).  Inhibitors of GSK3β are consequently being investigated for their therapeutic potential 

(528, 529, 532). 

The significant increase in phosphorylation of GSK3β (Ser 9) observed in the current study 

would be expected to inhibit GSK3β action, thereby paradoxically stimulating insulin secretion.  

Despite this expected effect on insulin secretion, however, inhibition of this enzyme may have 

unexpected consequences.  This is supported by a recent study using mice expressing mutant 

GSK3 α and β that could not be phosphorylated at serine 21 or 9, respectively, and thus were 

continuously active (uninhibited) (533).  In wild type controls fed a high fat diet, GSK3 

inhibition by serine phosphorylation was strongly stimulated.  Metabolic syndrome, 

characterised by enhanced insulin secretion, hyperglycaemia, obesity and insulin resistance in 

control animals was found to be mediated through enhanced expression of adiponectin, related 

to inhibition of GSK3 activity in these animals.  In contrast, the mice expressing continuously 

active mutant GSK3 were protected against obesity, metabolic syndrome, and diabetes, 

suggesting that inhibition of GSK3 may have a role in the development of these adverse events, 

potentially via loss of adiponectin secretion from adipose tissue. 

Contradictory to results reported in the current study, simvastatin and atorvastatin were recently 

respectively shown to decrease GSK3β serine 9 phosphorylation in L6 myotubes (534) and, in 

our laboratory, human skeletal muscle cells and myoblasts (HSMM, T. Sabapathy, unpublished 

data).  This discrepancy could be due to different actions of GSK3β in various tissue types, as 

others have noted (528).  Differences in exposure could also result in varying effects, which 

could reflect a time course of progressive adaptations. 

Elsewhere, studies have suggested that GSK3β inhibition may increase survival.  For example, 

it is thought to confer resistance to cisplatin, a chemotherapeutic drug used against ovarian 
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cancer, and works through stabilisation of the apoptotic protein P53 (535).  In addition, 

Marchand et al (536) discovered that the autophagy facilitated by GSK3 inhibition 

counterintuitively supported pro-survival in pancreatic cancer cells, and preventing inhibition of 

GSK3 sensitised cells to apoptosis.  As pro-survival agents, GSK3β inhibition and hexokinase I 

expression may mutually support β-cell survival when under duress, such as during exposure to 

statins. 

Interestingly, hexokinase I and GSK3β may be linked through a common ability to bind the 

voltage dependent anion channel (VDAC) on the outer mitochondrial membrane (537).  Further, 

GSK3β appears to regulate the binding of hexokinase I to VDAC in cancer cells, and their 

association in this context is related to cholesterol accumulation in the mitochondrial membrane 

(348).  Increased hexokinase binding to VDAC is also known to protect mitochondria against 

apoptosis (537).  Intriguingly, these processes are linked to the Warburg effect in cancer cells, 

suggesting metabolic adaptation is associated with these enzymes and their interaction. 

3.4.5 Putative mechanism of statin-related mitochondrial dysfunction 

Based on results in this study and evidence from the literature, mitochondrial dysfunction 

related to statin therapy could be due to stimulus-secretion uncoupling secondary to CoQ10 

deficiency or increased glycolytic activity causing reduced flux through oxidative 

phosphorylation.  This mechanism is explored further below. 

There is evidence that statins reduce plasma coenzyme Q10 (CoQ10, also called ubiquinone) 

(538, 539) and that exogenous CoQ10 relieves statin-associated CoQ10 deficiencies, and has 

beneficial effects on pancreatic β-cell function (301, 540).  In particular, the potential effect of 

CoQ10 depletion on mitochondrial function has been proposed as a mechanism for statin-

related mitochondrial dysfunction in skeletal muscle (500) and has also been mooted for β-cells 

(34, 443), though this still remains to be determined (218).  CoQ10, a flexible electron carrier 

with the capacity to be partially or fully reduced, is a component of the electron transport chain 

and thus involved in insulin stimulus-secretion coupling in β-cells.  A deficiency of CoQ10 

could therefore reduce coupling and hence insulin secretion, potentially characterised by 

blunted maximal secretion when ATP production is limited by the deficiency, as observed in 

this study (see Chapter 2).  However, coupling efficiency (CE) was not influenced by statins in 

the current study and further assessment of coupling efficiency by other methods would be 

helpful. 

Interestingly, a higher lactate:pyruvate ratio in plasma was found to be associated with reduced 

plasma CoQ10 in statin-treated patients (541).  This supports the findings in this study of 

increased anaerobic respiration in response to statins.  However, it should be noted that the 
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lactate:pyruvate ratio, used clinically to diagnose mitochondrial cytopathies (542, 543), 

represents whole body respiratory inadequacy and not β-cells specifically. 

Reduced metabolic flexibility intrinsic to β-cells can be reversed under adverse conditions, for 

example, when stressed by hypoxia and glucotoxicity (245, 544, 545).  By this means β-cells, at 

least in some circumstances, can prevent demise by sacrificing their unique function and 

allowing the strongly repressed pathway of anaerobic glycolysis.  This phenomenon is known as 

β-cell dedifferentiation and is characterised by loss, at least to some extent, of glucose sensitive 

insulin secretion (545) and increased glucagon secretion (546), possibly due to 

transdifferentiated β-cells taking on α-cell characteristics (491) in the absence of apoptosis 

(373).  Reduced expression of transcription factors such as MafA, PDX-1, Nkx6.1, Pax6, 

HNF3b, HNF4a, and HNF1a, along with upregulation of c-Myc (492, 494), instigate 

upregulation of genes that are normally repressed in β-cells (such as LDHA, hexokinase I, 

monocarboxylate transporters and glucose-6-phosphate) and downregulation of β-cell specific 

proteins (such as insulin, Glut-2, glucokinase, mitochondrial glycerol-3-phosphate 

dehydrogenase and pyruvate carboxylase) (492).  This may be in response to increased flux 

through the hexosamine biosynthetic pathway (373), endoplasmic reticulum stress and ROS 

(490), induced by glucotoxicity. 

Whether increased anaerobic glycolysis is a compensatory mechanism subsequent to 

mitochondrial dysfunction or whether decreased entry into the TCA cycle is secondary to 

upregulated anaerobic pathways is unclear.  However, it is tempting to suggest that statin-

induced mitochondrial stress may contribute towards such a switch, particularly when combined 

with additional stressors such as chronic hyperglycaemia/hyperlipidaemia.  The 

dedifferentiation process would be expected to lift the embargo on anaerobic respiration found 

in healthy β-cells, allowing increased flux through anaerobic glycolysis at the expense of insulin 

stimulus-secretion coupling, a result demonstrated in response to statins in this project.  

Up-regulation of hexokinase I supports this possibility.  Possibly supportive but requiring 

further investigation is the trend towards inhibition of GSK3β by serine 9 phosphorylation, and 

not supportive is the lack of expression changes in other glycolytic enzymes including LDHA, 

PDH, PKM2 or GLK, known to be associated with hypoxia and/or the Warburg effect.  

However, activity status or kinetic studies of these glycolytic enzymes have yet to be 

undertaken.  Increasing the time of statin exposure beyond 24 h would also be helpful to further 

assess a putative trend towards β-cell dedifferentiation suggested by these results. 

3.4.6 Further work and limitations 

Primary β-cells, with their phenotypic 80-90% rate of glucose carbon conversion to CO2 (252, 

547), and suppressed glycolytic machinery including monocarboxylate transporters and LDHA 

(435, 548), could be considered unsuitable subjects for ECAR measurements using the Seahorse 
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extracellular flux analyser.  Furthermore, a glycolytic stress test performed in dispersed islet 

cells in our laboratory showed very little glycolysis or glycolytic capacity (Carlessi, 

unpublished).  BRIN-BD11 cells, like all immortal cell lines, demonstrate some divergence 

from the primary β-cell phenotype and may not be an accurate model.  They may have altered 

coupling efficiency compared to primary β-cells due to increased expression of hexokinases I 

and II, monocarboxylate transporters and LDHA (see Chapter 4); however, this would not 

explain the effect of statins in this study.  Nonetheless, caution is necessary in extrapolation of 

these results to primary β-cells, and further work in islets and primary β-cells is warranted. 

A further limitation in the determination of maximal respiration using the mitochondrial stress 

test in β-cells is potential ATP depletion (246).  Glycolytic ATP generation is required for the 

maintenance of cellular ATP levels after shutting down ATP synthase with oligomycin.  In 

β-cells, where the glycolytic pathway is restricted, subsequent glycolysis (which requires an 

initial investment of ATP) may be limited by ATP depletion, thereby affecting the measurement 

of maximal respiration after metabolic uncoupling using the protonophore FCCP.  A 

recommendation has been made to use oligomycin and FCCP together in a separate experiment 

in β-cells to avoid ATP depletion and more accurately record maximal respiration (246).  It is 

possible that BRIN-BD11 cells are not as limited in glycolytic ATP production as primary 

β-cells, however an assessment is yet to be carried out. 

Proton leak, determined by the difference in oxygen consumption rate during ATP synthase 

versus total mitochondrial inhibition, was not affected by statin treatment.  However, 

extracellular acidification rate measured in the same experiment increased further when 

mitochondrial uncoupling took place after the addition of FCCP.  Mitochondrial CO2 produced 

during oxidative phosphorylation could potentially contribute to this acidification.  To account 

for possible confounding factors, an additional method should be used to measure acidification 

resulting from oxidative phosphorylation.  This is a limitation of the present study and will be 

further examined using the recent protocol developed by Agilent for improving the 

quantification of cellular glycolytic rate (505). 

Further investigation of glycolytic enzymes would be helpful.  As mentioned above, 

phosphoproteomic or enzyme kinetic studies would provide additional information on the 

stimulation of glycolytic pathways.  PKM2 (549, 550) and LDHA tyrosine phosphorylation 

(551, 552) is associated with the Warburg effect and it would be interesting to assess whether 

similar processes are at work in the statin-treated β-cell model used in this study.  Glucose 

disposal could be further investigated by the study of other pathways such as flux through the 

hexosamine biosynthetic pathway and lipogenesis in the context of statin treatment.  In addition, 

it would be interesting to investigate potential changes in the expression and subcellular 

localisation of transcription factors such as FOXO1, HIF1α, MAFA and PDX1, known to be 
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representative of β-cell dedifferentiation and to precede the onset of T2D (491, 497, 553).  The 

mutually exclusive proliferative or mature β-cell phenotype is also distinguishable by 

expression of these transcription factors (238). 

3.4.7 Conclusion 

Statin treatment decreased ATP production and maximal respiration with a concomitant 

increase in glycolysis but not glucose uptake in BRIN-BD11 cells.  A possible mechanism for 

these findings is as follows: reduced mitochondrial CoQ10 content reduces the ability to 

produce ATP via oxidative phosphorylation, thus limiting maximal stimulated insulin secretion.  

To compensate, glucose is directed towards anaerobic glycolysis, a pathway usually disallowed 

in β-cells, and stimulus/secretion coupling is attenuated.  This may be a β-cell pro-survival 

mechanism, and further research will be required to assess whether this results in β-cell 

dedifferentiation akin to what has been described in T2D. 
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Chapter 4 Effects of cholesterol manipulation 

on selected proteins central to β-cell 

function 

Following the observations of cellular cholesterol-associated changes on insulin secretion and 

β-cell bioenergetics, it was of interest to ascertain whether the function or regulation of various 

additional proteins may be altered by changes in cellular cholesterol concentrations.  Of 

particular interest were those having a role in glucose sensing or insulin secretion, often located 

on or near cholesterol-rich plasma membranes.  Cholesterol endows cell membranes with 

physical attributes essential for the optimal function of some resident proteins, and is a factor in 

membrane organisation into lipid raft micro-domains.  The specific aim of this work was to 

assess the effect of changes in cholesterol on selected proteins central to β-cell function, 

additional to the glycolytic proteins assessed previously. 

To this end, BRIN-BD11 cells were examined to assess whether statins had an influence on 

selected proteins related to oxidative stress and cell signalling.  The sub-cellular location of a 

limited number of targeted proteins, some of which appear to be exclusive to β-cells, in line 

with potentially unique functions in these cells, was also assessed by immunoblotting.  A more 

generalised protein snapshot was presented by isobaric tags for relative and absolute 

quantitation (iTRAQ) proteomics after MβCD- and c-MβCD- associated cholesterol adjustment.  

Some additional observations from flow cytometric techniques were also made.  Not all proteins 

were examined in the same way, partly due to the breadth of the study, together with time and 

technical limitations.  However, an attempt has been made to bring several strands of evidence 

together to consolidate an understanding of the influence of cholesterol on specific insulin 

secreting processes in the context of stimulated insulin secretion.  Accordingly, results 

presented here are the sum effect of cholesterol-adjusting treatment and stimulation by high 

glucose and L-alanine. 

Among proteins pertinent to cell signalling, atorvastatin treatment resulted in upregulation of 

mTOR expression and increased phosphorylation of the insulin receptor.  A trend towards 

upregulation of ABCA1 was also observed in the membrane fraction of alanine stimulated, 

atorvastatin-treated BRIN-BD11 cells.  Interestingly, caveolin 1 and ABCG1 were located in 

the cytosolic and mitochondrial fractions, respectively, unlike what may be expected in other 

cell types.  No changes were observed in expression or cellular location after MβCD or 

c-MβCD treatment in proteins selected for Western blotting analysis, however iTRAQ 

proteomics analysis of a specific cell fraction revealed several changes in protein abundance, 

with more changes occurring in the c-MβCD than the MβCD treatment group, consistent with 

results elsewhere in this project.  Flow cytometry revealed autofluorescence changes 
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accompanying cholesterol modifying treatment, with increased and decreased autofluorescence 

associated with reduced and increased cholesterol, respectively.  However, a possibility that 

cholesterol content may affect fluorescence detection was flagged, and further work will be 

necessary to assess the reliability of this method for quantitation of immunostained proteins.  

Flow cytometry was nevertheless useful for detecting changes in cell size and complexity, the 

former being increased with both c-MβCD and atorvastatin treatment, and the latter changing 

inversely with cholesterol abundance, increasing with MβCD and atorvastatin treatment and 

decreasing with c-MβCD treatment.  The data in this chapter informed the development of five 

testable hypotheses to establish promising lines of enquiry for future exploration of potential 

mechanisms by which cholesterol content may influence β-cell function, summarised in 

Section 4.5. 

4.1 Background 

The cell membrane, with cholesterol contributing ~10 – 45% of its total lipids (59, 61, 554), and 

usually accounting for ~64 – 90% of cellular cholesterol (61, 555), is a dynamic, functional 

lipid bilayer responsible for communication with the extracellular environment and has selective 

permeability to molecules between intra- and extra-cellular compartments.  A widely 

understood hypothesis with strong supporting evidence (albeit not universally accepted, see 

(306, 556)) suggests that lipid raft micro-domains, characterised by increased order, facilitate 

the organisation of many transmembrane proteins (61, 338, 557).  Several processes important 

to glucose sensing and insulin secretion are dependent on raft-embedded proteins for optimal 

function.  For example, calcium influx leading to insulin granule fusion is facilitated by voltage 

gated calcium channels (Ca2+
V) located in lipid rafts (65).  Also, SNARE proteins including 

vesicle-associated membrane protein isoform 2 (VAMP2) and the 25 kDa synaptosomal protein 

(SNAP-25) (69, 558), are transmembrane proteins whose location within lipid rafts is important 

to their effective function in granule fusion.  In addition, glucose transporter 2 (GLUT-2) and 

ATP sensitive potassium channels (KATP), which function optimally in non-raft membrane areas 

(67), are responsible for glucose uptake and membrane depolarisation, respectively, in the 

rodent β-cell. 

Specific membrane characteristics such as thickness, flexibility, order and phase behaviour are 

known to facilitate the function of membrane proteins involved in glucose sensing and insulin 

secretion, and these properties are largely bestowed by the physicochemical characteristics of 

the nonpolar cholesterol molecule (64, 306, 333, 418).  Therefore, changes in membrane 

cholesterol content mediated by statins or MβCD may negatively impact glucose homeostasis. 

Furthermore, isoprenoids are products of the mevalonate pathway of cholesterol synthesis and 

are involved in prenylation of signalling molecules such as small G-proteins, a process that 
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enables their recruitment to the cell membrane due to increased hydrophobicity (reviewed in 

559).  Ras-related C3 botulinum toxin substrate 1 (Rac1) is one such protein that relies on 

geranylgeranylation for appropriate membrane recruitment and is known to be involved in GSIS 

stimulus-secretion coupling, probably via membrane remodelling (78, 560). 

Evidence thus suggests that cholesterol and/or intermediates within its biosynthetic pathway 

provide several potential mechanisms by which MβCD or statins could interfere in processes 

necessary for insulin secretion and glucose homeostasis.  In response to this, representative 

proteins were investigated in BRIN-BD11 cells for changes in expression and cell compartment 

localisation after cholesterol manipulation with c-MβCD and statins in this hypothesis-

generating project.  Table 4.2 lists the proteins examined, provides a rationale for their inclusion 

by way of a brief statement about function, and summarises relevant results.  Proteins were 

chosen from five functional areas: a) glucose homeostasis, b) lipid homeostasis, c) insulin 

secretion, d) oxidative stress and e) signalling. 

4.2 Methods 

Two methods of cholesterol manipulation were employed as described previously: loading and 

sequestration by MβCD (preloaded or not with cholesterol), and inhibition of synthesis by 

atorvastatin or pravastatin.  Not all treatment groups were assessed by all methods for relevance 

or technical reasons.  Generally, after treatment BRIN-BD11 cells were stimulated with 10 mM 

alanine and 16.7 mM glucose for 20 minutes immediately prior to harvest. 

Western blotting with or without separation into cytosolic, membrane and mitochondrial 

fractions (as described), flow cytometry and iTRAQ proteomic analysis were used to identify 

cell localisation and determine changes in abundance of specific proteins.  Flow cytometry was 

investigated to explore whether the single cell, quantitative nature of this technique could be 

useful to assess intracellular protein changes in the context of statin, MβCD or c-MβCD 

treatment.  The latter work provided some interesting observations relevant to this chapter, 

although its suitability for quantitative protein analysis in this context was found to be 

questionable.  An overview of the experiments in this chapter and the questions they address is 

available in Figure 4.1. 

4.2.1 Cell culture 

BRIN-BD11 cells were grown in RPMI supplemented with 10% FBS (or the protein equivalent 

of LPDS for statin-treated cells, see Section 2.1.3) and 1% penicillin/streptomycin in T75 tissue 

culture flasks.  For statin experiments cells were grown to approximately 50% confluence, and 

then treated for 24 h with or without pravastatin or atorvastatin as described in Section 2.1.5.  

For MβCD experiments cells were grown to ~70% confluence, washed twice in PBS then 

treated with 5 mM c-MβCD or MβCD for 30 min in RPMI without FBS for flow cytometry or 
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in Krebs’ Ringer Bicarbonate Buffer (KRBB) supplemented with 1.1 mM glucose for analysis 

by Western blotting.  The protocol for the preparation of KRBB and treatments is described in 

full in Section 2.1.4. 

 
Figure 4.1. Overview of techniques and research questions in Chapter 4. 
Note that not all treatments were explored using all techniques.  Symbols for cyclodextrin 

treatments (both MβCD and c-MβCD; µ) and statins (†) indicate which treatment effects were 

studied. 

4.2.2 Cell lysate preparation for Western Blot analysis 

BRIN-BD11 cells were grown in T175 flasks and treated as described above.  Before 

harvesting, cells were starved for 40 min in KRBB supplemented with 1.1 mM glucose.  

Alternatively, when using c-MβCD and MβCD, treatment and starvation were performed for 

30 min simultaneously.  Cells were then stimulated in KRBB supplemented with 16.7 mM 

glucose and 10 mM alanine for 20 min before being washed in cold PBS, scraped into 15 ml 

centrifuge tubes, pelleted by centrifugation at 500 x g for 5 min and lysed in RIPA buffer 

supplemented with a phosphatase/protease inhibitor cocktail (Cell Signaling Technology).  

Samples were stored at –80˚C prior to analysis.  For samples destined for membrane and 

cytosolic fractionation, starting buffer (SB; 225 mM mannitol, 75 mM sucrose, 30 mM Tris-

HCl, pH 7.4) prepared freshly on the morning of protein harvest as per Suski et al (561) was 

used in place of RIPA buffer. 
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Figure 4.2. Flow diagram of fractionation B protocol for sub-cellular protein location 
analysis by Western blot. 

4.2.3 Cell fraction preparation for Western Blot analysis 

Membrane fractions were isolated from freshly prepared lysates as described (561).  Briefly, 

cell pellets pooled from 2 (statin) or 3 (MβCD) T175 flasks were resuspended in 4 ml SB 

supplemented with protease/phosphatase inhibitors and homogenised using 16 strokes of a 

10 ml glass/PTFE Potter-Elvehjem dounce homogeniser with a medium fit pestle.  Samples 

were kept on ice or at 4˚C throughout the procedure.  Sub-cellular fractions were prepared as 

follows (see Figure 4.2).  The homogenate was transferred to a 15 ml centrifuge tube and 

centrifuged at 800 x g for 5 min to precipitate nuclei and cell debris.  The pellet was discarded 

and centrifugation of the supernatant was repeated.  The supernatant was collected into an 

ultracentrifuge tube and centrifuged for 10 min at 10,000 x g in a Beckman Coulter Optima XE-

100 ultracentrifuge paired with a 70.1 TI fixed angle rotor.  For MβCD experiments, pellets 

(representing the mitochondrial fraction) were resuspended in 45 µL of SB buffer supplemented 

with 1% SDS and stored.  Mitochondrial yield was lower in the statin experiments due to the 

preparation of fewer flasks of cells, thus mitochondrial pellets were not visible and were not 

collected.  The supernatant was placed in a fresh ultracentrifuge tube and the procedure was 

repeated to remove any remaining mitochondrial contamination, then centrifuged in a new tube 

at 25,000 x g for 30 min.  This yielded a ‘cytosolic fraction’ (supernatant), which was collected 

and stored, and subsequently concentrated using a 1 kD pore-size protein concentrating 

centrifuge column (Pall).  The ‘membrane fraction’ (pellet) was washed in 3 mL SB and 
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centrifuged again at 25,000 x g for 30 min before resuspension in 50 µL of SB buffer and 

storage at –80˚C for future use.  All fractions were quantified for protein using a Pierce BCA 

assay (ThermoFisher Scientific) as per manufacturer’s instructions. 

4.2.4 Protein quantitation by Western Blot analysis 

Within any experiment, equivalent amounts of protein from whole cell lysates or fractioned 

samples were prepared in Laemmli sample buffer (BioRad) and Bolt reducing agent (Life 

Technologies).  Samples were denatured for 10 min at 98˚C (except when probing for 

Na+K+ATPase) and loaded on a 4-12% precast Bis-Tris gradient gel (Biorad) for separation by 

SDS-PAGE at 120 V for approximately 50 min.  Proteins were transferred to a nitrocellulose 

membrane using the iBlot semi-dry system (Life Technologies) on a 7 min transfer program.  

Membranes were incubated in blocking buffer (BB; 3% BSA in TBST) for 1 h at room 

temperature before being probed overnight at 4˚C using various antibodies prepared in BB as 

per Table 4.1.  Horseradish peroxidase (HRP)-conjugated secondary antibodies were prepared 

in BB and membranes were incubated for 1 h at room temperature, washed three times in BB 

for 5 min then imaged using the ChemiDoc™ MP System (Bio-Rad) imaging system and 

Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare Lifesciences).  

When multiple probing was done on the same membrane a mild stripping buffer was used as 

described in the protocol published by Abcam.  Briefly, membranes were incubated twice for 

10 min each in stripping buffer (1.5% (w/v) glycine, 0.1% (w/v) SDS, 1% (v/v) Tween 20, pH 

2.2), then twice for 10 min in TBS and twice for 5 min in TBST before blocking as above.  

They were then probed with primary antibodies for 2 h followed by secondary antibodies for 

1 h, both at room temperature, and then washed and detected as above.  Densitometry analysis 

was performed using Image Lab 6.0 software. 

4.2.5 Protein quantitation by iTRAQ analysis 

BRIN-BD11 cells were grown, treated with MβCD or c-MβCD and stimulated for 20 min with 

10 mM alanine and 16.7 mM glucose as described above.  Cells were scraped from the flask in 

ice-cold PBS and pelleted by centrifugation at 500 x g for 3 min.  Cells were re-suspended in 

ice-cold lysis buffer (400 µl containing 50 mM Tris, pH 7.5, 0.5 mM EDTA, 20% glycerol, 1 x 

protease/phosphatase inhibitors) and sonicated on ice as described (562), using 2 x 10 sec bursts 

with 5 sec between using an immersion microtip and an amplitude of 50% (Misonix s-4000, 

QSonica). 

To avoid diluting out the less abundant membrane proteins, including those relevant to β-cell 

function, by high relative abundance of cytosolic proteins, membrane enriched fractions were 

prepared by ultracentrifugation using a simplified fractionation protocol.  A clarification 

centrifugation at 800 x g for 10 min was undertaken, the pellet was resuspended in 400 µl of 

fresh lysis buffer, then re-centrifuged as above.  The supernatants from both steps were 
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combined for each sample and ultracentrifuged at 100,000 x g for 1 h using an Optima Max-XP 

ultracentrifuge and fixed angle TLA 120.1 rotor.  The supernatant (‘S’ fraction) was stored 

at -20˚C and the pellet (‘P’ fraction) was resuspended in 150 µl lysis buffer.  Samples from both 

fractions were diluted 1 in 4 to reduce glycerol interference in the assay and quantified using a 

BCA assay.  150 µg of protein from each ‘P’ fraction sample was placed in 1.5 ml centrifuge 

tubes and 600 µl ice cold acetone was added.  ‘P’ fraction samples were incubated at –20˚C to 

precipitate overnight then transported on ice for iTRAQ analysis by a research provider, 

Proteomics International. 

iTRAQ analysis was undertaken as previously described (563).  Briefly, samples were trypsin 

digested, labelled with isobaric tags, pooled and separated by strong cation exchange liquid 

chromatography.  ‘P’ fractions were analysed by electrospray ionisation mass spectrometry and 

spectral data was analysed against Rattus norvegicus using the SwissProt database, downloaded 

in April 2016, facilitated by ProteinPilot™ software (Casey, 2016, Proteomics International 

results report, Appendix B). 

4.2.6 Flow cytometry 

After treatment, cells were washed once in ice-cold PBS, scraped into 15 ml centrifuge tubes 

and centrifuged at 500 x g for 3 min.  Pellets were resuspended in 1300 µL PBS and 100 µL 

aliquots (~1 million cells per well) were placed into a round-bottom 96-well plate.  All 

subsequent procedures were undertaken in the dark at 4˚C or on ice.  The samples were 

centrifuged at 500 x g for 3 min.  The supernatant was removed and cells were stained with 

100 µL ZombieNIR™ near-infrared (NIR) fixable viability dye (BioLegend) for 20 min.  The 

stain was removed and cells were fixed in 0.5% paraformaldehyde (PFA) for 10 min.  Cells 

were washed twice then permeabilised and blocked for 20 min in permeabilisation buffer (PB; 

5% FBS, 2% BSA, 0.1% saponin, 0.3 M glycine in PBS).  For samples undergoing antibody 

staining, cells were incubated for 30 min with primary antibodies prepared in PB as per results, 

washed three times, then for a further 30 min with secondary antibodies conjugated to various 

fluorophores also prepared in PB, as per results.  Finally, cells were washed three times and 

stored at 4˚C overnight before being analysed on a BD LSR Fortessa flow cytometer.  Table 4.1 

records the various antibodies and concentrations used. 

The gating hierarchy used was as follows:  P1 > Singlets > Live singlets (LS) > Viable (Figure 

4.3).  The cell population (P1) was identified in a forward scatter area (FSC-A) vs side scatter 

area (SSC-A) scatter plot, gated to exclude subcellular events.  The P1 population was then 

gated to include single cells (singlets) using FSC height vs area.  Dead cells were excluded from 

the singlet population based on fluorescence from ZombieNIR™ staining, yielding the LS 

population.  Detector channels not used for fluorophores were left open to gain extra 

information about the effect of treatments on cellular autofluorescence.  Although the source of 
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intrinsic autofluorescence was not explored, noting differences between treatments/conditions 

compared to untreated/control samples enabled further differentiation.  Consequently, due to the 

observation that a population of cells staining positively for insulin could also be differentiated 

independently of insulin staining using signals from autofluorescence and ZombieNIR™ 

collected in the emission filters (525/50) from violet laser (405 nm) excitation (V(525/50)) and 

(780/60) from red laser (640 nm) excitation (R(780/60)), respectively, active cells (designated 

‘viable’) were gated and this population was subsequently used (see Figure 4.9). 

 
Figure 4.3. Gating hierarchy for flow cytometry. 
A: Debris was gated out, leaving whole cells in the P1 population (within the black gate). B: 
doublets or grouped cells were gated out by a size exclusion gate based on forward scatter, 

leaving the single cell population within the gated area. C: Dead cells that took up the live/dead 

ZombieNIR™ stain were excluded, leaving the live singlets (LS, lower rectangular gate).  A 

subset of the LS population was selected as the ‘viable’ population (simple closed curve) based 

on fluorescence in the red R(780/60) and violet V(525/50) channels.  Insulin staining was found 

to correlate with autofluorescence in this channel (see also Figure 4.9).  D, E and F show 

representative examples of control, MβCD-treated and c-MβCD-treated samples, respectively.  

The populations were colour-coded according to number of events, with black representing the 

fewest events, then progressing through blue, green and yellow, with red showing the highest 

number of events.  c-MβCD treatment typically reduced autofluorescence, leaving fewer cells in 

the viable gate. 
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Table 4.1. Antibodies used in Western Blot and Flow Cytometry experiments 
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4.3 Results 

4.3.1 Statin-associated changes in proteins involved in oxidative stress and 

signalling 

To evaluate whether statins were associated with changes in the expression of selected proteins 

involved in β-cell function, Western blots were performed on whole cell lysates from statin-

treated BRIN-BD11 cells immediately after stimulation with high glucose and alanine.  Since 

statins may influence insulin secretion via an increase in reactive oxygen species (356) (also see 

Section 1.5.3), proteins pertinent to oxidative stress were investigated.  Changes in cell 

signalling in response to statins may also interfere with insulin secreting processes, thus several 

signalling proteins relevant to β-cell function were examined.  All proteins interrogated in this 

chapter are included in Table 4.2, where a brief description of their function provides a rationale 

for their inclusion. 

 
Figure 4.4. Western blot assessment of the effect of statins on selected proteins related 
to oxidative stress (A) and signalling (B). 
Representative blots are shown and graphs include densitometry data (mean ± SEM) from at 

least three separate experiments except pAkt, which is from two experiments.  Density values 

were normalised to both the housekeeping protein β-actin and the vehicle control (VC).  P, 10 

µM pravastatin; A, 10 µM atorvastatin.  The observed molecular weights (MW) are shown.  

Where this differs from the expected MW, expected values are in parentheses. ϕ, P < 0.05 

compared to VC. 
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Proteins representing the oxidative stress pathway included heat shock protein 70 (HSP70), 

inducible nitric oxide synthase (iNOS), and active caspase 3 (Cas 3).  There were no significant 

changes in expression in this group (Figure 4.4A). 

Signalling proteins assessed included Ras-related C3 botulinum toxin substrate 1 (RAC1), 

mammalian target of rapamycin (mTOR), insulin receptor (pI-R) phosphorylated at tyrosine 

1361 and AKT (pAKT) phosphorylated at threonine 308 (Figure 4.4B).  Of these, mTOR was 

upregulated with atorvastatin treatment by >50% (P < 0.05), and there was a similar trend for 

pI-R (P = 0.14). 

There was a general overall trend towards a greater influence on protein expression by 

atorvastatin compared to pravastatin.  This is consistent with its greater impact on β-cell 

energetics and insulin secretion as described in previous chapters. 

4.3.2 Determination of the cellular localisation of specific proteins 

Since cholesterol and some products of its synthesis stabilise some proteins to the membrane, it 

is possible that alterations in cholesterol content or inhibition of cholesterol synthesis could 

affect the sub-cellular localisation of some proteins pertinent to β-cell function.  To examine 

this, Western blot analyses were undertaken using cell lysates that had been separated into 

cytosolic and membrane fractions as previously described (561).  A mitochondrial fraction was 

additionally collected in experiments assessing the influence of c-MβCD and MβCD.  This 

simultaneously allowed for the clarification of previous reports regarding the potential β-cell-

specific location of caveolin 1 and ABCG1. 

The cell fraction markers GAPDH, Na+K+ATPase and Succinate Dehydrogenase Complex 

Subunit A (SDHA) were predominantly associated with the cytosolic, membrane and 

mitochondrial fractions, respectively, as expected (Figure 4.5).  β-actin was most strongly 

associated with the cytosolic fraction but was also found in mitochondrial fractions and 

exhibited greater variability than the other cytosolic marker.  This may be due to it being bound 

to organelles and, hence, purified with them as well as being freely soluble in the cytosol.  It 

was deemed a less reliable marker than GAPDH, which was subsequently used as a loading 

control for cytosolic fractions (Figure 4.5B).  In line with previous observations in primary 

β-cells (69, 564) and MIN6 cells (326) but contrary to its widely understood function in 

membrane caveolae formation, caveolin-1 strongly associated with cytosolic but not membrane 

fractions.  Proteins that partitioned preferentially to the membrane fraction, along with the 

relevant loading control, Na+K+ATPase, included ABCA1, SUR1 and RAC1 (Figure 4.5C).  

ABCG1 and Glut-2 partitioned into the mitochondrial fraction with the relevant marker, SDHA 

(Figure 4.5A).  No proteins studied were found to change significantly in abundance or cellular 
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compartmentalisation with MβCD or c-MβCD treatment, relative to the reference proteins for 

the fractions studied. 

Table 4.2. Summary of the influence of MβCD (M), c-MβCD (C), atorvastatin (A) or 
pravastatin (P) on BRIN-BD11 protein expression as measured by Flow Cytometry and 
Western Blotting (WB) 
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Figure 4.5.  Cellular localisation of proteins from MβCD treated cells. 
A. Proteins that separated with the cytosolic marker Glyceraldehyde-3-Phosphate 

Dehydrogenase (GAPDH) included B-actin and Caveolin1.  B. Proteins that separated into the 

membrane fraction using sodium potassium ATPase (Na
+
K

+
ATPase) as a marker included 

ABCA1, SUR1 and RAC1.  C. Proteins that separated with the mitochondrial fraction included 

ABCG1 and GLUT2.  Succinate Dehydrogenase Complex Subunit A (SDHA) was used as the 

mitochondrial marker.  There was no significant difference between treatments in band density, 

normalised to marker proteins (rectangle) in each fraction.   Representative blots are shown and 

graphs include densitometry data from three repeats, representing the mean ± SEM. 

Similarly to c-MβCD treatments, there were no significant changes in proteins measured in 

various sub-cellular fractions after pravastatin or atorvastatin treatment (Figure 4.6).  However, 

an atorvastatin-associated trend towards increased ABCA1 was evident, though variable, with a 

68 ± 40% increase compared to control (P = 0.07).  There was also increased accumulation of 

membrane proteins overall with atorvastatin treatment (1 vs 1.4 ± 0.2 by ANOVA, treatment 

effect, for control vs atorvastatin, respectively, P = 0.02). 

It cannot be ruled out that this overall increase in the membrane fraction of the atorvastatin 

group may be indicative of treatment-induced changes in Na+K+ATPase itself, which was used 

as a loading control.  Na+K+ATPase has been linked with cholesterol regulation (135) and a 

decrease in its activity was seen in peripheral blood mononuclear cells in dyslipidemic, diabetic 
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humans compared to healthy controls (565), but it is not known whether this was cell specific or 

related to expression profiles or function only.  However, similar changes were seen in RAC1 

and ABCA1 in other experiments not normalised to Na+K+ATPase, so this is unlikely. 

Cytosolic accumulation of Rac1 was previously noted during inhibition of prenylation (566), an 

effect which may be expected to occur during inhibition of cholesterol synthesis with statins.  

However, this was not observed in the current study. 

Interestingly, ABCG1 and GLUT2, which associated strongly and almost exclusively with the 

mitochondrial fraction in the MβCD samples, were not detectable in the statin samples in which 

no mitochondrial sample was collected due to the small fraction size and lack of visibility (data 

not shown), confirming their exclusive location in the mitochondrial fraction. 

 
Figure 4.6.  Cellular localisation of proteins from statin-treated cells. 
A; Proteins that separated with the cytosolic marker Glyceraldehyde-3-Phosphate 

Dehydrogenase (GAPDH) included B-actin and Caveolin1.  No mitochondrial fraction was 

retained for these samples and the light band of GLUT2 was associated mainly with the 

cytosolic fraction. B; Proteins that separated into the membrane fraction using sodium 

potassium ATPase (Na
+
K

+
ATPase) as a marker included ABCA1, SUR1 and RAC1. A band at 

approximately 60 kDa was evident after incubation with the mitochondrial marker, anti-SDHA 

antibody.  A similar band was seen in the MβCD fractions in addition to the band representing 

SDHA at 70 kDa. There was no significant difference between treatments in band density, 

normalised to marker proteins in each fraction.  However, ABCA1 displayed a tendency toward 

increased expression with atorvastatin treatment (P = 0.07). Representative blots are shown 

and graphs include densitometry data from three separate experiments.  Error bars are ± SEM.
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In a similar vein to the Western blot analysis, but aimed at a global perspective rather than being 

limited to selected proteins, iTRAQ proteomic analysis was undertaken to further study 

potential changes in relative abundance of proteins in response to the cholesterol sequestering or 

loading agents MβCD or c-MβCD, respectively.  The opportunity to complete this study arose 

within a limited time frame and iTRAQ was used as a screening tool to identify proteins or 

functional groups of proteins which changed significantly in expression with cholesterol 

abundance.  This data is preliminary, and further biological replicates are necessary to confirm 

these results.  Samples were trypsin digested and labelled with iTRAQ reagents then subjected 

to electrospray (LC-MS/MS) mass spectrometry.  Digested peptides were quantified by means 

of iTRAQ and identified against the SWISS-PROT protein sequence database. 

To characterise the supernatant (S) and pellet (P) fractions prepared by ultracentrifugation, 

samples were analysed by Western blot analysis, and probed with antibodies against protein 

marker proteins for cytosolic (GAPDH and β-actin), mitochondrial (SDHA), endoplasmic 

reticulum (KDEL) and plasma membrane (Na+K+ATPase) proteins.  All markers except KDEL 

showed stronger bands in the ‘S’ fraction (Figure 4.7), suggesting it contained cytosolic, plasma 

membrane and mitochondrial fractions.  It was concluded that the ‘P’ fraction was likely to be 

enhanced for endoplasmic reticulum.  This is in line with protocols to isolate a microsomal 

fraction using ultracentrifugation (567, 568), however, the omission of intermediate 

centrifugation steps normally present in the standard protocol led to the expectation that 

mitochondrial and plasma membrane components may also be constituents of the ‘P’ fraction. 

 
Figure 4.7. Characterisation of iTRAQ protein samples. 
Western blot analysis showed that the pellet samples used for iTRAQ were enhanced for the 

endoplasmic reticulum marker (KDEL) and contained few cytosolic (GAPDH, β-actin) proteins.  

Some plasma membrane (Na
+
K

+
ATPase) and mitochondrial (SDHA) marker were present. 

As mentioned above, only the ‘P’ fraction was examined by iTRAQ, which identified a total of 

1049 proteins.  Thirty-four were not identified in every treatment group and were not compared, 

leaving 1015 proteins identified in all samples at >95% confidence.  Of these, 61 proteins were 
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significantly up- or down-regulated compared to control.  However, 22 of these were found to 

have inconsistent results in the two non-treated controls, and were excluded from further 

consideration, leaving 16 and 24 differentially expressed proteins associated with MβCD or 

c-MβCD treatment, respectively, including one protein (protein disulfide-isomerase) that was 

up-regulated in both treatments.  Figure 4.8 provides a graphic representation of differentially 

expressed proteins while Table 4.3 and Table 4.4 provide a summary of the names and functions 

of proteins with changed abundance in response to MβCD and c-MβCD, respectively. 

Genecards (www.genecards.org) and Rat Genome Database (rgd.mcw.edu) were searched to 

identify the function of differentially expressed proteins, which were then classified into 8 

functional categories as listed in Tables 4.2 and 4.3 and Figure 4.8.  Overall, more proteins 

related to protein synthesis were up- or down-regulated compared to other categories.  These 

included 5 and 2 that were found to be more, or less, abundant, respectively, after MβCD 

treatment, and 3 and 7 found to be more, or less abundant, respectively, after c-MβCD 

treatment. 

The second largest functional category in the ‘P’ fraction affected by c-MβCD or MβCD was 

comprised of six proteins involved in metabolism, including β-oxidation.  These are usually 

found in the mitochondria or cytosol, and were all down-regulated except for LDHA, which was 

up-regulated in the c-MβCD group.  In addition, 3 stress-related proteins usually found in the 

ER or mitochondria were up-regulated, while 4 transport related, 2 signalling and 1 structural 

protein were also affected, some by up- and others by down-regulation. 

Two proteins were placed in the ‘other’ category, including a zinc finger domain protein for 

which there is little information on specific function, and ectonucleotide 

pyrophosphatase/phosphodiesterase 1, a transmembrane enzyme found in the plasma membrane 

and the endoplasmic reticulum that hydrolyses ATP and other nucleosides and may have a role 

in the modulation of insulin sensitivity and function (http://www.genecards.org/, Weizmann 

Institute).  Interestingly, it is elevated in people who are insulin resistant and in obesity, and 

translocates rapidly to the plasma membrane from intracellular sites in the presence of insulin 

(569).  It was upregulated in association with c-MβCD treatment. 

Of the 12 proteins investigated by Western blot in this chapter, five were also detected by 

iTRAQ analysis, including the cytosolic, plasma membrane and mitochondrial fraction markers 

GAPDH, Na+K+ATPase and SDHA respectively, and the signalling proteins mTOR and RAC1.  

The granule fusion proteins SNAP-25 and VAMP2 were also identified by iTRAQ, along with 

the LDLr.  None of these were found to be significantly up- or down-regulated by the 

cyclodextrin treatments used, at least in the ‘P’ fraction examined.  Marker proteins are 

considered to have stable expression, and as expected, no change was discerned.  However, the 

iTRAQ results confirm their presence in BRIN-BD11 lysates from the ‘P’ fraction.  As found in 
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the Western blot results, RAC1 was also unaffected by MβCD and c-MβCD treatments.  

Detection of the monocarboxylate transporter 1 and LDHA in BRIN-BD11 cell lysates is 

interesting, given that expression of these proteins is usually strongly repressed in primary 

β-cells (see Section 1.4.1).  Also of interest is the downregulation by 2.5-fold (P < 0.01) of 

hexokinase II in association with MβCD treatment.  Hexokinases other than glucokinase 

(hexokinase IV) are likewise repressed in primary β-cells as discussed in Section 1.4.1.  

However, BRIN-BD11 cells do express some normally repressed proteins due to their origin, 

being transformed cells with some tumour-like phenotypic adaptations.  An effect on 

hexokinases, albeit in the opposite direction, was earlier found in association with atorvastatin 

treatment, where hexokinase I was upregulated while hexokinase II was not affected (Section 

3.4.4), and such changes have the capacity to alter stimulus-secretion coupling. 

Several caveats apply to this iTRAQ data.  Only one experiment was conducted, and the results 

therefore need further validation; the value of running replicates has been stressed in a recent 

study (563).  In addition, the opportunity to conduct this experiment was time-restricted and 

characterisation of prepared cell fractions followed rather than preceded iTRAQ analysis.  

Consequently, the fraction analysed did not meet expectations in terms of plasma membrane 

content.  Further, it would be expected that some cholesterol-related changes in protein 

expression may be in opposite directions with cholesterol loading and depletion, but this was 

not the case. 

In accordance with the higher impact of c-MβCD treatment on insulin secretion reported in 

Chapter 2, more proteins were differentially expressed after cholesterol loading than depletion, 

and several pathways involved in metabolism and insulin secretion were up or down-regulated 

or displaced.  The full report is included in Appendix B. 
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Figure 4.8. iTRAQ analysis of ‘P’ fractions from BRIN-BD11 cells treated with MβCD or 
c-MβCD. 
The figure is arranged by functional categories of proteins found to be significantly up- or down-

regulated (P< 0.05).  Bars are colour-coded according to the cell compartment to which the 

reported protein is usually recruited and height signifies the degree of variation from control.  

Bars to the right of the axes show up-regulation and those to the left, down-regulation.  A value 

of 1.0 (and location of the x-axis) represents no change, > 1.0 represents upregulation, and 

< 1.0, downregulation.  Table 4.3 (MβCD) and Table 4.4 (c-MβCD), containing full names and a 

brief description of the function of all proteins included in this figure can be found below. 

Table 4.3. Proteins from ‘P’ fractions after MβCD treatment. 
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Table 4.4. Proteins from ‘P’ fractions after c-MβCD treatment. 
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4.3.3 The influence of MβCD, c-MβCD and atorvastatin on physical 

characteristics of BRIN-BD11 cells 

Flow cytometry has several advantages over Western blotting due to its ability to interrogate 

single, whole cells as opposed to lysates.  During preliminary flow cytometry work, an 

observation was made that treatments appeared to affect certain physical characteristics of cells.  

To examine this further, BRIN-BD11 cells treated with c-MβCD, MβCD or atorvastatin were 

assessed for changes in size, complexity and autofluorescence.  The parameters of forward 

scatter (FSC), side scatter (SSC) and autofluorescence in the violet range (V525/50), 

respectively, were used to this end.  Changes due to cell death or temperature variations were 

eliminated by excluding cells that stained positively for ZombieNIR™, which is only taken up 

by dead cells, and by fixing in 0.5% paraformaldehyde, respectively.  The gating hierarchy used 

in all flow cytometry experiments is illustrated in Figure 4.3. 

Autofluorescence excited by the violet laser (excitation 405 nm, emission detected at 

525/50 nm) was found to correlate positively with insulin content assessed using insulin 

targeted antibodies.  A small population of viable cells with low insulin content was 

consistently observed (12-20%), and these were excluded by gating for high autofluorescence in 

conjunction with appropriate fluorescence from ZombieNIR™.  While the source of 

autofluorescence was not investigated in these studies, previous findings have linked 

autofluorescence in certain wavelengths to metabolic processes1.  Data was collected across all 

channels and autofluorescence was found to be highest in the violet 525/50 channel. A viable 

cell population known to be positive for insulin content was subsequently assessed. 

To be sure that only functional β-cells were included in the analysis, a combination of signals 

for cellular autofluorescence and ZombieNIR™ collected in the V(525/50) and R(780/60) 

channels, respectively, enabled an insulin-positive population to be predicted even in the 

absence of insulin staining, and this was verified by insulin staining.  Figure 4.9 demonstrates 

the correlation between autofluorescence and insulin positive cells, and provides examples of 

typical populations treated or not with MβCD or c-MβCD. 

                                                        
1 It has long been understood that metabolic processes, particularly those relating to production of NADH 
and NADPH are associated with autofluorescence (reviewed in (570)).  Intrinsic fluorescence from these 
two molecules is identical, with absorption and emission peaks at 340 and 460 nm, respectively.  Being 
indistinguishable, fluorescence arising from both molecules is termed NAD(P)H and recognised as the 
sum of fluorescence from both sources.  In addition, the cellular electron transporter flavine adenine 
dinucleotide (FAD) has also been recognised as an intrinsic source of fluorescence (571).  It is typically 
excited at 488 nm and emits between 510 and 550 nm.  Protocols have been published to use 
autofluorescence to monitor the redox state of cells and tissue, including islets (572) and to distinguish 
β-cells from other cells in dispersed islets using flow cytometry (455, 571, 573).  A method has even been 
devised to distinguish between NADH and NADPH as fluorescence sources in β-cells using 2-photon and 
confocal imaging, by exploiting the metabolic uniqueness of β-cells that prevents the use of exogenous 
pyruvate as ATP fuels (574, 575). 
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Autofluorescence was assessed using cells included in the ‘live singlets’ (LS) gate, while the 

‘viable’ population was assessed for size and complexity.  The reduced autofluorescence of 

c-MβCD-treated cells meant that fewer cells selected as singlets were included in the ‘viable’ 

population, with 42 ± 6% of the parent population compared to 54 ± 1% and 69 ± 2% for C, M 

and NT (controls), respectively, (mean ± SD, P < 0.0001 for all comparisons).  Cholesterol 

sequestration from cell membranes using a 30 min, 5 mM MβCD treatment was associated with 

a small but significant increase in autofluorescence (1.06-fold increase, P < 0.05), forward 

scatter (FSC, 1.03-fold increase, P < 0.001) representing size, and side scatter (SSC) 

representing cell complexity (1.06-fold increase, P < 0.001) (Figure 4.10).  In contrast, when 

cholesterol was loaded into cells using c-MβCD treatment under equivalent conditions, larger 

scale changes were seen in all parameters measured.  These included decreases in 

autofluorescence (1.7-fold decrease, P < 0.001) and complexity (1.5-fold decrease, P < 0.001) 

and an increase in cell size (1.12-fold increase, P < 0.001).  β-cells treated with c-MβCD 

exhibited two peaks in autofluorescence in the LS population, both with lower median 

fluorescence intensity than other cells, which all displayed one peak. 

 
Figure 4.9. Autofluorescent characteristics of BRIN-BD11 cells aids in differentiating 
insulin positive and negative cells. 
A-C: Insulin positive (green) and negative (yellow) cells are shown in the live singlet (LS) 

population and (D-F) back-gated in the singlets population, which also shows dead cells (blue).  

They can be reasonably well differentiated independently of insulin staining in a dot plot 

recording fluorescence from live/dead stain (ZombieNIR™) uptake vs autofluorescence (AF) in 

the violet V(525/50) channel.  A,D: Insulin positive cells (green, shown in the LS population in 

A) tended towards the centre of a ZombieNIR™ vs autofluorescence dot plot in control cells (D), 

and in MβCD-treated cholesterol depleted cells (B,E).  c-MβCD-treated, cholesterol loaded cells 

(C,F) exhibited reduced autofluorescence (see also Figure 4.10), and insulin-positive cells were 

spread through a wider range in the ZombieNIR™ vs AF plot.  Regardless, an insulin-positive 

population fell nicely within the ‘viable’ gate, a subset of the ‘live singlet’ (LS) population based 

on these two parameters. 
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Figure 4.10. Changes in physical characteristics of BRIN-BD11 cells associated with 
MβCD treatment. 
A: Histograms of representative samples showing i) autofluorescence in the violet channel 

(V525, bandwidth 50), LS population; ii) forward scatter – area (FSC-A) representing cell size of 

viable cells; and iii) side scatter – area (SSC-A) indicating the degree of complexity of viable 

cells.  B: Data for the graphs was compiled from 4 individual experiments (9-12 samples 

containing > 40,000 cells per condition per experiment).  Scale on the bar graph y-axis is i) x 10
-

3
, ii) and iii) x 10

-4
 arbitrary fluorescent units.  NT, no treatment; M, MβCD; C, c-MβCD.  Results 

in the graphs represent the mean ± SEM.  Φ P<0.05, * P <0.001 

 

Inhibition of cholesterol synthesis by 24 h atorvastatin treatment (10 µM) exhibited some 

similarities to MβCD-mediated cholesterol sequestration, including increased autofluorescence 

of LS-gated cells (P < 0.001 and P < 0.0001 compared to vehicle control and no treatment, 

respectively; 12 samples per group, each with > 40,000 events in the LS gate, in one 

experiment).  Again similarly to MβCD, both cell size measured by FSC and complexity 

measured by SSC were also significantly increased by atorvastatin (P < 0.0001 compared to 

both vehicle control (VC) and no treatment (NT)) (Figure 4.11 (ii & iii)).  Compared to NT, VC 

slightly but significantly decreased complexity (P < 0.001, Figure 4.11 (iii)).  The number of 

cells selected in the ‘viable’ gate from the ‘singlets’ gate was 47 ± 1%, 68 ± 2% and 74 ± 2% 

(mean ± SD) for atorvastatin, VC and NT respectively, (P < 0.0001 for all comparisons, not 

shown).  This was almost entirely due to increased permeability to ZombieNIR™ stain, 

demonstrating a decline in viability with atorvastatin treatment.  An increase in apoptosis is 

usually associated with a decrease in size (FSC) and an increase in complexity (SSC) (576), 

therefore apoptosis is unlikely to explain the increase in complexity observed in atorvastatin 

treated cells. 
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Figure 4.11. Changes in physical characteristics of BRIN-BD11 cells associated with 
atorvastatin treatment. 
A: Histograms showing i) autofluorescence in the violet channel (V525, bandwidth 50), ii) 

forward scatter (area) representing cell size of viable cells, and iii) side scatter (area) indicating 

the degree of complexity of viable cells.  Note there were fewer cells in the atorvastatin group 

(cerise) due to reduced viability.  B: Median fluorescence (data from one experiment, 12 

samples per condition, > 40,000 events per sample).  Scale on the y-axis is i) x 10
-3

, ii) and iii) 

x 10
-4

 arbitrary fluorescent units (ABU).  NT, no treatment; VC, vehicle control; A, 10 µM 

atorvastatin.  Results in the graphs represent the mean ± SEM.  * P < 0.001 

 

4.3.4 Flow cytometric analysis of the effects of c-MβCD and MβCD on 

selected proteins 

Flow cytometry was used to investigate the effects of short, cholesterol-manipulating MβCD 

and c-MβCD treatments on selected proteins related to lipid and glucose homeostasis and 

insulin secretion.  While more often used to detect cell surface targets, saponin-based 

permeabilisation protocols allow successful interrogation of intracellular and even intra-nuclear 

targets (577).  Hence flow cytometry was used in a similar way to Western blot analysis, though 

different target proteins were assessed, mainly due to time and technical constraints. 

Isotype controls and secondary antibodies alone were used to ensure specificity of binding 

(Figure 4.12).  An antibody raised in rabbit against LYVE1, a protein not expressed in β-cells, 

was used in place of the rabbit isotype control, which showed high non-specific binding.  Other 

isotype controls confirmed acceptable specificity at relevant concentrations. 
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Antibodies were used against proteins involved in lipid homeostasis (ABCA1, LDLr, SREBP2), 

glucose homeostasis (GLUT2, IRb, GLK and INS) and insulin exocytosis (Cav1.3, VAMP2).  

For a summary of the function of these and other proteins used in this chapter, see Table 4.2.  

Details of antibodies are listed in Table 4.1. 

The treatment associated with the greatest overall changes in BRIN-BD11 cells was c-MβCD, 

with fewer effects accompanying MβCD and atorvastatin treatment (Figure 4.13).  There was a 

significant reduction in immunostaining intensity for all aforementioned protein targets with 

c-MβCD treatment.  In contrast, only insulin and calcium channel (Cav1.3) immunostaining 

was reduced in response to MβCD treatment (P < 0.01 and P < 0.001, respectively).  These 

results correspond with the scale of adverse effects on maximal insulin secretion of c-MβCD 

(substantial) compared to MβCD (minimal) reported in Chapter 2, however, there is reason to 

suspect artefactual interference, as the uniformity of changes across all targets in the c-MβCD 

group is unexpected and may be due to technical artefacts accompanying cholesterol loading as 

discussed below. 

Potential explanations for generalised reduced fluorescence in c-MβCD treated cells include 

a) permeabilisation failure, b) decreased epitope expression, c) decreased receptor binding or 

d) an influence of cholesterol to block fluorescence from intracellular targets.  Possibility a) 

would be expected to similarly affect both c-MβCD and MβCD results, which was not the case, 

making it less likely.  Possibility b) is unlikely due to discrepancies between flow cytometry and 

WB results, although access to epitopes may be affected by cholesterol abundance, and may be 

related to possibility c).  Indeed, decreased I-R immunostaining associated with c-MβCD is 

concordant with results from insulin/insulin receptor binding studies previously performed in 

our laboratory (457).  This was observed not only in a variety of cells but also in virus-like 

particles, a cell membrane model, possibly explained by cholesterol-associated changes in 

membrane structure limiting accessibility to relevant epitopes.  Autofluorescence data was 

collected in the violet channel, unlike the immunostaining data, and would not influence other 

results. 

The best consensus with observations is thus the possibility that cholesterol is associated with 

interference of intracellular fluorescence signals (see d) above), given that it can also explain 

both reduced immuno- and auto- fluorescence.  The use of forward scatter (FSC) and side 

scatter (SSC) to estimate cell size and complexity has been well described (578) and is 

commonly used for these parameters.  However, it is well-known that scatter measurements can 

be affected by differences in the refractive index of liquids, cells and particles as well as by 

cellular constituents.  There is little information available on the effect of changes in cellular 

cholesterol abundance on light scatter such as is collected in flow cytometry analysis or whether 

it may change the refractive or fluorescent characteristics of cells or cell particles.  Interestingly, 



 140 

in tissue clearing experiments for 3-dimensional confocal microscopy, lipid-rich regions were 

found to remain opaque, indicating higher refraction of light (579).  Cholesterol-related 

‘opacity’ could potentially reduce autofluorescence and side-scatter, at the same time increasing 

forward-scatter.  Though this aspect is beyond the scope of the present study, the possibility that 

this could account for some of the changes observed, particularly with c-MβCD treatment, 

should be acknowledged. 

 

 
Figure 4.12. Isotype controls for flow cytometry. 
A. Secondary antibodies to rabbit immunoglobulin (Ig) G conjugated to Alexa Fluor 488: There 

was high non-specific binding with the rabbit isotype control (yellow).  Specificity was 

established for our rabbit antibodies by using a primary antibody to a cell marker known to be 

absent in pancreatic β-cells (anti LYVE, turquoise). Bright and pale green plots represent low 

(Glut-2) and high (HMGCR) fluorescence from rabbit positive antibodies, respectively.  

Secondary antibodies to guinea pig IgG (B) and Mouse IgG isotype 2 (C), both conjugated to 

Alexa Fluor 647, demonstrated specificity to isotype control (highlighted) at a concentration 

equivalent to primary antibodies used.  Controls for tests include no stain (dark blue) 

ZombieNIR™ only (cerise) and secondary only (red).  Green shows an appropriate positive 

control. 
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Figure 4.13. Flow cytometric analysis of the effect of MβCD on proteins related to lipid 
homeostasis (A-C, J), glucose homeostasis (D-G, K) and insulin secretion (H, I, L). 
Histograms A-I display representative results from one of three experiments. The x-axis 

indicates median fluorescence (AFU).  J-L illustrate average median fluorescence from three 

experiments, each with three replicates except GLUT2, which is the average of 2 experiments 

with 2 replicates and SREBP2, the average of 3 replicates in one experiment.  Error bars are 

SEM. NT: no treatment; M: 5 mM MβCD; C: 5 mM c-MβCD.  ϕ P <0.05, + P <0.01, * P <0.001 
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4.4 Discussion 

Lipids are known to influence exocytotic processes including insulin secretion (64, 331).  

Among the many lipids, cholesterol is thought to be singularly important due to its influence on 

biophysical characteristics of the cell membrane (333, 425), including characteristics such as 

negative curvature (73), rigidity, fluidity, and membrane thickness and permeability (580).  

Consequently, cholesterol is required for normal secretion and its depletion or absence inhibits 

secretory processes.  On the other hand, an accumulation of cholesterol can also be detrimental 

to secretion, including that of insulin (343).  However, its exact role in insulin secretion and the 

influence of changes in cholesterol on insulin secretion are not yet clear. 

In this hypothesis-generating chapter, evidence of the effect of cholesterol-modifying treatments 

on BRIN-BD11 cell proteins was sought.  Selected proteins having functional significance in 

β-cells were assessed by Western blot and flow cytometry for changes in expression and/or cell 

compartment localisation to further understand the role of cholesterol disturbance in insulin 

secretion.  In addition, a proteomics technique allowed a more general, albeit preliminary 

evaluation of protein abundance changes.  A series of testable hypotheses informed by results in 

this and previous chapters have been generated to establish further lines of investigation into the 

role of cholesterol in β-cell function and insulin secretion.  Table 4.2 summarises the function of 

specific proteins to highlight their relevance to this study and includes Western blot and flow 

cytometry results. 

4.4.1 The influence of cholesterol manipulation on protein localisation 

A commonly recognised role of cholesterol within cell membranes relates to the organisation of 

membrane proteins into specific domains.  Displacement of proteins to different cellular 

compartments or laterally into or out of lipid raft domains (61, 69, 557, 581) or failure to 

translocate on a physiological stimulus (582) can cause dysfunction.  In addition, products of 

mevalonate pathway intermediates (e.g. farnesyl pyrophosphate and geranylgeranyl 

pyrophosphate) are involved in the membrane localisation and stabilisation of some proteins.  

For example, prenylation is required for the signalling activity of small G-proteins such as Rac1 

(559, 560).  Insulin granule size and docking is also affected by cholesterol accumulation (336).  

In this project, several methods were used to gather information regarding the effect of 

cholesterol on the expression and cellular localisation of specific proteins and a snapshot of 

proteomic changes that occurred within a selected cellular fraction after MβCD or c-MβCD 

treatment was provided by iTRAQ data. 

Pancreatic β-cells appear to be unique in the cellular localisation of two proteins investigated, 

caveolin 1 and ABCG1.  Western blot analysis of subcellular fractions indicated that these 

proteins separated with the cytosolic and mitochondrial markers, respectively. 



 

 143 

Caveolin-1 is known to participate in cholesterol binding and the formation of caveolae on 

plasma membrane surfaces in other cells, but its absence from the membrane fraction suggests 

its role in β-cells may be unique.  Instead, caveolin-1 separated with the cytoplasmic markers 

GAPDH and β-actin.  This is consistent with its involvement in insulin receptor trafficking in 

the presence of insulin, contributing to autocrine insulin signalling (564).  It has also been 

implicated in IL-1β-induced nitric oxide release (583), prevention of inappropriate insulin 

release (326, 584) and intracellular cholesterol homeostasis (329). 

Rac1, SUR1 and ABCA1 separated with the membrane marker, Na+K+ATPase, as expected, 

and GLUT2 and ABCG1 were associated with the mitochondrial marker, SDHA.  While the 

function of ABCG1 in β-cells is not well understood, in macrophages (340) and endothelial 

cells (585) it is involved in cholesterol efflux to HDL particles.  In the former it also has a role 

in trans-cellular transport of cholesterol (586).  Its cellular location is disputed (97), with some 

studies citing evidence of its location at the plasma membrane (420, 587) and others finding it to 

be absent from the latter, rather having an intracellular function and location (588).  Völgyi et al 

(589) identified ABCG1 in mitochondrial-associated endoplasmic reticulum membrane 

fractions in mouse cerebral cortex tissue1, which agrees with the location revealed in this study.  

However, in MIN6 and primary mouse β-cells, ABCG1 was found to be localised primarily to 

insulin granules (342).  Sturek et al (342) demonstrated that insulin granule morphology was 

changed, granule cholesterol content reduced and insulin secretion attenuated in the absence of 

ABCG1 in β-cells, consistent with evidence of a role in the synthesis of insulin granules (72).  

Insulin granules are expected to be located in the post-mitochondrial supernatant (590), equating 

with the cytosolic fraction in the protocol used in the current study.  However, a longer, faster 

centrifugation protocol employed in the current study may mean the insulin granules separated 

with the mitochondrial fraction.  Regardless, the localisation debate continues, potentially partly 

due to cell-type specificity in the function and localisation of this sterol transporter.  It would be 

helpful to probe for ABCG1 in similarly prepared fractions from several different cell types to 

assess the uniqueness of its cellular localisation in β-cells. 

No major compartment changes accompanied the cholesterol modifying treatments among the 

proteins examined.  Some changes were evident within fractions other than the major 

intracellular location for a given protein, but further study would be required to assess whether 

this represented true localisation changes.  Lateral movement into or out of lipid raft regions 

within membranes has been known to occur with cholesterol depletion and is thought to impact 

insulin secretion (69).  Further study to assess this phenomenon in cholesterol loading and statin 

treatment would be of interest. 

                                                        
1 Interestingly, it was drastically downregulated in a pre-symptomatic Alzheimer’s Disease mouse model. 
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The results from iTRAQ proteomics demonstrated that there were more proteins with variant 

expression in the c-MβCD group, with 1.4% or 2.2% of all proteins identified as having 

significantly different expression in MβCD or c-MβCD treatment groups, respectively.  This 

suggests that cholesterol loading created greater disruption to cellular processes than cholesterol 

depletion and is consistent with greater disturbance in insulin secretion (Chapter 2) and 

mitochondrial function (Chapter 3) associated with c-MβCD compared to MβCD treatment. 

In both treatments, the main effects seen within the ‘P’ fraction assessed by iTRAQ analysis 

appeared to include early preparation for protein synthesis, protein degradation, stress 

mediation, some structural impact and metabolic consequences.  The greatest effect of both 

cholesterol loading and sequestration was within the protein synthesis functional category, with 

changes in 10 (3 up, 7 down) and 7 (5 up, 2 down) proteins with c-MβCD and MβCD treatment, 

respectively.  These include several proteins influencing transcription and could indicate an 

early response towards regulatory protein synthesis.  Upregulation of several heat shock 

proteins is a well-known response consistent with acute stress (591, 592). 

To understand changes in insulin secretion with cholesterol manipulation found in Chapter 2, 

notice was taken of the functional categories represented by proteins affected by MβCD or 

c-MβCD treatment.  Those related to stress response, regulation of protein synthesis and 

metabolism are potential mechanisms for disturbance of insulin secretion, with proteins 

involved in metabolism theoretically having the most direct affect.  Interestingly, 5 proteins 

related to metabolic processes were affected by c-MβCD treatment compared to one with 

MβCD.  The latter was associated with downregulation of hexokinase II, linked to glycolysis, 

and likely to support rather than diminish insulin secretion coupling (see Chapter 3).  The 

former included downregulation of ACAA and ECHS1, proteins involved in fatty acid 

oxidation, aconitase 2 (an enzyme in the TCA cycle), and a very small (3%) decrease in 

adenylate kinase 4, involved in homeostasis of nucleotide ratios.  There was also a 57% increase 

in LDHA, involved in anaerobic glycolysis, a prohibited pathway in β-cells, and reduced 

expression of a mitochondrial import protein (TOM70a, listed among the transport proteins). 

Mitochondrial function impairment was found to be a likely factor relating intracellular 

cholesterol changes to insulin secretion (discussed in Chapter 3).  This proteomics data supports 

a case for the damaging potential of c-MβCD-associated cholesterol loading on mitochondrial 

function.  For example, LDHA upregulated by c-MβCD treatment is consistent with secretion-

coupling dysregulation (548) and β-cell dedifferentiation (494).  Further, aconitase 2 (ACO2) 

catalyses the conversion of citrate to isocitrate in the 2nd step of the TCA cycle (Genecards).  

Downregulation by 44% is likely to affect mitochondrial ATP production, again potentially 

affecting β-cell secretion-coupling.  Downregulation of enzymes necessary for β-oxidation in 

peroxisomes (ACAA) & mitochondria (ECHS1) of ~80% could also impact on generation of 
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ATP from fatty acids, as could the 41% downregulation of TOM70, a protein transporter 

supporting mitochondrial import of precursor proteins. 

Downregulation of HexII with membrane cholesterol depletion conflicted with the trend 

towards upregulation of Hex I, observed in association with atorvastatin treatment in Chapter 3, 

however the two responses may be complementary or compensatory.  Also, though both 

treatments result in decreased total cholesterol, the mechanisms by which insulin secretion is 

affected may differ between the two cholesterol depletion methods.  This is in concordance with 

the greater adverse effect of atorvastatin on insulin secretion compared to MβCD (Chapter 2). 

Flow cytometric analysis of cyclodextrin-treated BRIN-BD11 cells in the current study 

demonstrated significant changes in protein targets relevant to stimulus-secretion coupling after 

cholesterol loading but not depletion.  Western blotting of a few targets in cytosolic, membrane 

and mitochondrial fractions in c-/MβCD-treated cells gave little evidence of protein movement 

between compartments, though lateral movement in/out of rafts was not studied. 

While further evidence would be required to determine how individual changes in protein 

expression with cholesterol manipulation affect β-cells, there is enough evidence to propose that 

cholesterol manipulation, particularly loading, leads to some degree of protein disruption in 

β-cells, with consequences that include metabolic impairment and reduced insulin secretion.  It 

is not clear whether this is due to organisational changes including cellular compartment 

changes, or rapid expression changes in response to cholesterol loading or depletion. 

4.4.2 Does cholesterol flux have a role in insulin secretion? 

In addition to the biophysical properties of cholesterol and its role in supporting membrane 

protein function, cholesterol flux itself may be important in glucose homeostasis.  Studies have 

implicated genes whose products are involved in both efflux and influx of cholesterol, in T2D 

pathology (reviewed in 593). 

Cholesterol influx via the low density lipoprotein receptor (LDLr) has been recognised as an 

important regulator of cholesterol homeostasis and may be associated with T2D risk (305, 594, 

595).  Upregulation of the LDL receptor is central to the mechanism by which statins reduce 

serum cholesterol (102, 103, 184, 186, 596, 597), although a 1.3-fold increase in β-cells in 

response to atorvastatin found in preliminary work for the current study failed to reach 

statistical significance (P = 0.19, not shown).  SREBP2 is a key regulator of the cholesterol 

biosynthetic pathway and is responsible for facilitating the upregulation of LDLr and 

cholesterol synthetic pathways including HMGCR (594).  There are two other isoforms, 

SREBP1a and SREBP1c which primarily regulate fatty acid synthesis (123), though the former 

can also control cholesterol synthesis (598). 
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Interestingly, familial hypercholesterolaemic patients with severely reduced LDLr-mediated 

cholesterol flux have a reduced risk of T2D (305).  In contrast, increased cholesterol uptake 

during statin therapy is associated with increased T2D risk, and a hypothesis linking 

transmembrane cholesterol transport to T2D development has been proposed (305). 

This does not contradict observations that circulating LDL concentrations may be associated 

with T2D risk, with high LDL being detrimental and low, beneficial.  Rather, it shifts the focus 

of potential harm from circulating cholesterol levels to cellular cholesterol levels or cholesterol 

transport itself.  Furthermore, cholesterol efflux may also be important, particularly in the 

context of over-nutrition.  For example, cholesterol and cholesterol ester synthesis, in addition 

to that of glycerol and other lipids, was found to be an important fate of glucose carbons, acting 

as an excess energy ‘exhaust’ for β-cells chronically stimulated with high glucose (243). 

Components of the cholesterol efflux machinery such as ABCA1 have been positively 

associated with insulin secretion and glucose homeostasis (343, 599).  Interestingly, and 

somewhat counterintuitively, Western blot results in the current study suggest that upregulation 

of ABCA1, at least in the membrane fraction, may be associated with atorvastatin treatment in 

stimulated β-cells.  An increase in ABCA1 would be expected to increase cholesterol efflux 

through HDL (421, 600, 601), an unexpected consequence of cholesterol synthesis inhibition, 

but nevertheless a clinically documented phenomenon (602-604).  This could possibly be due to 

homeostatic mechanisms, with the statin-induced increased cholesterol uptake via LDLr being 

countered, at least initially, by measures designed to increase efflux, such as ABCA1 

upregulation: except that in the model system used here, LDL was not available.  These results 

are contrary to a studies in macrophages in which reduced ABCA1 mRNA was associated with 

pravastatin treatment (605, 606).  However, in the former study, Ando et al found that ABCA1 

mRNA expression measured in mouse hepatic tissue increased with pravastatin treatment after 

24 h but not 2 weeks, suggesting that the effects may be time- and tissue-dependent.  Further 

study is necessary, including an assessment of SR-B1, SREBP2, 1a and 1c, and involving 

kinetic studies and various statin treatment lengths. 

Studies in the literature of the effect of statins on ABCA1 and cholesterol efflux are conflicting.  

Although no other studies in β-cells could be found, varying effects have been observed in 

hepatocytes and macrophages.  In hepatocytes, there are reports of increased cholesterol efflux 

(601) and synthesis (180), ABCA1 mRNA (606, 607) and protein (608) in association with 

selected statins.  No effect was found with atorvastatin in one of the studies (608) or, in another 

study, pravastatin (605).  Additionally, statins (atorvastatin or simvastatin) induced an increase 

in mRNA abundance of ABCA1 in human macrophages ex vivo (609) and in vivo (604), 

although considerable evidence from other studies (606, 610-613) demonstrated a statin-

associated decreased expression of ABCA1 protein or mRNA in human and mouse 
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macrophages and several macrophage cell lines.  The discrepancies in macrophage studies could 

potentially be explained by cellular cholesterol status and macrophage differentiation (133). 

Despite conflicting results, the mechanism of statin influence in macrophages appears to be via 

the induction of micro RNA33, which downregulates ABCA1 in peripheral tissue.  In contrast, 

tissue-specific ABCA1 regulation in the liver results in differential statin effects between the 

two sites (614).  In a study utilising β-cell specific ABCA1 knockout mice it was determined 

that ABCA1 plays a role different to that in liver and influences both cholesterol and glucose 

homeostasis in mouse β-cells (343).  Although the effect of statin in ABCA1 knockout mice 

was not included in the study, it demonstrates that tissue-specific variations may be anticipated. 

It is also possible that there are species-specific differences.  It is well-known that differences 

exist in plasma circulation of lipoproteins between mouse and man (615).  For example, in 

rodents HDL carries most of the plasma cholesterol, unlike in humans (194, 405).  Given that 

a) there is a precedence for tissue specificity occurring in ABCA1 function and regulation, 

b) inconsistencies exist between reports of the effects of statins on cholesterol transport via 

ABCA1, and c) the metabolic implications of changes in ABCA1-mediated cholesterol 

transport are not well understood, further investigation of the effects of statins on ABCA1 and 

cholesterol efflux in β-cells is required to better comprehend its influence on insulin secretion 

and β-cell function. 

Despite gaps in our knowledge, the importance of cholesterol efflux, influx or both in the 

relationship between cholesterol and insulin secretion or action is clear, and leads to the 

following hypothesis: Cholesterol efflux, influx or both via lipoprotein-mediated cholesterol 

transport pathways is important in β-cell function and insulin secretion, with imbalance or 

functional loss of cholesterol flux being detrimental.  Net direction of flux may also be 

important for glycaemic health. 

4.4.3 Regulatory modifications resulting in blunting of maximal insulin 

secretion may be associated with upregulation of mTOR and I-R 

activation 

The insulin signalling cascade is well-described and involves several pathways leading to 

diverse effects including glucose transport, glycogen synthesis, and protein synthesis and 

growth (reviewed in 616, 617).  Besides being important in insulin-sensitive tissues such as 

liver, adipose and muscle, insulin autocrine signalling is likely to be important in maintaining 

β-cell mass and function (618), though uncertainty about the nature of autocrine signalling 

persists (619).  Several proteins involved in the insulin signalling pathway, including insulin 

receptor (I-R), Akt, also known as protein kinase B, and mechanistic target of rapamycin 

(mTOR), were assessed to determine the effect of pravastatin and atorvastatin on insulin 

signalling in β-cells.  Interestingly, very recently (and after the work described here was 
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underway), insulin receptors were found to largely reside in intracellular rather than plasma 

membranes in β-cells (564).  In conjunction with this phospho-caveolin 1-mediated insulin 

receptor internalisation, insulin signalling was found to be biased towards the Erk pathway and 

away from the Akt pathway in β-cells.  This indicates that the role of insulin autocrine 

signalling may be more mitogenic than metabolic, given that the two insulin signalling 

pathways have divergent downstream effects (617). 

The most significant changes found by Western blot analysis were upregulation of pI-R and 

mTOR associated with atorvastatin treatment.  Interestingly, these proteins have previously 

been linked to the development of T2D (620, 621). 

mTOR is a serine/threonine kinase with regulatory involvement in multiple processes, mainly 

governing cell growth, maturation, proliferation and survival (reviewed in 622, 623).  It is a key 

environmental sensor that allows cells to maintain homeostasis in a dynamic milieu of 

extracellular signals, and is involved in the insulin signalling pathway.  A link between 

dysregulation of mTOR and disease states including T2D is reviewed by Saxton and Sabatini 

(624).  Possible mechanisms include the ability of mTOR, in the complex mTORC1, to control 

a shift in glucose metabolism from oxidative phosphorylation to glycolysis, or, via independent 

SREBP activation, increased flux through the pentose phosphate pathway thereby utilising 

glucose carbons in NADPH and other intermediate metabolites rather than ATP production.  

This is of interest considering the influence of atorvastatin to both increase mTOR expression 

and provoke a more glycolytic phenotype in BRIN-BD11 cells as demonstrated in Chapter 3.  

Either metabolic shift in the β-cell has the potential to interfere with stimulus-secretion 

coupling.  Furthermore, pancreatic β-cell function is regulated in part by mTORC1 signalling, 

with hyper-activation initially improving glucose tolerance due to β-cell mass and insulin 

secretion increase, followed by β-cell exhaustion and hyperglycaemia (see Mori 2009 and 

Shigeyama 2008 in (624)).  mTORC2, a second complex involving mTOR, is primarily a 

downstream effector of insulin signalling through phosphoinositide 3-kinase (PI3K) (624).  

Chronic mTOR inhibition, such as is used in some cancer therapies, can disrupt insulin 

signalling through inactivation of mTORC2, resulting in an increased risk of new onset T2D 

(reviewed in 625).  Interestingly, physiological outcomes from both hyper- and hypo-activation 

of mTOR can be similar, effected by either mTORC1 or mTORC2, respectively (624). 

Cholesterol trafficking was recently shown to be a requirement for mTOR activity, at least in 

endothelial cells (626), and hepatic LDL receptors are regulated by mTOR complex 1 via 

PCSK9 subsequent to insulin signalling (627), indicative of the involvement of mTOR in 

cholesterol homeostasis.  The precise nature of the relationship and how statins may affect it, 

however, is unclear.  For example, contradictory changes in mTOR activity have previously 

been associated with statins in HepG2 cells, where both increased (628) and decreased (629) 
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mTOR phosphorylation have been reported.  Activation of key signalling proteins of the 

PI3K/Akt/mTOR and Akt/GSK-3β signalling pathways by atorvastatin has also been 

determined in cerebral cortical rat neurons (630).  The phosphorylation status of mTOR was not 

examined in this study, though mTOR itself was increased, and pGSK-3β (serine 9) but not 

pAkt was increased after atorvastatin treatment (Figure 3.7, Figure 4.4, respectively). 

Upregulation of phosphorylated insulin receptor (pI-R) was induced by atorvastatin, in contrast 

to the decreased phosphorylation previously associated with simvastatin in MIN6 β-cells (302).   

mTOR and I-R have a complex relationship, with both downstream and upstream influences on 

each other via various feedback mechanisms involving I-R substrate (I-RS) and the PI3K/AKT 

and the Tuberous sclerosis proteins 1 and 2 (TSC1/2)/mTOR pathways (reviewed in 631, 632).  

Many insulin-dependent processes related to metabolic regulation, energy storage and growth 

may be implicated and further investigation would help to understand the consequences of 

upregulation of these two regulatory proteins.  Whether functional changes such as are 

described in Chapters 2 and 3 could be linked to this finding could be the focus of future work, 

based on the hypothesis that reduced mitochondrial coupling and attenuation of maximal 

stimulated insulin associated with atorvastatin occur through an mTOR- and I-R-dependent 

mechanism. 

4.4.4 Cholesterol manipulation affects cell granularity 

Complexity, as indicated by side scatter (SSC) in flow cytometry, was reduced in cholesterol 

loaded cells but increased in cells depleted of cholesterol by either MβCD or atorvastatin 

treatment.  Intracellular structures such as granules, organelles and roughness of surface or 

intracellular membranes can contribute to increased SSC (578). 

Apoptosis is known to increase cell granularity but in this case it is unlikely to be the cause, 

being inconsistent with viability studies conducted in this project (see Chapter 2).  The most 

common cytosolic granular structures in β-cells are insulin granules.  A large treatment-induced 

increase in insulin granule number would be unlikely during a 30 min MβCD treatment and 

insulin immunostaining was decreased by both MβCD and c-MβCD treatment, suggesting 

reduced insulin content.  However, excess cholesterol delivered by c-MβCD or acetylated LDL 

is known to accumulate in secretory granules in various β-cell lines, causing an increase in their 

size (336), and the effect of this on granularity is not known.  Interestingly, lovastatin also 

caused an increase in secretory granule size with a concomitant reduction in mature granule 

density and insulin content (71). 

A possible membrane smoothing effect of cholesterol due to its lipid ordering influence (61) 

could potentially explain the changes observed in granularity.  Interestingly, a large increase in 

the size and visibility of the mitochondrial fraction in the c-MβCD group during fractionation, 
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despite similar protein concentrations, was noted anecdotally (but not measured).  

Mitochondrial cholesterol accumulation occurs in brain and liver cells, where it results in 

altered metabolic function, and possibly increases hexokinase translocation to the mitochondria 

(reviewed in 348). 

Additional study would be required to confirm the nature of the increase in complexity 

associated with cholesterol depletion and reciprocal decrease with cholesterol loading, and 

whether changes in granularity are linked to changes in β-cell function associated with 

intracellular cholesterol manipulation.  If this hypothesis was found to be correct it could 

provide the foundation for additional methods of evaluating β-cell cholesterol and/or functional 

status. 

4.4.5 Cell swelling is associated with cholesterol loading and depletion 

Size, indicated by forward scatter (FSC) in flow cytometry, was significantly increased in both 

c-MβCD and atorvastatin (by ~12.5 and 20%, respectively) but not MβCD treatments.  This 

suggests a possible relationship between cell size and β-cell function, considering that maximal 

insulin secretion was blunted and mitochondrial function was adversely affected by the same 

treatments that were associated with increased cell size (as reported in Chapters 2 and 3). 

The increase in size observed in c-MβCD and atorvastatin-treated cells indicates the possibility 

that they could be subject to swelling-induced rather than or as well as secretagogue-induced 

insulin secretion.  Osmotically induced cell swelling can stimulate insulin secretion 

independently of secretagogues via a calcium-independent pathway (270, 633, 634).  Since the 

insulin secretion pathway in swelling-induced secretion does not involve changes in ADP/ATP 

ratios, it is not coupled to glucose metabolism, which could account for reduced sensitivity to 

secretagogues as reported in Chapter 2.  However, it is not known whether swelling and glucose 

stimulation pathways are mutually exclusive, as experiments in the hypotonic cell-swelling 

studies did not include secretagogues together with swelling.  Hence, further study would be 

required to test the hypothesis that cell swelling associated with c-MβCD and atorvastatin 

treatment results in uncoupled insulin secretion via a calcium- and ADP/ATP- independent 

pathway similar to osmotically induced insulin secretion. 

4.4.6 Notes regarding the use of flow cytometry in this project 

Flow cytometry has been used to stain intracellular targets, including islet hormones, for some 

time (635), and some results presented in this chapter trial the use of intracellular 

immunostaining with flow cytometric analysis as an alternative method for assessing protein 

changes.  However, there is a possibility that the results were affected by artefacts, potentially 

due directly to changes in the cholesterol content.  However, some interesting observations 

made during this process include: a) size and complexity measurements showed interesting 
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changes not only with MβCD and c-MβCD treatment, but also in atorvastatin-treated cells and, 

to the best of my knowledge, this has not been previously reported; b) c-MβCD had major 

effects on fluorescence, including autofluorescence; this may be a result of cholesterol-induced 

disturbances within the cell, or cholesterol loading may change the light scattering properties of 

the cells as discussed in Section 4.3.4; c) the population of β-cells is heterogeneous, based on 

insulin content and autofluorescence, even in a cell line such as BRIN-BD11, with ~12-20% of 

cells consistently showing reduced fluorescence from endogenous sources and from insulin 

staining.  The latter observation is discussed in further detail below. 

Heterogeneous β-cell populations have been described previously, with classifications based on 

glucose sensing ability (236, 237), insulin mRNA expression abundance (233), mature vs 

proliferative (238), or dedifferentiated cells (491, 492, 498, 545).  Furthermore, ‘pacemaker’ 

cells, also known as ‘hubs’, with specific characteristics and a role in initiating pulsatile waves 

and coordinating the glucose response from the islet have been described (239).  Further 

characterisation may enable an assessment as to whether the smaller yet viable cells with 

reduced insulin expression and autofluorescence that consistently made up 12-20% of the 

population in the current study could be identified as one of the groups classified in the 

literature. 

4.4.7 Summary 

Overall, there was concordance between the extent of protein changes in the different treatments 

and functional effects reported in Chapters 2 and 3, identified by iTRAQ and Western blots.  

For example, atorvastatin and c-MβCD, the treatments noted earlier for having greater 

cholesterol changing capacity and larger adverse effects in insulin secretion and mitochondrial 

function, generally showed greater changes from control than the other treatments.  Potential 

mechanisms for adverse effects involving mTOR, insulin signalling, and ABCA1 were 

indicated by Western blot analysis.  Although major compartment changes for selected targeted 

proteins were ruled out as a response to cholesterol loading or depletion, identifying the main 

cellular location of various proteins of interest was noteworthy in developing a better 

understanding of the function of caveolin 1 and ABCG1 in β-cells, which may differ from their 

function in other cell types.  An association between metabolic activity and cholesterol loading 

was indicated by the number of up- or down- regulated metabolic proteins identified by iTRAQ 

analysis.  Unexpected effects such as changes in autofluorescence, granularity and cell size 

indicated by light scatter in flow cytometric analysis provide new insights and, potentially, a 

foundation for new tools to examine the influence of cholesterol and β-cell function.  Despite 

some confounding technical considerations and caveats as described, experimental data 

presented in this chapter provide an insight into areas that might hold promise for future 

investigation into the mechanisms linking cholesterol changes with mitochondrial function and 

insulin secretion. 
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4.5 Future direction 

Areas of interest for follow-up enquiries relate to hypotheses generated in this project: 

1. Cholesterol manipulation, particularly loading, leads to some degree of protein 

disruption in β-cells, with consequences that include metabolic impairment and reduced 

insulin secretion.  It is not clear whether this is due to organisational changes including 

cellular compartment changes, or rapid expression changes in response to cholesterol 

loading or depletion. 

2. Cholesterol efflux, influx or both via lipoprotein-mediated cholesterol transport 

pathways is important in β-cell function and insulin secretion, with imbalance or 

functional loss of cholesterol flux being detrimental.  Net direction of flux may also be 

important for glycaemic health. 

3. Reduced mitochondrial coupling and attenuation of maximal stimulated insulin 

associated with atorvastatin occur through an mTOR- and I-R-dependent mechanism. 

4. Changes in granularity associated with intracellular cholesterol manipulation are linked 

to changes in β-cell function. 

5. Cell swelling associated with c-MβCD and atorvastatin treatment results in uncoupled 

insulin secretion via a calcium- and ADP/ATP- independent pathway similar to 

osmotically induced insulin secretion. 

Further studies could include iTRAQ investigations in atorvastatin-treated BRIN-BD11 cells or 

dispersed islets from statin-treated mice. 

An important secretion-related function of cholesterol is its role in the organisation of crucial 

proteins within lipid rafts (61, 338, 557, 581) spanning those involved in glucose sensing 

through to exocytosis of insulin.  Raft-associated proteins of interest in insulin secretion include 

ATP dependent potassium channels (K+
ATP), voltage-gated calcium channels (Ca2+

V) and 

granule docking proteins such as SNAP-25 and VAMP2 (65, 69, 558).  Interruption of lipid 

rafts by cholesterol sequestration has consequences for both raft-associated and non-raft-

associated membrane proteins such as Glut-2 (331, 425).  However, cholesterol loading may 

have even greater disruptive consequences for protein in β-cells as evidenced by the flow 

cytometry and iTRAQ results in this chapter and the insulin secretion results in Chapter 2.  

Further analysis of detergent soluble and insoluble membrane fractions by Western blot could 

also help to assess potential protein displacement by cholesterol treatments.  This could be 

supported by further experiments using an interesting flow cytometry technique described 

elsewhere that uses lipid raft proteins as markers for raft disruption to assess raft proteins of 
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interest tagged by antibodies specific to extracellular surface epitopes (636).  Further, protein 

crosslinking prior to lysis and protein precipitation has been used as a novel method of studying 

proteins co-precipitated with known raft proteins (67).  Immunocytochemistry investigation 

would also be an important method of assessing cellular location of proteins with and without 

cholesterol modification.
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Chapter 5 The metabolic effects of statins in 

mice 

While in vitro investigations are useful and can assist in exploring mechanisms in a relatively 

simple biological context, the in vivo environment is far more complex, and extrapolation of 

knowledge from the former to the latter context requires extra scrutiny.  In the case of drugs 

such as statins, hepatic processing and β-cell drug exposure are just two of many variables that 

differ between the in vivo and in vitro context.  The object of this study1 was to see how the 

responses to cholesterol manipulation in β-cells observed in in vitro studies in earlier chapters 

are reflected in the in vivo context.  Thus, the aim was to evaluate the effect of statins on 

glucose homeostasis in mice, with or without pre-existing obesity and insulin resistance induced 

by HFD feeding. 

 Two members of the statin family, pravastatin and atorvastatin, were used to inhibit cholesterol 

synthesis.  In addition, a high fat diet (HFD) was used to model excess nutrient intake and an 

insulin resistant state.  Originally, the collection of insulin secretion data from stimulated islets 

ex vivo was expected to be an important measure.  Unfortunately, technical difficulties related to 

extraction of healthy, intact islets thwarted these goals.  Some interesting observations were 

nevertheless made, and main measures reported here include an oral glucose tolerance test, 

weight change, plasma cholesterol, fasting blood glucose, fasting plasma insulin, and 

importantly, fasting plasma glucagon, which has not previously been investigated in this 

context. 

5.1 Abstract 

In previous chapters, statins were shown to impair β-cell mitochondrial ATP production and 

diminish insulin secretion in response to robust stimulation in the in vitro context.  To determine 

whether statins may also influence β-cell function and glucose homeostasis in healthy and 

insulin resistant mice, male C57Bl/6J mice were fed a high fat (HFD) or normal (ND) diet and 

treated with pravastatin (P), atorvastatin (A) (10 mg/kg/day) or water (V) for 12 weeks by 

gastric gavage.  As expected, weight and plasma cholesterol were significantly increased by the 

HFD.  Interestingly, neither pravastatin nor atorvastatin had any effect on plasma cholesterol.  

The HFD also increased fasting plasma glucose, insulin and glucagon as well as insulin 

resistance (HOMA-IR).  Overall, atorvastatin had a greater influence than pravastatin, 

demonstrating the differential effects of different members of the statin family.  The main effect 

of atorvastatin was to significantly increase HOMA-%B, an index of β-cell function, in the ND 

cohort.  This was due to the combined effect of non-significant trends towards increased fasting 

                                                        
1 See the note at the front of this thesis for a list of contributors to this study. 
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plasma insulin and decreased fasting blood glucose.  Statins were not associated with other 

statistically significant influences within diet groups.  However, other subtle trends were diet-

dependent and included a tendency for atorvastatin to ameliorate HFD-related elevations in 

fasting plasma insulin and insulin resistance and exacerbate the effect of the HFD in elevating 

fasting plasma glucagon and adversely influencing blood glucose recovery following a glucose 

challenge. 

5.2 Background 

Type 2 diabetes (T2D) increases the risk of death from heart disease and comorbidity with 

cardiovascular disease (CVD) is very common among diabetics.  For this reason, the statin 

family of cholesterol-lowering drugs is often prescribed for patients with T2D or who have 

increased risk of T2D, as well as diabetes-free patients who present with cardiovascular 

symptoms or dyslipidaemia.  While these drugs are effective in protecting patients from adverse 

cardiovascular events, they have also been associated with a higher risk of progression and new 

onset of diabetes.  Several explanations for this have been proposed, but the mechanism by 

which statins contribute to insulin resistance and T2D has not yet been definitively determined. 

Statins range in lipophilicity (637), a characteristic that is likely to affect non-hepatic uptake and 

pleiotropy, both favourable and otherwise.  Lipophilic statins such as atorvastatin are more 

likely to pass through cell membranes and reduce cholesterol synthesis in non-hepatic tissue.  

Conversely, hydrophilic statins such as pravastatin require transporters (e.g., organic anion 

transporting polypeptide, OATP, expressed in the liver), to navigate the barrier presented by the 

phospholipid bilayer and are thus more hepatic selective (170). 

Pleiotropy has been widely studied in statins and both beneficial (e.g., reduced inflammation) 

(211, 638) and detrimental (e.g., reduced insulin secretion) (208, 639) effects have been 

reported.  While many of these effects are still under investigation, the potential complexity of 

examining the consequences of inhibiting a process as basic as cholesterol synthesis needs to be 

appreciated.  This complexity is particularly evident given that a) all nucleated mammalian cells 

are provided with the machinery to manufacture cholesterol, suggesting a highly conserved and 

thus important biological process; b) cholesterol has important functions in cell membrane 

organisation and fluidity (640) and thus membrane transport and cell signalling (61, 74, 333) 

and c) statins inhibit the early steps in the mevalonate pathway of cholesterol synthesis, thus 

also contributing to depletion of biologically important intermediate products such as 

isoprenoids and CoQ10, some of which affect membrane localisation of metabolites and ATP 

production (78, 359, 559, 641).  It is thus easy to conceive that pleiotropy could be complex and 

extensive.  Furthermore, differences in age and pre-existing metabolic risk factors such as 
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obesity and insulin resistance (33, 218, 219, 642) have also been found to alter the risk of statin-

associated new-onset T2D. 

Cell-based studies are inadequate when considering the complexity of whole body physiology 

and its capacity to affect the action of statins on glucose homeostasis, particularly over the long 

term.  Firstly, lipid homeostasis is affected by intestinal lipid uptake and trans-intestinal 

cholesterol excretion (TICE), circulating lipoproteins, bile acid secretion, cholesterol synthesis 

and synthesis of cholesterol products such as steroid hormones, and vitamins D and K.  

Secondly, glucose homeostasis is affected by factors such as diet, insulin sensitivity, and 

regulatory and counter-regulatory hormones such as insulin, glucagon, somatostatin (reviewed 

in 643) and the incretin hormones glucagon-like peptide 1 and glucose-dependent insulinotropic 

polypeptide (reviewed in 644).  Physiological relevance thus requires the context of whole body 

physiology when assessing the pleiotropic effects of statins on glucose homeostasis. 

Glucagon is secreted by pancreatic islet α-cells when blood glucose concentrations decline.  The 

mechanism is reviewed by Briant et al (643) and is thought to have both intrinsic and paracrine 

regulatory influences.  Intrinsic regulation is by means of high-voltage action potentials, 

intensified by the opening of voltage-gated sodium and calcium channels, that cause calcium 

channels responsive only to high voltages (P/Q-type voltage gated calcium channels) to open.  

Calcium influx triggers glucagon granule exocytosis.  During high glucose conditions, ATP 

generation drives membrane depolarisation due to closure of the same type of K+
ATP channels 

that are found in β-cells, leading to membrane depolarisation.  However, this action is inhibitory 

in α-cells due to the consequent inactivation of voltage-regulated sodium channels required for 

the amplification of the action potential, which is subsequently inadequate to open the P/Q-type 

calcium channels coupled tightly to the exocytotic machinery of α-cells.  These events have 

several factors in common with insulin exocytosis and may equally be affected by changes in 

cellular cholesterol concentrations.  While insulin has been more frequently studied, statin 

influences on glucagon secretion may contribute to the diabetogenicity of these widely-used 

drugs, and has not previously been studied in the context of the influence of statins. 

To augment studies in previous chapters, an in vivo model, which provides the opportunity to 

investigate how all relevant influences including insulin and glucagon work together, was 

chosen to further understand the metabolic influence of statins.  Atorvastatin and pravastatin 

were chosen to represent chronic lipophilic and hydrophilic statin therapy in male C57Bl/6J 

mice pre-fed for four weeks with either a normal or high fat diet.  The purpose of pre-feeding 

was to model variations in risk factors for metabolic well-being, such as insulin resistance and 

obesity, and early obesity-related symptoms are present in this mouse model after four weeks 

(645).  More specifically, the aim of this study was to observe whether statin treatment 

influences glucose tolerance or fasting plasma glucose, insulin or glucagon levels, and whether 
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these influences are variable based on pre-existing risk factors such as obesity and insulin 

resistance. 

5.3 Methods 

5.3.1 Mice and diets 

C57Bl/6J male mice 8 weeks of age were obtained from the Animal Resources Centre (ARC), 

Murdoch, Australia (JAX stock #000664, https://www.jax.org/strain/000664).  They were fed 

ad libitum on normal rodent chow (ND) or a diet formulated to provide 59% of total digestible 

energy (22.8 MJ/kg) from lipids and 15% from protein (HFD), obtained from Specialty Feeds, 

Glen Forrest, Western Australia.  The sole source of carbohydrate in the HFD diet was sucrose.  

A detailed description of each diet is available in Appendix C.  Animals were maintained in a 

quarantined environment on a 12 h light–dark cycle, had constant access to water and were 

monitored weekly for weight gain.  Animals were kept in groups of three or four, two cages per 

condition. 

The HFD preparation was stored at –20˚C, or at 4˚C for up to one week, and was provided fresh 

every 2nd day to avoid the consumption of oxidised fats.  All experiments were performed 

according to the Australian Code of Practice for the care and use of animals for scientific 

purposes and were approved by the Curtin University Animal Ethics Committee (approval 

number AEC_2016_17). 

5.3.2 Treatments 

Mice received ND or HFD (21 mice per diet) for 4 weeks prior to being allocated into three 

groups per diet (7 mice per group) and treated with 10 mg/kg/day pravastatin (P), atorvastatin 

(A), or water control (V), making 6 groups altogether: V-ND, A-ND, P-ND, V-HFD, A-HFD 

and P-HFD.  Atorvastatin (calcium salt) and pravastatin (sodium salt) were purchased from 

Sellex Chemicals, USA, and were suspended or dissolved, respectively, in water.  Doses of 

200 µl were administered for 12 weeks by gastric gavage at the same time each day (± 1 h) 

using stainless steel gavage tubes (Walker Scientific). 

5.3.3 OGTT 

During the last week of statin treatment and after 15 weeks on the diets, mice were fasted for 

6 h in the morning and subjected to an oral glucose tolerance test (OGTT).  An initial blood 

glucose reading was taken using a hand-held glucometer (OneTouch Verio IQ) and a drop of 

blood collected from a small nick in the tail vein.  A bolus of glucose (2 g/kg) (646) was then 

administered by gastric gavage and blood glucose levels were monitored over a period of 2 h 

using blood collected at intervals from the tail vein. 
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5.3.4 Organ retrieval 

After 12 weeks of statin treatment and 16 weeks on the diets, mice were again fasted for 6 h in 

the morning before being sacrificed.  Blood was collected by cardiac puncture using needles and 

syringes pre-coated with 2.4% EDTA solution and fasting blood glucose was measured as 

previously described.  Blood samples were immediately centrifuged at 2,000 x g for 10 min at 

4˚C to separate the plasma.  A 100 µl aliquot of plasma was immediately transferred to a 0.5 ml 

microfuge tube containing 1 µl of protease inhibitor, mixed by pipetting, then a 50 µl aliquot 

was placed in a second microfuge tube.  These aliquots were kept on ice and stored at –80˚C 

within 1 h for subsequent measurement of glucagon.  The remaining plasma was likewise stored 

at –80˚C to be used for insulin and cholesterol assays. 

The pancreas was perfused with collagenase P via the common bile duct and removed for islet 

extraction as previously described (454) (see Section 2.1.8).  Several additional organs were 

also harvested for use in other collaborative projects. 

5.3.5 Calculation of Insulin Sensitivity 

To determine the most appropriate measure of insulin resistance and its reciprocal, insulin 

sensitivity, in the mouse cohort in this study, three different algorithms were used; Homeostasis 

Model Assessment of Insulin Resistance and Sensitivity (HOMA-IR and HOMA-%S, 

respectively) and Quantitative Insulin Sensitivity Check Index (QUICKI).  In addition, beta cell 

function was estimated using HOMA-%B.  HOMA-%B is a standard indicator of β-cell 

function or activity validated against the hyperinsulinaemic/euglycaemic clamp and other robust 

measures from which β-cell function can be assessed (647).  All HOMA scores were calculated 

from measures of plasma insulin and glucose during the fasting state (Table 5.1, Equations 2, 5). 

Insulin was measured in µg/L.  The World Health Organisation (WHO)-established conversion 

factor of 1 IU = 0.0347 mg of insulin was used in calculations (648).  This is based on human 

recombinant insulin but an equivalent for mouse insulin was not available. 

The most recent version of HOMA, HOMA2, can be computed using an online calculator 

provided by Oxford University for calculation of human β-cell function (%B), insulin 

sensitivity (%S) and insulin resistance (IR) (649).  However, to better reflect species 

distinctiveness, the HOMA-IR calculation was modified as previously described (650). 

HOMA-IR was calculated according to Equation 2 and log10 transformed (651).  In humans, this 

measure of insulin resistance is calibrated to equate with 1 in normal healthy individuals (651).  

The calibration constant for mice in this study was calculated by multiplying median fasting 

glucose (FG) and fasting insulin (FI) values from control ND mice (Equation 1), which was 

then used as the denominator for the HOMA-IR calculation (Equation 2).  To calculate β-cell 

function at 100% (%B), an assumption was made, as previously elucidated (650), that the linear 
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regression describing 100%B passes through the median FI point for the control mice, 

representing the best fit for the FG and FI values for the 7 control mice.  Thus, Equation 5 was 

deduced, providing the a and b values for Equation 4 (%B).  HOMA-IR values were further log 

transformed, as recommended (651).   Quantitative insulin sensitivity check index (QUICKI) 

was calculated as described previously (652, 653) using Equation 7.  These and various other 

methods of evaluating insulin resistance have recently been reviewed (654). 

Table 5.1. Equations used in insulin sensitivity calculations 
 

Calibration constant (CC) '' = )*+	-. )*+	-/ = 12.2×5.68 = 69.3 Equation 1 

Homeostatic model assessment 9:);– /= =
-. -/

69.3
 Equation 2 

Insulin sensitivity %? =
@

ABCD–EF
100% Equation 3 

Line of best fit G = 1.625H − 14.15 Equation 4 

β-cell function %K =

1
"
× -/

-. −
%
"

100% Equation 5* 

Specific β-cell function 

(used in this study) 
%K =

0.61× -/

-. − 8.7
100% Equation 6 

QUICKI 
1

log -. + log	(-/)
 Equation 7 

Notes: Eq. 1:  Med FG is median fasting glucose of the control group (mmol/L) 

Med FI is median fasting insulin of the control group (mU/L) 

Eq. 2: FG is individual fasting glucose (mmol/L) 

 FI is individual fasting insulin (mU/L) 

Eq. 5: a=slope of the line of best fit (Equation 4) 

b=y-intercept of the line of best fit (Equation 4) 

Eq. 7: FG is fasting plasma glucose (mg/dL) 

FI is fasting plasma insulin (µIU/L) 

values below 0.339 indicate insulin resistance. 

* The absolute value brackets around Q
R
 were added in Equation 5, since in van Dijk (650) the 

subsequent use of their equivalent equation required it. 
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5.3.6 Statistical analysis 

One or two-way ANOVA (as appropriate) followed by Tukey’s or Dunnett’s multiple 

comparisons test and correlations were performed using GraphPad Prism version 6.01 for 

Windows, GraphPad Software, La Jolla California USA.  Statistical significance was inferred at 

a nominal value of a = 0.05.  Where necessary, data was log10 transformed to meet assumptions 

of normality.  In figures where statistical significance was of interest in the relationship of each 

group compared to every other group, superscripts indicating similarity (rather than difference) 

are used.  This is standard practice in many disciplines, and statistical difference at P < 0.05 is 

indicated between groups that do not share a letter in common.  When used, this is indicated in 

the figure legend.  These annotations were prepared using the superscript generator available 

online (655).  

Tukey’s box and whisker plots are used to present much of the data in this chapter.  The box 

represents the 25th to 75th percentile with a line denoting the median.  The upper whisker 

extends to the largest value that is less than or equal to 1.5 times the inter-quartile range (75th – 

25th percentile) beyond the 75th percentile.  Any values greater than this are plotted as individual 

points.  Similarly, the lower whisker extends below the box to the value that is greater than or 

equal to the 25th percentile minus 1.5 times the inter-quartile range.  Any values beyond this are 

plotted individually (656).  Means are indicated by a ‘+’ sign.  

5.4 Results  

Overall, a HFD induced a glucose intolerant state with increased fasting glucose and insulin.  

This was slightly ameliorated by statins in the HFD cohort, although fasting glucagon was 

elevated significantly by atorvastatin, and a trend towards reduced glucose tolerance was noted 

in the statin-treated, HFD-fed animals.  Amongst the mice given the ND, statins, particularly 

atorvastatin, tended to increase insulin resistance and significantly increased β-cell function 

estimated by HOMA-%B (P < 0.01) but had no influence on glucagon secretion in this diet 

group. 

5.4.1 Weight & food consumption 

Mice were randomly allocated to treatment groups on arrival and were not found to have 

significant differences in weight at baseline (24 ± 1 g, all results given as mean ± SEM).  Mice 

on ND consumed an average of 41.6 ± 1.5 kJ/animal/day over 16 weeks, ranging from 

41.2 ± 1.4 to 49.1 ± 3.3 kJ/animal/day in weeks 3 and 16, respectively.  The diet provided 

12.8 kJ/g of digestible energy, of which 14% was from lipids and 19% from proteins.  The ND 

groups consumed food at a steady rate over the period of the study, with a tendency for 

atorvastatin-treated animals to consume less food in the latter weeks despite increased body 

mass compared to other ND groups (P < 0.001).  Over both diet groups, a change in the gradient 
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of the weight curve was discernible soon after treatment commenced.  To quantify this, weight 

change over experiment weeks 2-4 (10-12 weeks of age) was compared with weight change 

over weeks 7-9 (see Figure 5.1B).  A 2-way ANOVA indicated an overall significant difference 

(P < 0.001) between weight gain in the pre- and mid-treatment time periods, the difference 

being greatest in the A-HFD group (a difference of 2.1 g in weight gain over 2 weeks, 

P < 0.001) and least in the V-ND group (0.8 g difference in 2 weeks, ns).  This was not reflected 

in a change in food consumption and is not expected to be a factor of age, as C57Bl/6J mice are 

known to gain weight more slowly between two periods of faster growth in weeks 5-9 and 21-

25 (657). 

Mice on the HFD consumed 27% less food daily (by weight) than the ND controls (2.4 ± 0.2 vs 

3.3 ± 0.2 g/animal/day, P < 0.001).  Energy intake in the HFD group ranged from 45 ± 2 to 

66 ± 3 kJ/animal/day in weeks 3 and 16, respectively (Figure 5.2A).  A period of diet 

adjustment appears to have occurred immediately after the change to HFD.  Over the initial 

three weeks, food consumption decreased steadily before its subsequent stabilisation.  The 

atorvastatin HFD group also showed decreased food consumption together with plateaued 

weight gain over three weeks at commencement of gavage. 

There was an inverse relationship between weight gain and the mass of food consumed between 

the two diet groups, but this was more than countered by the extra energy available in the HFD 

(22.8 kJ/g vs 12.8 kJ/g) (compare Figure 5.1A with Figure 5.2A).  As expected, HFD animals 

gained weight more rapidly than their ND counterparts, even during the initial 3 weeks of the 

diet when consumption was decreasing and energy consumption declined to similar levels to 

that of the ND groups.  By week 4 a significant weight difference between the groups had been 

established and this persisted to the end of the experiment. 

The amount of digestible energy (kJ) consumed daily varied with the diet.  Animals fed a HFD 

consumed an average of ~10 – 16 kJ /day (31 ± 12% over 15 weeks, P < 0.001) more than 

control groups.  Weight gain was plotted with respect to total energy consumed/animal over 15 

weeks in Figure 5.2B.  Among the ND groups, animals treated with atorvastatin consumed 

~3 kJ/day less than the pravastatin group (P < 0.05).  Among the HFD groups, atorvastatin- and 

pravastatin-treated mice consumed ~3 kJ/day (P < 0.05) and ~2.3 kJ/day (ns) less, respectively, 

than those receiving no statin. 

Statins appeared to affect the relationship between energy intake and weight gain.  Across both 

diets, there were significant differences between all treatments for weight gain.  Despite the 

fewer kilojoules consumed, the A-ND group gained more weekly weight than the vehicle or 

pravastatin groups eating the normal diet (P < 0.001).  Among the HFD groups, however, 

atorvastatin-treated animals gained less average weight weekly than the vehicle and pravastatin 

groups (P < 0.01).  A positive correlation between energy consumed and weight gain was found 
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in the V-HFD and P-HFD groups, but not the A-HFD or ND groups (Pearsons r = 0.6, P < 0.05; 

r = 0.65, P < 0.01; r = 0.43, ns for V-HFD, P-HFD and A-HFD, respectively). 

 
Figure 5.1. Effect of diet and statins on weight gain and food consumption. 
A. Mice fed the HFD consumed approximately one third less (by weight) than control groups 

(P < 0.001). B. Groups were differentiated by weight gain within four weeks of beginning the 

diets, with HFD groups quickly exceeding weight gained by individuals on the control diet.  A 2-

way Repeated Measures ANOVA indicates a significant difference in weight between the diets 

(P < 0.001).  Data in B is shown as mean ± SEM. n=7 mice per group.  * P < 0.001
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Figure 5.2. Effect of diet and statins on energy consumption. 
A. The amount of digestible energy (kJ) consumed daily varied per the diet, with ~30% less 

consumed by the ND animals each day (P < 0.001).  B. Weight gain is plotted with respect to 

total energy consumed.  Each circle (ND) or triangle (HFD) represents one mouse.  Within both 

diet groups, least energy was consumed by animals given atorvastatin, however this was not 

reflected in lighter weight. n=7. * P < 0.001  
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5.4.2 Metabolic parameters 

Metabolic parameters assessed included glucose tolerance, measured by means of an oral 

glucose tolerance test (OGTT), and fasting plasma levels of glucose, insulin, glucagon and 

cholesterol (Figure 5.3, Figure 5.5).  Overall, greater effects were elicited by diet rather than 

statins.  Statins exacerbated diet-related variation for the OGTT and glucagon measures, but a 

larger diet effect was found in the treatment control groups (V) for all other parameters.  Group 

data is presented in Figure 5.4 and Figure 5.3. and data from individual mice is provided in the 

heat-map (Figure 5.5).  Correlations between parameters are presented in Figure 5.6. 

Fasting Glucose (FG) and glucose tolerance (OGTT):  There was a significantly different 

effect on FG in response to the two diets, both overall and within each treatment group (Figure 

5.3A), with HFD groups having ~3.1 – 4.2 mmol/L higher FG than their ND counterparts 

(P < 0.001).  However, there was no difference between V-ND and the statin-treated HFD 

groups, suggesting a beneficial effect of statins.  Atorvastatin appeared to have a mild FG-

lowering effect in the ND group, but it was not statistically significant (P = 0.2). 

When subjected to a glucose challenge (2 mg/kg by gastric gavage) after 11 weeks of statin 

treatment and 15 weeks of diet (Figure 5.4), statins increased the difference in plasma glucose 

between the two diets, both lowering blood glucose concentrations in the ND groups and 

elevating glucose in the HFD groups (relative to vehicle controls).  Consequently, there was a 

significant difference in the AUC between the two diets for pravastatin- (P-ND vs P-HFD, 

P < 0.01) and atorvastatin-treated (A-ND vs A-HFD, P < 0.001), but not vehicle-treated mice 

(A-ND vs A-HFD, P = 0.2, Figure 5.4B).  No difference was seen between vehicle or statin 

groups fed the same diet, but the AUC for A-HFD was significantly larger than that for V-ND 

(P < 0.05). 

In humans, a delayed post-challenge peak glucose concentration has been associated with 

declining β-cell function and poorer glucose tolerance (658, 659).  In most mice, the peak 

glucose concentrations were observed 10 minutes after the glucose challenge.  However, peak 

glucose concentrations for five of the seven mice in the A-HFD group were observed 20 

minutes after the challenge or later, compared to three of seven (P-HFD) and one of seven (V-

HFD) delayed peaks in other HFD groups. 

Additional subtle differences were also observed.  At time-point 1, 10 minutes after the glucose 

challenge, atorvastatin-treated mice on the HFD had significantly higher blood glucose than 

their ND counterparts (P < 0.05).  This difference was not resolved until 2 h post-glucose.  At 

20 and 30 min post-challenge, the A-HFD group demonstrated elevated glucose compared to 

the V-ND group (P < 0.01 and P < 0.05, respectively) and V-HFD group (P = 0.07 and P < 0.01, 

respectively).  Pravastatin-treated, HFD animals also had significantly higher blood glucose at 
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20 and 60 min post-glucose compared to their ND counterparts (both P < 0.05) and the V-ND 

group (P < 0.05 at 60 min).  An overall difference between dietary groups persisted (P < 0.001). 

Fasting insulin (FI):  There was a HFD-associated increase in FI (P < 0.001) in mice not 

treated with statins, but no change between HFD and ND in mice on statins.  This was partly 

due to a non-significant increase in FI in atorvastatin-treated mice on the ND (~33% increase, 

P = 0.2), while in the HFD groups statins appeared to have had an attenuating effect.  This was, 

however, punctuated by extremes.  An individual mouse in the A-HFD group was found to have 

very high FI (Figure 5.3B and Appendix A.3).  If this individual is a true outlier, then its 

exclusion from the data would result in the A-HFD and V-ND groups being statistically similar. 

Fasting glucagon:  Analogous to FG and FI, fasting glucagon (Figure 5.3C) was increased in 

the HFD groups overall (P < 0.001).  However, individually the effect became statistically 

significant only in the atorvastatin, but not vehicle or pravastatin, groups (P < 0.01, A-ND vs 

A-HFD).  There was also a significant difference between V-ND and both HFD-statin groups 

(P < 0.05 and P < 0.01 for V-ND vs P-HFD and A-HFD, respectively). 

Homeostatic model assessment (HOMA):  Insulin resistance was determined by HOMA-IR 

(see Section 5.3.5).  The HFD significantly increased insulin resistance.  This was true both 

overall (P < 0.001) and for mice fed the HFD with or without statin treatment when compared to 

V-ND (P < 0.05 with statins, P < 0.001 without statins), but there was no difference between 

diets when mice were given statins (P-ND vs P-HFD and A-ND vs A-HFD, Figure 5.3E).  If the 

potential outlier with high insulin is excluded, the effects described above remain unchanged, 

however, a trend towards an insulin resistance-ameliorating effect of atorvastatin emerges in the 

HFD-fed mice (P = 0.09, V-HFD vs A-HFD, see Appendix A.3).  Similar results were obtained 

using QUICKI, and measures of insulin sensitivity and resistance are compared in Figure 5.8.  

As for HOMA-IR, there is a significant difference between diets for the statin-naïve groups but 

statins had a non-significant, diet-dependent influence, decreasing sensitivity in the ND cohort 

and increasing it in the HFD cohort, ultimately ameliorating the dietary influence on insulin 

sensitivity. 

HOMA-%B, a model of β-cell function, was also calculated (Figure 5.3F).  Interestingly, β-cell 

function was significantly increased in the A-ND and V-HFD groups compared to V-ND 

(P < 0.01 and P < 0.05, respectively), while, conversely, A-HFD and P-HFD were not 

significantly different from V-ND or their respective ND counterparts.  The influence of 

atorvastatin to elevate HOMA-%B in healthy mice has not previously been reported. 

Statins overall, and atorvastatin in particular, appears to exacerbate the glycaemic stress 

imposed by a HFD in terms of glucose tolerance and glucagon secretion, while slightly 

attenuating (but not significantly) the insulin resistance imposed by the HFD. 
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Plasma and liver cholesterol:  As expected, HFD increased plasma cholesterol (PC, P < 0.05, 

Figure 5.3D), however, neither statin reduced plasma cholesterol, irrespective of diet.  

Interestingly, results from another project in the laboratory indicated that while the high fat diet 

did not influence liver cholesterol content, atorvastatin treatment was associated with a 

significant increase in hepatic cholesterol in both diet groups (Figure 5.7, Sabapathy, personal 

communication).  Livers from the HFD-fed mice were paler than those from ND groups, 

suggesting higher fat loading, however colour offers poor correlation to liver fat content, and 

can be prone to error (660).  The influence of pravastatin on liver cholesterol was not examined. 

Metabolic correlations:  A moderate but highly significant positive correlation was evident 

between log transformed FI and both FG and fasting glucagon across all diets and treatments 

both including, and excluding, the potential outlier (Figure 5.6A).  This may at first appear 

somewhat surprising, because an inverse correlation would normally be expected between 

insulin and both glucose and glucagon (661).  Under normal conditions insulin exerts an 

inhibiting paracrine influence on glucagon secretion, possibly by altering the sensitivity of 

α-cell K+
ATP channels to ATP (662).  However, in some contexts (including diabetes and 

dispersed α-cells), paradoxical stimulation of glucagon by glucose (663, 664) and, possibly, 

insulin (665) occurs.  Mathematical modelling has successfully reproduced this high glucose 

stimulation phenomenon when accounting for the involvement of dysregulated somatostatin 

secretion and both paracrine and intrinsic influences (643, 666). 

When fasting insulin and glucose were plotted against cholesterol, a significant correlation was 

found.  However, no correlation was found between cholesterol and fasting glucagon (Figure 

5.6B). 
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Figure 5.3. The effect of diet and statins on metabolic parameters. 

There was significant variation in metabolic parameters between diets but less between 

treatment groups.  Statins slightly attenuated the effects of HFD on fasting glucose (A) and 

insulin (B), but tended to exacerbate the effect of the HFD on fasting glucagon (C), while having 

no effect on cholesterol (D). A slight attenuation of insulin resistance by statins was indicated by 

HOMA-IR (E), although the HOMA-%B measure of β-cell function indicated that β-cell function 

in mice on the ND was increased with atorvastatin treatment (F).  Data is presented as Tukey 

box plots and represents data from 7 mice per group.  Means with superscripts in common are 

not significantly different from each other (2way ANOVA with Tukey’s multiple comparisons test, 

P < 0.05 indicating significance). ND, Normal diet; HFD, High fat diet. Φ, P < 0.05; *, P < 0.001. 



 168 

 

 
Figure 5.4. The effect of diet and statins on glucose tolerance (OGTT). 
A. Plasma glucose was measured after a 6 h fast, and at time points (10, 20, 30, 60 and 120 

min) after a 2 g/kg bolus of glucose.  Results are shown as the mean ± SEM of 7 individual mice 

per group.  Lower error bars are omitted for clarity.  Significance was determined using 2-way 

repeated measures ANOVA (2RMA) (P-ND vs P-HFD (Φ), A-ND vs A-HFD (*) and V-ND vs 

A-HFD (Φ)).  B. OGTT data is shown as area under the curve.  Means with superscripts in 

common are not significantly different from each other (2-way ANOVA, Tukey’s multiple 

comparisons test, P < 0.05).  ND, Normal diet; HFD, High fat diet.  n = 7 mice per group.  

Φ, P < 0.05; *, P < 0.001 Symbols in black are compared to V-ND (solid green), unless 

indicated otherwise.  Coloured symbols represent differences between HFD and ND within the 

same statin treatment group, indicated by the colour. 
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Figure 5.5. Heat-map of metabolic parameters. 
FG, fasting blood glucose; FGn, fasting plasma glucagon; FI, fasting plasma insulin; PC, plasma 

cholesterol; V, vehicle; P, pravastatin; A, atorvastatin, both at 10 mg/kg/day; ND, normal diet; 

HFD, high fat diet. 
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Figure 5.6. Correlations between insulin or cholesterol and other metabolic parameters. 
A. Log transformed fasting glucagon or glucose across all treatment groups was plotted against 

log transformed fasting insulin and a medium, significant correlation was observed between 

these data sets, both including and excluding the outlier.  This is driven mainly by the HFD 

groups, for without them the correlations do not exist.  B. Data for fasting plasma insulin and 

glucose but not glucagon across all treatment groups correlated significantly with plasma 

cholesterol.  EO, excluding outlier. 

 
Figure 5.7. Effect of diet and atorvastatin on hepatic cholesterol. 
A. Cholesterol measured in liver samples was influenced by treatment but not by diet.  

Atorvastatin increased hepatic cholesterol significantly.  n = 7 mice.  Modified from (457).  

B.  Representative liver samples from the 6 groups of mice.  HFD affected the liver colour in all 

mice, although this may be a poor indicator of fat accumulation.  Letters signify statistical 

similarity (2-way ANOVA with Sidak’s multiple comparisons test, P < 0.05 indicating 

significance) V, vehicle; P, pravastatin; A, atorvastatin; ND, normal diet; HFD, high fat diet; 

*, P < 0.001. 
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Figure 5.8. Measures of Insulin sensitivity compared. 
(A), HOMA-%S (B), QUICKI (C) As expected, there is a correlation between HOMA-IR and 

other derivations of insulin sensitivity.  ND, Normal diet; HFD, High fat diet.  Letters signify 

statistical similarity: subscripts in common are not significantly different (2way ANOVA with 

Tukey’s multiple comparisons test, P < 0.05 indicating significance). ND, Normal diet; HFD, 

High fat diet. *, P < 0.001. 

 

5.5 Discussion 

The aim of this study was to explore the effect of statins on glucose homeostasis in mice, with 

or without pre-existing obesity and insulin resistance induced by HFD feeding.  In line with the 

large body of evidence available, results in this study demonstrate the deleterious effect of a 

HFD on insulin resistance and glucose homeostasis in C57Bl/6J mice.  Statins exacerbated the 

dietary influence on glucose normalisation during an OGTT, discussed below, but a greater 

impact was imposed by diet.  Β-cell function (HOMA-%B) was significantly elevated by 

atorvastatin in the ND group, in association with increased fasting plasma insulin and decreased 

fasting glucose in this group, though not to statistical significance in the latter two parameters.  

A novel finding associating atorvastatin with exacerbation of elevated fasting plasma glucagon 

in the HFD group was also made. 

As has been previously observed (212, 357), the influence of pravastatin was minimal compared 

to that of atorvastatin.  Pravastatin appears to influence various outcomes in a similar direction 
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to atorvastatin, but to a lesser degree than atorvastatin, and was therefore less likely to yield 

statistically significant differences.  This may be due to the difference in lipophilicity between 

the two drugs, pravastatin being considered hydrophilic and atorvastatin lipophilic (637).  

Hydrophilic statins are thought to have reduced systemic diffusion compared to their lipophilic 

counterparts due to the phospholipid plasma membrane barrier. 

5.5.1 The influence of diet and statins on weight 

Diets were commenced four weeks prior to commencement of statin treatment to induce obesity 

and increase insulin resistance.  A period of reduced food consumption observed over the initial 

three weeks of HFD could be due to a dislike for the taste, or to increased satiation due to fat 

content.  These mice are known to strongly prefer sweet tastes (667).  The atorvastatin HFD 

group also showed decreased food consumption together with plateaued weight gain 

immediately on commencement of treatment.  It is not known why this occurred.  It is unlikely 

to be related to commencement of gavage, as the procedure was initiated in all groups 

simultaneously.  It could have been taste-related, due to traces of atorvastatin remaining in the 

buccal cavity, but was not noticed in the ND group.  Several reports of increased irritability 

during statin treatment may hold clues to this observation (668, 669), though more research 

would be necessary to make a conclusion. 

The atorvastatin-associated weight gain independent of food intake observed in ND animals in 

this study has previously been observed in male (629) and female (670) C57Bl/6J mice and 

humans (671).  It was attributed to increased hepatic gluconeogenesis, as evidenced by 

increased expression of gluconeogenic genes (glucose-6-phosphatase and phosphopyruvate 

carboxylase) in the former study.  Additional considerations proposed in the latter two studies 

include a statin-associated adjustment in gut microbiota towards species with an increased 

capacity to harvest energy, and dietary relaxation associated with statin therapy in the human 

study.  Activity levels were not measured in this or the other studies mentioned, but an increase 

in sedentary behaviour could be investigated as an alternative explanation for this observation.  

In humans, statin treatment has often been associated with muscle pain and reduced activity 

(361). 

5.5.2 The influence of diet and statins on glucose homeostasis 

Overall, animals fed a HFD in the current study exhibited significantly elevated fasting plasma 

glucose, insulin and glucagon compared to ND groups but statins did not cause further elevation 

compared to the vehicle controls (Figure 5.3).  However, each treatment group (statins or 

vehicle) had significantly elevated fasting glucose when fed a HFD compared to animals fed a 

ND with the same treatment. 
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Statins had no effect on fasting glucagon among the ND animals.  However, the atorvastatin 

HFD group displayed significantly increased fasting glucagon compared to all animals fed a ND 

independent of statin treatment (i.e., V-ND, P-ND and A-ND).  Glucagon excess would be 

expected to increase hepatic glucose release, and in the A-HFD group, higher glucagon 

concentrations would antagonise secreted insulin after a glucose challenge.  Indeed, in an earlier 

study, glucagon knock-out mice were resistant to HFD-related hyperglycaemia (672).  The 

influence of atorvastatin was only apparent in the context of a HFD, and neither glucagon nor 

insulin were significantly different between A-HFD and the vehicle-treated HFD control. 

Plasma glucagon is dysregulated in diabetes such that it is inappropriately elevated in 

hyperglycaemia, and insufficient during hypoglycaemia (643).  This occurs in conjunction with 

diminished β-cell mass and increased α-cell mass (673), perhaps due, at least in part, to 

expression of glucagon by β-cells (674), although complete transdifferentiation of β-cells into 

α-cells has been refuted by lineage tracing analysis (499).  Glucagon activity has been largely 

overlooked in diabetes therapy but it is increasingly evident that its dysregulation contributes 

significantly to the pathophysiology of this disease (673, 675).  New therapies targeting the 

glucagon receptor (676-678) are under development and show promise, although total α-cell 

disruption does not improve glucose tolerance in T2D (679).  The effect of atorvastatin to 

elevate fasting plasma glucagon on a background of HFD feeding reported in the current study 

is a novel finding which is of interest, given the attention on glucagon as a pathophysiological 

mechanism and potential therapeutic target in T2D. 

The OGTT demonstrated that a prolonged HFD increases the peak level of glucose and length 

of time to normalise after a glucose challenge.  Statins, particularly atorvastatin, affected blood 

glucose concentrations in a diet-dependent manner after a bolus of glucose, being associated 

with a trend towards diminished blood glucose in the ND cohort (P = 0.2) but elevated blood 

glucose in the HFD cohort, particularly between 20 and 60 min post-challenge in the A-HFD 

group (P < 0.05 vs V-ND) and at 60 min post-challenge in the P-HFD group (P < 0.01 vs 

V-ND).  The trend (P = 0.2) to lower fasting glucose and reduced peaks after the glucose 

challenge in the A-ND mice could be due to the tendency (P = 0.2) for higher fasting insulin 

levels found in association with atorvastatin, and is in line with the significantly higher 

(P < 0.01) HOMA-%B scores calculated for this group.  This is in agreement with the known 

effect of statins to increase plasma insulin, which can occur even in the absence of 

hyperglycaemia, and may precede the development of diabetes (298).  For the HFD groups, 

there was no evidence in this study that the contrasting effect of statins to elevate blood glucose 

at 10 – 60 min post-challenge was due to changes in insulin or glucagon, though only fasting 

concentrations of the hormones were recorded. 



 174 

In a study by Salunkhe et al (324) in mice on a normal diet, a similar statin-associated decrease 

in blood glucose occurred during an OGTT after 4 weeks of rosuvastatin treatment.  

Interestingly, the rosuvastatin effect was diminished after a further 4 weeks, suggesting 

compensatory mechanisms may reduce the statin effect on glucose response over time.  In the 

same study but in animals fed a high fat diet, rosuvastatin had little effect on blood glucose in 

response to a glucose challenge.  Elsewhere, the response to an OGTT was not influenced by 

pravastatin or atorvastatin in HFD-fed, male, C57Bl mice, but a comparison with mice fed a 

normal diet was not made (629).  In agreement with the trend found in the current study, 

atorvastatin and pravastatin treatment resulted in higher fasting blood glucose concentrations 

compared to HFD controls after 16 weeks on a HFD.  In the same study, serum cholesterol was 

reduced by rosuvastatin and fluvastatin but, as in our study, not by pravastatin and atorvastatin 

treatment.  The increased statistical significance compared to the current study may be due to 

the higher statin dose used (0.01%, w/w of diet), approximately equivalent to a 4-fold higher 

dose than was used in the current study. 

5.5.3 Further influences on Insulin sensitivity 

Insulin sensitivity and insulin resistance are reciprocal terms denoting the effectiveness of 

insulin in stimulating glucose uptake.  It is an important parameter in metabolic health and can 

be estimated by several methods as a more practical substitute for the invasive 

hyperinsulinaemic/euglycaemic clamp, which is generally considered the gold standard (653, 

680, 681).  HOMA modelling is based on measures of fasting glucose and fasting insulin (682).  

Approximations are often calculated using a linear equation provided by the authors as an 

alternative to the more complex computer modelling.  The model was updated (683) when 

computers became readily available and was subsequently made available to clinicians and 

researchers in 2004 by Oxford University at https://www.dtu.ox.ac.uk/homacalculator/.   The 

model is calibrated to give values of 100% in healthy young adults (651), which suggests that a 

recalibration for meaningful application to laboratory animals would be appropriate.  This was 

done by van Dijk et al (650), and a similar method based on their work has been used in this 

study. 

An increase in insulin resistance with HFD is expected in C57Bl/6J mice.  This in-bred strain 

lacks an inner mitochondrial integral membrane protein known as nicotinamide nucleotide 

transhydrogenase (Nnt), associated with impaired glucose homeostasis and insulin secretion 

when fed a HFD (684). The diet effect was considerably greater than any statin effect.  

However, statin-treated mice showed some differences from control mice, outlined below. 

As expected, the V-HFD group demonstrated a significant increase in insulin resistance as 

calculated by HOMA-IR compared to their ND-fed counterparts (P < 0.001).  Within diet 

groups, statins did not significantly alter insulin resistance, and slight statin-associated increases 
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and decreases in insulin resistance among the ND and HFD groups, respectively, meant that 

pravastatin- and atorvastatin-treated mice on the HFD were not significantly more resistant than 

their ND-fed counterparts (P-ND vs P-HFD and A-ND vs A-HFD) despite an overall increase in 

the HFD cohort.  This result is supported by the findings of a colleague who assessed insulin 

action in the livers of mice in this study.  He found decreased expression of insulin receptors 

and insulin-specific binding in HFD animals (P < 0.01) compared to those on a ND, which 

could explain the reduced insulin sensitivity in the HFD cohort.  However, the total number and 

phosphorylation of insulin receptors and insulin-specific binding was greatly increased in 

atorvastatin-treated, HFD-fed animals compared to statin-naïve animals on the same diet 

(P < 0.001).  By contrast, no such effects of atorvastatin on insulin receptor expression, 

activation or binding were observed in the ND groups (457).  This suggests that atorvastatin 

may be associated with a diet-dependent effect to reduce insulin resistance by increasing insulin 

receptor expression and affinity to insulin in HFD mice. 

The trend described above does not appear to support clinical evidence of increased risk of 

statin-related diabetes in persons with pre-existing metabolic risk factors, although taken 

together with the adverse influence of atorvastatin on OGTT performance, this may be 

misleading.  Individual potential to compensate for statin-related changes may affect the 

development of insulin resistance and hyperglycaemia, and is discussed further below. 

HOMA-%B, a measure related to HOMA-IR, does not empirically reflect the capacity of β-cells 

to mount a postprandial response, being calculated from measures of plasma insulin and glucose 

during the fasting state (Table 5.1, Equation 5); nevertheless, it is a useful indicator.  The 

increase in HOMA-%B associated with the HFD may reflect a compensatory increase in insulin 

secretion due to increased insulin resistance in the statin-naïve groups.  Statins were not 

associated with further HOMA-%B changes in the HFD cohort.  However, in animals fed the 

ND, a significant increase was calculated for HOMA-%B in the atorvastatin group.  This 

indicates that β-cells may have increased basal activity in response to atorvastatin treatment, as 

demonstrated by modestly (but not significantly) reduced glucose and increased insulin and 

insulin resistance.  In vitro studies in this project were inconclusive on the association of statins 

with increased chronic insulin secretion.  This is discussed further in Section 6.4.  Interestingly, 

compensatory hypersecretion of insulin was found to precede β-cell failure in mice, at least 

when driven by over-nutrition (685), and this may also occur in statin-induced diabetes (298).  

Further work would be necessary to determine whether the increased β-cell function indicated 

by HOMA-%B in A-ND mice was compensatory or indicative of β-cell stress.  Also of interest 

is the indication of a greater effect of atorvastatin on β-cell function for mice on the ND than 

those fed a HFD.  Indeed, an effect equivalent to that of a HFD in the vehicle group was 

evident, although insulin resistance was not as elevated in this group.  An alternative 
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explanation could concern cell membrane disruption or damage and subsequent insulin ‘leak’ 

due to reduced cholesterol, but further evidence would be required to assess this.  

The current study demonstrates that atorvastatin may be associated with hyperglucagonaemia 

when combined with a HFD while trending towards hyperinsulinaemia in the ND group.  This, 

together with the impact of atorvastatin on the OGTT and IR, supports an evidence-based 

conclusion that the numbers needed to treat (NNT) data is unfavourable towards preventative 

statin prescription in a cohort at low-risk of CVD (197, 686). 

5.5.4 Other observations 

Individual variation.  One mouse in the A-HFD group was more adversely affected by 

atorvastatin, potentially representing a statistical outlier (discussed below).  Excluding this 

animal, atorvastatin appeared to benefit those fed a HFD in terms of insulin resistance.  For 

example, excluding the outlier, the HOMA-IR measure of insulin resistance showed no 

significant difference between mice in the V-ND and A-HFD groups, whereas other HFD 

groups had significantly increased (P < 0.05) insulin resistance (Appendix A.3).  Similarly, a 

2-way ANOVA showed significantly reduced fasting insulin for A-HFD compared to V-HFD, 

but no difference between the former and V-ND (again, excluding the outlier).  Chen et al (687) 

report similar preservation of β-cell function from 30 mg/kg/day treatment with atorvastatin for 

58 days in obese mice.  It is not understood why atorvastatin appears to interact differentially 

with different diets. 

Mouse 54 in the A-HFD group did not benefit from atorvastatin (see Figure 5.5), and the 

possibility that parallels may exist with some individuals who are statin-intolerant warrants a 

brief discussion of this mouse.  It had the highest recorded measurements within the entire 

cohort for serum cholesterol, fasting plasma glucose, glucagon and insulin.  Indeed, the log 

transformed FI value was 3 standard deviations above the total mean, making it a statistical 

outlier.  It also had the highest mass amongst members of the A-HFD group, though two 

individuals in the V–HFD group were heavier.  It is well known that significant variation occurs 

in mouse data, even with inbred mice of the strain used in this study, demonstrating differences 

in insulin sensitivity and secretion (688, 689).  Further experiments with greater statistical 

power would allow categorisation of mice into high and low responders similar to previous 

studies (690, 691) to give more insight into phenotypic variability.  Metabolic vulnerability in 

this individual may have been induced by atorvastatin, perhaps interacting with diet.  

Alternatively, it may be a phenotypic outlier in response to diet alone, or, given that n=1 in this 

case, its results may be meaningless to the discussion at hand. 

A similar vulnerability to statin adverse effects has been experienced by a minority of patients, 

including myositis and adverse immune reactions (692-697), unexpected lipid-associated 
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outcomes (698), reduced cognitive ability (699) and metabolic effects (700).  Thus, a 

personalised approach may be helpful in deciding on the appropriateness of statin therapy to 

meet individual requirements.  For example, variations in some cytochrome P450 genes 

involved in the hepatic processing of selected statins may predispose to adverse effects of 

certain statins (175).  Statins are metabolised differentially, ranging from alternative hepatic 

enzymes involved in processing (e.g., atorvastatin and fluvastatin are principally metabolised by 

the CYP3A4 and CYP2C9 isoenzymes, respectively (169)) to no hepatic processing for 

pravastatin (see Sections 1.3, 7.2) and thus patients may respond differently according to 

phenotypic variation.  Low activity of metabolising enzymes may result in higher statin 

accumulation in tissue and an associated increase in toxicity (701).  Genetic variations in some 

muscle enzymes (209) and concomitant use of certain medications (165) also increase the risk 

of statin-induced myopathy. 

Statins are considered to be mitochondrion-toxic (702) and are thus prescribed with caution for 

patients with mitochondrial disorders (703).  Further research in the field of individualised 

medicine and predisposing factors leading to statin-related adverse events will be beneficial in 

reducing the incidence of these events. 

Statin dose and efficacy in cholesterol reduction in mice  The statin dose used in this study 

(10 mg/kg/day) was equivalent to 8-10 times that commonly used therapeutically in humans.  

However, statin is metabolised more quickly in rodents (704), reducing exposure.  The latter 

study estimated that a 13 mg/kg/day dose represented a similar exposure to that regularly used 

in humans.  The dose used here was previously used by collaborators and will allow future 

comparison of the two studies (670).  Other studies have used doses ranging from 1-500 mg/kg 

(193).  For example, Lorza-Gil et al (192) used 40 mg/kg/day, though the delivery of 

pravastatin in drinking water means the dose was estimated. 

Mice fed a HFD showed increased plasma cholesterol concentrations.  The statin dose used 

failed to reduce plasma cholesterol levels in statin treated animals irrespective of diet (Figure 

5.3A).  A similar result has been documented elsewhere (193, 670).  Indeed, it has been 

suggested that mice can tolerate very high statin doses because of their resistance to its 

pharmacological effects (193), and a systematic review found no statistically significant effect 

of statins on total cholesterol in C57Bl/6 mice (705).  In contrast, rosuvastatin (191) and very 

high-dose pravastatin (approximately 40 times higher than used in humans) (192) did 

significantly reduce plasma cholesterol in LDL receptor (LDLr) knockout mice.  This is 

interesting, since the mechanism by which statins are thought to reduce plasma cholesterol is via 

increased LDLr expression (via sterol regulatory element-binding protein, SREBP2), thereby 

increasing tissue uptake of cholesterol while concurrently removing it from circulation (102, 

596, 597).  In the absence of LDLr there must be another mechanism for reducing plasma 
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cholesterol, a hypothesis supported by Schonewille et al (180), who found evidence for 

cholesterol efflux pathways via bile acid and faecal excretion.  They also found that plasma 

cholesterol was decreased by atorvastatin and lovastatin but not rosuvastatin. 

Although the mice in the current study were resistant to the serum cholesterol depletion effects 

of statins, there is evidence of a response to mevalonate pathway inhibition, similarly to the 

observations of Bjorkhem-Bergman et al (704) using a dose estimated to be ~13 mg/kg/day 

delivered via the diet.  Hepatic cholesterol was measured by a fellow PhD student in our 

research group and found to be paradoxically increased with atorvastatin treatment, both in ND 

and HFD animals (P < 0.01) (457) (Figure 5.7).  Further, the liver plasma membrane cholesterol 

and cytosolic fractions were significantly different between both diets and treatments, with 

atorvastatin fractions having higher cholesterol content.  Conversely, the plasma associated 

membrane (PAM) fraction from atorvastatin-treated animals was significantly lower in 

cholesterol for both diets, and the mitochondrial fractions were not different.  A similar hepatic 

cholesterol increase in response to statin treatment was also found previously (180), though 

plasma cholesterol was slightly reduced in the two-week treatment time.  An ~10-fold increase 

in hepatic cholesterol synthesis over 72 h was due to SREBP2-mediated upregulation of 

HMGCR and other cholesterol synthetic genes. 

Measurements of HMGCR protein and mRNA will be undertaken in liver samples in future 

studies to further explore mevalonate pathway inhibition.  It is likely that a new cholesterol 

synthesis equilibrium may have been reached during the 12 weeks of treatment.  

Schonewille et al (180) demonstrated that, after two weeks of statin treatment, hepatic HMGCR 

and its substrate accumulates and may out-compete statin inhibition of the enzyme.  This seems 

a likely prospect, and potentially results in new ‘normal’ levels of cholesterol intermediates 

after an initial period of adaptation in statin treated animals. 

5.5.5 Limitations and future studies 

Given that pravastatin showed similar trends but smaller effects than atorvastatin, increasing the 

power of the study by using more animals per group may have enabled higher statistical 

significance and greater certainty of the effects of diet and statins. 

Many studies of statins and their effects, such as the present study, use mice or rats as model 

organisms (706) and mice are a very amenable model for studies for several reasons.  Logistical 

considerations include ease of husbandry, ready access to suitable housing arrangements and 

cost effectiveness, as well as the availability of species-specific antibodies and various analysis 

kits.  In the current study the spontaneous progression of C57Bl/6J mice towards insulin 

resistance upon HFD feeding provides a model of increased T2D risk factors, and the 

availability of comparative studies in the same strain made the choice attractive.  Interestingly, 
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C57Bl/6 mice were found to more closely represent human plasma lipid profiles over eight 

major lipid fractions than several commonly used transgenic mice (707).  Other studies also 

support the use of mice in plasma lipid studies (405, 706).  However, differences in the lipid 

transport systems between rodent models and humans must be taken into consideration (see 

Section 1.6.1) and may contribute to failure to replicate results in clinical trials of prospective 

lipid-related drugs (707).  For example, when fed a HFD, mice downregulate cholesterol 

synthesis and upregulate bile acid synthesis to dispose of excess cholesterol, hence maintaining 

cholesterol homeostasis in plasma (403).  In the current study, it is highly probable that 

pharmacological failure of statins in lowering plasma cholesterol is due to species differences 

(193). 

Guinea pigs have been mooted as a more appropriate model of human CVD and statin studies 

have found them to have similar responses to statin, with upregulated LDLr and decreased 

plasma LDL (708).  They are also susceptible to streptozotocin-induced diabetic syndrome 

(709), however, a HFD may not induce insulin resistance in this species (710).  Insulin storage 

and the molecular structure of insulin also varies in guinea pigs, characterised by the absence of 

zinc (711).  In humans and many other species, zinc is co-secreted with insulin in a ratio of 1:3 

and has roles in signalling, storage and secretion of insulin (712).  Nevertheless, it would be 

valuable to assess guinea pigs, among other species, as alternative models for the study of the 

effect of cholesterol manipulations on β-cell function. 

In an animal model in which plasma cholesterol is reduced, further studies could compare 

pravastatin and atorvastatin at effective equivalent doses once their efficacy within the model is 

established.  This would accurately address the question of the effect of changes in cholesterol 

on glucose metabolism in the context of lipophilic vs hydrophilic statins. 

Apart from alternative animal models, it would be particularly useful to see whether age is a 

factor in adverse pleiotropic effects of statins related to metabolic health.  In meta-analyses of 

random controlled trials, elderly subjects were at greater risk of new onset diabetes than their 

younger counterparts (224, 298).  Thus, it would be appropriate to run a similar study in elderly 

versus young animals.  In addition, this study could be improved by including an assessment of 

metabolic parameters at an earlier time-point to study events during a putative metabolic 

reprogramming phase. 

GSIS studies in isolated islets are a valuable tool for describing functional metabolic 

consequences of various treatments.  For example, pravastatin treatment over 12 or 16 weeks 

was found to reduce both plasma cholesterol and, insulin secretion in islets isolated from LDLr 

knockout mice (192).  In the current study, islets were isolated and experiments completed for 

ex vivo GSIS investigation, however, technical difficulties rendered these studies unsuitable, 

and they are being planned for a future study. 
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An elegant study in which an isoglycaemic, hyperinsulinaemic clamp was used in newly 

diagnosed T2D humans or healthy controls to observe the effect of insulin resistance on b-cell 

function, including GSIS, was able to distinguish between exogenous and endogenous insulin 

(713).  A similar technique, potentially including additional secretagogues other than glucose, 

could be done after statin therapy in rats to further measure the influence of statins on β-cell 

function in vivo.  Finally, somatostatin, another islet hormone, has also been shown by 

mathematical modelling to play a regulatory role in insulin and glucagon secretion in health and 

T2D (643) and this could be assessed in future studies. 

5.6 Conclusion 

The main results of this study include the greater impact of atorvastatin compared to pravastatin, 

the increase in fasting glucagon associated with atorvastatin and a HFD, the ameliorating effect 

of atorvastatin on insulin resistance in the HFD fed mice and the trend towards an increase in 

fasting glucose and insulin in response to atorvastatin in the ND cohort, indicative of increased 

β-cell function index (HOMA-%B).  These results suggest a complex relationship between 

cholesterol and metabolic processes, as indeed is to be expected.  This is further exemplified by 

discrepant views in the literature.  For example, some animal studies report improved insulin 

sensitivity (501) and expanded β-cell mass (687) in response to statins while others describe 

adverse effects such as reduced GSIS (192) and exacerbated hyperglycaemia in diabetic rats 

(714).  Human studies also show diverse outcomes (collated in 212, see Table 1).  This can be 

explained in part by dissimilar conditions used in these studies, including statin type, dose, 

duration of treatment, and cohort, including pre-existing conditions of subjects (e.g. age, gender, 

obesity, T2D, familial hypercholesterolaemia, insulin resistance etc.).  While contradictions 

persist, the mounting body of evidence from powerful meta-analyses and randomised controlled 

trials has established a persistent, though small diabetogenic effect of statins, possibly being 

context-dependent.  An even stronger effect is reported from a meta-analysis of observational 

studies (436).  The current study contributes by highlighting the diet-based differential 

outcomes on insulin resistance and insulin secretion associated with atorvastatin and the 

association of atorvastatin with hyperglucagonaemia only in mice fed a HFD.   Evidence from 

this study indicates that atorvastatin has a small diabetogenic effect in mice fed both a ND and a 

HFD, the former implied by increased β-cell secretion (indicated by HOMA-%B) and the latter 

by OGTT performance, though this was offset by a beneficial effect on insulin resistance.
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Chapter 6 Statin-Glutamine Interactions in the 

β-cell 

Glutamine serves numerous functions: in addition to being a component of proteins and a 

precursor for purine and pyrimidine synthesis, it contributes to redox homeostasis via provision 

of glutamate for glutathione synthesis and has a beneficial influence on β-cell function (715).  It 

is a mitochondrial substrate, being partially oxidised in the TCA cycle, is a nitrogen donor via 

glutamate formation and insulin secretagogue in the presence of leucine (715, 716).  As outlined 

in previous chapters, statins have been found to reduce maximal mitochondrial respiration and 

insulin secretion.  The aim of this chapter was to assess whether glutamine, in the form of a 

chemically stable dipeptide with alanine (Ala-Gln), could ameliorate the adverse effects of 

atorvastatin on maximally stimulated insulin secretion and mitochondrial function (reported in 

Chapters 2 and 3).  My results have demonstrated that this was not the case, nevertheless this 

work facilitates a deeper understanding of the effect of atorvastatin in the context of Ala-Gln 

availability in β-cells. 

6.1 Background 

Glutamine is the most abundant amino acid in the body (277, 717) and is considered 

conditionally essential in humans due to its high consumption in catabolic states, where plasma 

glutamine is lowered to a critical level, below 0.4 mM (718, 719).  It has a beneficial effect on 

insulin action and glycaemic control in a variety of clinical situations associated with insulin 

resistance, including surgery, trauma and sepsis (3, 720).  A significant reduction in circulating 

glutamine concentrations is also associated with T2D (721, 722), and oral glutamine 

supplementation is beneficial in maintaining glucose homeostasis (723).  This may be mediated 

directly by entry of glutamine carbon into the TCA cycle (in the presence of leucine) and thus 

energy generation or indirectly via a balancing influence on immune function (724), GLP-1 

stimulation, or antioxidant action (3, 725).  Beneficial effects of glutamine on gut microbiota 

have also been observed in obese subjects, with a short oral supplementation program 

influencing alterations in species composition similar to those obtained in weight loss programs 

(726).  Metabolomic profiling of statin users demonstrated no effect on circulating amino acid 

concentrations (727). 

Cells in culture are known to require glutamine in excess of other amino acids (728) and β-cells, 

including BRIN-BD11 cells, consume glutamine at high rates (715) (276), partly for pyrimidine 

and purine synthesis (728, 729).  Among the many functions of glutamine in cell metabolism, 

proliferation, protein synthesis and degradation, cell defence and repair, specific to glucose 

homeostasis is its role in insulin action, and in β-cells exclusively, in insulin secretion (730).  

For example, 13C NMR analysis has indicated that besides supplying carbons for the TCA, the 
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main fate of glutamine in BRIN-BD11 cells is generation of stimulus-secretion coupling factors 

and glutathione synthesis for redox functions (715).  Paradoxically, glutamine can also induce 

insulin resistance in insulin-sensitive tissue by mediating flux through the hexosamine 

biosynthetic pathway via the rate-limiting enzyme glutamine:fructose-6-amidotransferase 

(GFAT) (370), demonstrating its potential for opposing influences on glucose homeostasis. 

Both alanine and glutamine can supply carbons for entry to the TCA cycle and thus contribute 

to the production of ATP (715).  Conversely, they can also stimulate fatty acid synthesis in 

BRIN-BD11 cells by upregulating enzymes (ATP citrate-lyase and acetyl-CoA carboxylase, 

respectively) that provide both the substrate (via citrate conversion to acetyl-CoA) and 

enzymatic activity for fatty acid synthesis (717), potentially diverting carbons from ATP 

production. 

Stimulation of insulin secretion by pathways other than via ATP generation are not well 

understood (715, 717, 731).  Apart from possible stimulus-secretion products that amplify 

insulin secretion, orally administered glutamine slows gastric emptying and influences an 

increase in insulin secretion via stimulation of incretin hormones in the gastrointestinal tract 

(725).  Interestingly, in adolescents with Type I diabetes (where destruction of β-cells has 

occurred), oral glutamine supplementation increased the risk of hypoglycaemia after exercise 

without altering insulin sensitivity (732).  The mechanisms of this effect have not yet been 

elucidated. 

Glutamine is also well-known as a transporter of nitrogen (733, 734), which is critical in the 

formation of NH3 in the kidney, as NH3 accepts a proton to become NH4
+,  and for its 

contribution to redox processes through the synthesis of glutathione and its glutaredoxin 

activity, molecules on which β-cells have an increased dependence (735).  Several enzymes are 

required for these processes, including glutaminase, glutamine synthase (GS), glutathione 

peroxidase (GPx), glutathione reductase (GTR) and glutamate dehydrogenase (GDH).  

Glutaminase and GS affect the conversion of glutamine to glutamate and ammonia and vice 

versa, with an ATP requirement for the reverse conversion (280).  GPx and GTR convert 

glutathione between its reduced and oxidised forms, respectively, with the associated removal 

or production of hydrogen peroxide.  In agreement, glutamine feeding was accompanied by an 

increase in plasma glutathione peroxidase (GPx) activity and improved total antioxidant status 

in dairy cows (736).  Glutathione is also capable of non-enzymatic interaction with ROS species 

(737).  GDH is the catalyst for the NAD(P)H+-dependent conversion of L-glutamate to 

α-ketoglutarate and is allosterically activated by L-leucine.  GDH also potentially acts as an 

energy sensor, turning off leucine-stimulated insulin secretion in high ATP or GTP conditions, 

and turning it on in low fuel conditions (280). 
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Oxidative stress occurs when the production of oxidised products of metabolism exceeds the 

capacity of antioxidants to neutralise them, and free radicals such as superoxide and hydrogen 

peroxide are formed.  Nitrosative stress is similarly caused by excessive production of reactive 

nitrogen species from nitric oxide, such as peroxinitrite, ammonia and others.  These molecules 

can oxidise other biological molecules, producing changes in structure and function.  Glutamine 

is normally protective of mitochondrial oxidant injury (277) but excessive quantities can also 

increase oxidative/nitrosative stress due to hydrolysis in the mitochondria and the production of 

glutamate and ammonia (738).   

Glutathione and its associated redox systems may also have a role in the control of exocytosis, 

including that of insulin (735).  Glutaredoxin and thioredoxin were found to be essential for 

amplification of insulin secretion in the presence of glucose.  Thus, ROS management, fuel 

sensing and coupling of mitochondrial metabolism with insulin secretion are specific roles of 

glutamine in β-cells. 

Earlier studies demonstrated that statins reduced maximal ATP production and insulin secretion. 

The question of interest in this chapter was whether glutamine (in its more stable dipeptide form 

with alanine) could moderate statin effects on mitochondrial function and insulin secretion in 

β-cells. 

6.2 Methods 

BRIN-BD11 cells were seeded at 1x104 cells/well in 96-well plates and cultured in the presence 

or absence of 2 mM alanyl-glutamine (Ala-Gln) and 10 µM atorvastatin or vehicle control.  

Additional concentrations of Ala-Gln were used initially to determine the optimal concentration.  

Acute and chronic insulin secretion was measured as described in Chapter 2.  After 24 h, 

medium was removed and collected for measurement of chronic insulin secretion, cells were 

washed and then starved for 40 min in KRBB supplemented with 1.1 mM glucose.  They were 

then stimulated with secretagogues prepared in KRBB as indicated in the Results for 20 min, 

followed by collection of media for measurement of stimulated insulin secretion.  Cells were 

then lysed with RIPA buffer and assayed for protein content, determined using the BCA assay 

for protein.  Insulin was assayed using an ultrasensitive insulin ELISA kit (Mercodia) using the 

published protocol as previously described (Section 2.1.9). 

To determine the metabolic effects of Ala-Gln, with or without atorvastatin treatment, cells 

were seeded into Seahorse 96-well plates and allowed to attach overnight.  Medium was 

removed and cells were treated with or without Ala-Gln and 10 µM atorvastatin for 24 h before 

media were changed to unbuffered Seahorse medium (DMEM base medium supplemented with 

phenol red, 2.5 mM glucose, 1 mM sodium pyruvate, ± 2 mM Ala-Gln (all from Sigma-

Aldrich), pH 7.35 ± 0.05 at 37˚C); the cells were incubated in air at 37˚C for 1 h to stabilise the 
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pH before assay.  The injection protocol was as follows: A, 25 mM glucose; B, 2 µM 

oligomycin; C, 0.3 µM FCCP; D, 1 µM rotenone + 1 µM antimycin A.   Following this assay, 

the cells were lysed in RIPA and DNA was quantified using a PicoGreen fluorescence assay 

(Life Technologies), as per manufacturer’s instructions.  DNA content was used to normalise 

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) results. 

Statistical analysis was performed using GraphPad Prism version 6.01 for Windows, GraphPad 

Software, La Jolla California USA.  One or two-way ANOVA (as appropriate), followed by 

Tukey’s or Sidak’s multiple comparisons test were used to determine significance, which was 

inferred at a nominal value of a = 0.05. 

6.3 Results 

Stimulated insulin secretion was reduced when Ala-Gln was absent during the 24 h culture 

preceding acute insulin stimulation with secretagogues.  This decline was greater in cells 

concurrently treated with 10 µM atorvastatin (A), with stimulated insulin secretion reduced to 

approximately half that of vehicle-treated cells.  For example, at 2 mM Ala-Gln, the ratio of 

insulin secreted in response to the secretagogue in cells pre-treated with 2 mM compared to no 

Ala-Gln was 3.4 ± 0.5 pg/µg protein compared to 1.7 ± 0.4 pg/µg protein for vehicle or 10A, 

respectively (P < 0.01, Figure 6.1).  A dose-response curve shows little change between Ala-Gln 

concentrations of 1 to 4 mM (Figure 6.1), and 2 mM was chosen for future experiments. This is 

a commonly used concentration of glutamine and is the concentration used in commercial 

media, and used during experiments in previous chapters.  L-alanine, however, is not added to 

the RPMI medium purchased by our lab (449).  At high concentrations of Ala-Gln (8 mM), cells 

not treated with atorvastatin were associated with reduced stimulated insulin secretion. 

 
Figure 6.1. Dose-response of Ala-Gln pretreatment on insulin secretion stimulated by 
high glucose (16.7 mM) + 10 mM L-alanine. 
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No difference was seen between 1 and 4 mM Ala-Gln, but no Ala-Gln or high Ala-Gln reduced 

acutely stimulated insulin secretion. This data was from one experiment with 4 replicate wells.  

Error bars SEM. + P < 0.01, * P < 0.001 compared to 0 mM Ala-Gln in the same treatment 

group. 

In agreement with earlier studies (Chapter 2), pravastatin and atorvastatin were associated with 

a reduction in insulin secretion but secretion was not restored by Ala-Gln.  The absence of Ala-

Gln had a similar influence to the deleterious effect of statins on insulin secretion (Figure 6.2A).  

Chronic (24 h) insulin secretion was slightly increased with Ala-Gln (P < 0.01, Figure 6.2B), 

especially when combined with atorvastatin treatment. 

 
Figure 6.2. Effect of alanyl-glutamine (Ala-Gln) on acute and chronic insulin secretion. 
A. Acute insulin secretion in BRIN-BD11 cells stimulated by 16.7 mM glucose (G) alone or with 

10 mM alanine or 10 µM exendin-4 after 24 h incubation with or without 10 µM atorvastatin or 

pravastatin and/or Ala-Gln.  B. Chronic (24 h) insulin secretion with or without atorvastatin, 

pravastatin and Ala-Gln.  10 A, 10 µM atorvastatin; 10 P, 10 µM pravastatin. Error bars ± SEM; 

n=3; +, P < 0.01; ϕ, P < 0.05. 
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To determine whether the insulin secretion effects described above were related to 

mitochondrial function, studies were conducted using the Seahorse extracellular flux analyser.  

In the absence of statins, Ala-Gln starvation reduced basal respiration (BR, P < 0.01) and ATP 

production (AP, P < 0.01), but, interestingly, it did not affect maximal respiration (MR), and 

hence increased spare respiratory capacity (SRC), calculated as the difference between MR and 

BR (Figure 6.3A).  In cells supplied with Ala-Gln and as seen previously (see Chapter 3), 

atorvastatin treatment reduced BR (P < 0.05), MR (P < 0.001) and AP (P < 0.05) compared to 

control cells.  The effect of the presence or absence of Ala-Gln in atorvastatin-treated cells was 

generally smaller than in statin-free controls, significantly affecting only MR and SRC, with 

Ala-Gln provision paradoxically decreasing these related measures (see Table 3.1, Chapter 3 for 

the method of calculating the various parameters).  In statin-free cells, Ala-Gln also produced an 

increase in basal oxygen consumption rate (BR, P < 0.01) and ATP production (AP, P < 0.01).  

The presence of Ala-Gln did not ameliorate atorvastatin-related oxygen consumption effects. 

A general reduction in extracellular acidification rate (ECAR) was seen with Ala-Gln deficiency 

(Figure 6.3B).  Amongst the metabolic parameters calculated from ECAR, the most affected by 

Ala-Gln was glycolytic capacity (GC) which was significantly reduced (P < 0.001) in the 

absence of the dipeptide in both control and atorvastatin-treated cells.  Its related function, 

glycolytic reserve (GR), was also reduced by Ala-Gln absence in statin-free cells (P < 0.01). 

Reduced SRC % when Ala-Gln was available during cell incubation was compensated by 

increased GR% in statin-free cells (Figure 6.3C).  In atorvastatin-treated cells, the combined 

effect of reduced SRC and GR resulted in a small reduction in total energetic reserve.  While 

glycolytic reserve % was increased in the presence of Ala-Gln (P < 0.01), spare respiratory 

capacity % was reduced to an even greater extent (P < 0.001), resulting in a small overall 

decrease in reserve (sum of GR% and SRC%) in the presence of Ala-Gln (Figure 6.3C). 

When OCR was plotted in terms of ECAR (Figure 6.4), a tendency towards a more energetic 

phenotype was noted in Ala-Gln supplemented cells.  Atorvastatin had no significant effect on 

aerobic phenotype, although there was a slight influence to reduce the aerobic capacity of the 

cells. 
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Figure 6.3. Metabolic effects of Ala-Gln in combination with atorvastatin. 
A) OCR and B) ECAR of BRIN-BD11 cells with or without 10 µM atorvastatin and Ala-Gln.  C. 
Stacked graph showing the influence of atorvastatin with or without Ala-Gln on mitochondrial 

capacity represented by GR% and SRC%. 10A, 10 µM atorvastatin; Ala-Gln, alanyl-glutamine. 

Representative experiment with 6 replicates. BR, basal respiration; PL, proton leak; AP, ATP 

production; MR, maximal respiration; SRC, spare respiratory capacity; NMO, non-mitochondrial 

oxidation; Glyc, glycolysis; GC, glycolytic capacity; GR, glycolytic reserve; NGA, non-glycolytic 

acidification.  * P < 0.001, + P < 0.01, ϕ P < 0.05.  Error bars ± SEM. 

 
Figure 6.4. Effect of Ala-Gln and atorvastatin on energetic state of BRIN-BD11 cells. 
The relationship between OCR and ECAR gives an overview of the energetic state of the cells 

after the various treatments.  Ala-Gln moved the phenotype slightly towards an energetic state 

both with and without atorvastatin treatment (not significant).  Atorvastatin, both with and without 

Ala-Gln, moved the cells slightly towards a more glycolytic phenotype (not significant).  

Error bars ± SD. 
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6.4 Discussion 

Glutamine is the most abundant amino acid in the human body; average extracellular 

concentrations are ~0.7 mmol/L while intracellular concentrations vary between 2 and 

20 mmol/L, depending on cell type (717).  Normal daily dietary intake is <10 g and humans 

produce 40-70 g/day endogenously (739).  However, in insulin resistant states, including in 

T2D, an increased tissue requirement for glutamine often results in low plasma levels (723).  

The aim of this study was to determine the influence of glutamine (as alanyl-glutamine) on 

atorvastatin-treated BRIN-BD11 cells; specifically, to assess its potential to ameliorate the 

adverse effects of atorvastatin on mitochondrial function and insulin secretion as reported in 

Chapters 2 and 3.  The results clearly show that Ala-Gln could not ameliorate these deleterious 

effects of atorvastatin.  In fact, an adverse effect of Ala-Gln in statin-treated cells was observed 

on maximal respiration and spare respiratory capacity. 

The absence of Ala-Gln had a similar influence to the deleterious effect of atorvastatin in 

blunting stimulated insulin secretion, and the addition of Ala-Gln could not restore the 

detrimental effect of atorvastatin at any of the concentrations used, including 2 mM, typically 

present in culture media (Figure 6.1).  Interestingly, stimulated secretion was blunted in control 

cells pre-incubated with the highest Ala-Gln concentration (8 mM).  Similarly to results 

reported in Chapter 2, insulin secretion was blunted by statins when acutely stimulated with 

high glucose and alanine or exendin-4, and this was not restored by Ala-Gln (Figure 6.2A).   

Furthermore, atorvastatin-induced changes in mitochondrial function were not restored by Ala-

Gln supply.  Rather, there was an overall decrease in respiratory reserve (sum of GR% and 

SRC%) (Figure 6.3C).  In addition, maximal respiration, which, similarly to previous findings 

(see Figure 3.1), was reduced with atorvastatin treatment (-1.2-fold, P = 0.01), was further 

reduced with simultaneous Ala-Gln treatment (-1.5-fold, P < 0.0001).  Also similar to previous 

findings, ATP production was diminished by atorvastatin treatment (P < 0.05, compare Figure 

6.3A and Figure 3.1), but this was not rescued by the addition of Ala-Gln.  Thus, while 

mitochondrial changes induced by atorvastatin treatment were consistent with previous findings, 

they were not reversed by Ala-Gln treatment. 

A possible reason for the failure of glutamine to completely restore maximal stimulated insulin 

secretion in atorvastatin-treated cells could relate to oxidative stress induced by this statin, 

keeping in mind that glutamine is a key player in regulating antioxidant defences.  The effect of 

statins on oxidative stress is under considerable debate, as discussed in Section 1.3.4.3.  Statins 

have been associated with both increased and decreased ROS, mainly via changes in the 

availability of isoprenoid intermediates of cholesterol synthesis.  HMGCR inhibition depletes 

isoprenoid intermediates along with cholesterol, including geranylgeranyl pyrophosphate 
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(GGPP) and farnesyl pyrophosphate (FPP) (304).  GGPP and FPP prenyl groups post-

translationally bind to signalling proteins such as the rho family of small G proteins, thereby 

recruiting them to membranes; reduced signalling can sometimes reduce ROS, as when 

recruitment of subunits including prenylated Rac1 are required for nicotinamide adenine 

dinucleotide phosphate oxidase (Nox) activation at the membrane.  Decreased endoplasmic 

reticulum and LDL-related oxidative stress have also been associated with statin therapy 

(reviewed in 210).  On the other hand, unmitigated mitochondrial ROS generation due to 

ubiquinone (CoQ10) deficiency after statin therapy was associated with ROS increases (40).  A 

recent study in human islets and INS-1 cells demonstrated that atorvastatin (100 nM) is 

associated with mitochondrial dysfunction characterised by diminished CoQ10, other 

complexes of the respiratory electron transport chain, and ATP production, resulting in 

increased ROS and reduced stimulated insulin secretion (356).  It is possible that ROS arising 

from different cellular compartments has different effects on metabolism and insulin secretion, 

as reported by Mailloux et al (358).  In the current study, atorvastatin was clearly associated 

with reduced insulin secretion and mitochondrial dysfunction which was not rescued by alanyl-

glutamine, and more work is needed to clearly specify the mechanisms. 

While glutamine, as a substrate for glutamate and thus glutathione synthesis, is important in 

decreasing mitochondrial ROS via the glutathione redox system and may thus be expected to 

ameliorate statin-induced ROS increases, there are three considerations in the context of this 

study which may limit, or even reverse, any beneficial effects: a) glutamine oxidation per se can 

add to respiratory ROS production (740, 741), b) β-cells are known to be sensitive to ROS 

because of their relatively low redox capacity (490, 742); and c) glutathione peroxidase 

synthesis may be inhibited by statins (40, 743, 744).  These factors make it less likely that 

glutamine-dependent antioxidant processes would be able to restore oxidative balance. 

Interestingly, increased glutathione peroxidase activity together with increased superoxide 

dismutase and glutathione reductase activity and glutathione concentration was reported by 

Mikasinovich & Belousova (514) using simvastatin-treated rats.  They suggested this may be 

indicative of hypoxic adaptation due to simvastatin-related hypoxia.  The mitochondrial switch 

towards glycolysis as described in Chapter 3, and, to a lesser extent, this chapter, would support 

this conclusion. 

High levels of ROS products may lead directly to mitochondrial impairment, but observed 

changes in insulin secretion and mitochondrial function could also be explained by 

mitochondrial uncoupling, for example by uncoupling protein 2 (UCP-2), which could mediate 

damage from ROS (267, 358, 745).  Interestingly, a link between glutamine and mitochondrial 

uncoupling exists in the recent discovery that glutathionylation of UCP-2 inhibits proton leak 

and amplifies GSIS, while ROS-mediated reversal of glutathionylation of UCP-2 establishes 
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proton leak and decreases GSIS (358).  Hence the presence of glutamine, a substrate for 

glutathione, could be expected to attenuate proton leak through UCP-2 and would thus increase 

GSIS in the absence of ROS.  Interestingly, high glutamine concentrations were found to 

increase uncoupling in myocytes and differentiated myotubes (741).  Whether statins affect 

UCP may be an interesting question.  In adipocytes, atorvastatin had no effect on UCP-1 

expression in one study (746).  In contrast, elsewhere HMG-CoA synthase 2 (HMGCS2), an 

enzyme involved in HMGCR synthesis, strongly correlated with UCP1 expression and was 

reduced significantly by HMGCS2 knockdown and simvastatin treatment (747).  Decreased 

UCP-2 was also found in a model of intermittent hypoxia similar to sleep apnoea (748).  If, as 

discussed above, statin treatment is linked to hypoxic stress, a change in UCP-2 could be 

anticipated.  A literature search was unable to uncover information on the status of UCP-2 in β-

cells treated with statins, making this a potentially unexplored area of study.  This is an area of 

potential interest, given that the mevalonate pathway, and more specifically, the prenylation of 

small GTP-binding proteins, is thought to regulate adipocyte browning, while statins reduce 

ULP1 expression in brown adipocytes (747).  

Glutamine can supply carbons for entry to the TCA cycle in the presence of leucine and thus 

contribute to the production of ATP (715), which may account for the trend towards a more 

‘high energy’ phenotype in the presence of glutamine (Figure 6.4).  This, in turn, could be 

expected to increase insulin secretion in β-cells.  Both increased ATP production and insulin 

secretion were observed in statin-naïve cells, but not in the presence of atorvastatin, potentially 

suggesting a different fate of glutamine in statin-treated cells, which may be due to direct 

toxicity or compensatory mechanisms. 

Of interest to this study, a hypothesis that hypoglutaminaemia may be an adaptive mechanism to 

maximise metabolic efficiency in acute stress such as critical illness has been suggested (741).  

Krajcova et al reported an optimal efficiency of aerobic phosphorylation at 300 µM glutamine 

supplementation (15% of the glutamine available in most media and ~40-60% of physiological 

plasma concentrations (715)) in myoblasts and myotubes.  Higher concentrations reduced 

efficiency via respiratory uncoupling.  Whether similar efficiency changes are linked to 

glutamine in β-cells would need to be assessed, as the metabolic fate of glutamine may be 

tissue-specific. 

Chronic insulin secretion measured over 24 h was similar in statin-naïve cells with or without 

Ala-Gln, suggesting that basal insulin secretion was not dependent on the presence of Ala-Gln.  

This is perhaps surprising, considering that a recent study found that the absence of Ala-Gln 

reduced 24 h insulin secretion by 78% in BRIN-BD11 cells (749).  It is unclear why there was a 

difference in results, but it is quite likely related to differences in incubation conditions, 

including the use of DMEM culture medium as opposed to RPMI. 
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Atorvastatin was associated with increased chronic insulin secretion, but only in the presence of 

Ala-Gln.  It is likely that this difference is due to the statistical power of the experiment, as a 

similar trend is apparent in the Ala-Gln negative group. There was a similar small but 

significant increase in chronic insulin secretion observed with pravastatin (but not atorvastatin) 

treatment reported in Chapter 2, in which normal media containing 2 mM glutamine was used.  

It is not known why a discrepancy exists over which statin is associated with this effect, but 

hydrophilicity and the binding of statins to serum protein may influence their ability to block 

K+
ATP channels, causing hypersecretion (750).  Also, it should be remembered that both amino 

acids in the dipeptide, which was used because of its superior stability and common use in 

therapeutic contexts compared to pure glutamine (751), may have an influence on insulin 

secretion.  L-alanine is known to stimulate insulin secretion directly but L-glutamine does not 

except in combination with other amino acids, particularly L-leucine (244).  Indeed, both 

L-alanine and L-glutamine (in combination with L-Leucine) were used as secretagogues in 

previous experiments (see Chapter 2).  This presents a possible explanation for increased 

chronic insulin secretion over 24 h in atorvastatin-treated cells in the presence of Ala-Gln.  

However, it does not explain the difference between long-term secretion in statin- and vehicle-

treated cells. 

Another possible cause for increased chronic insulin secretion is leakage due to cell enlargement 

or other changes in cell membrane composition.  Cholesterol deficiency could potentially 

influence membrane integrity and thus insulin ‘leak’.  Cell swelling associated with atorvastatin 

treatment could also play a role.  An increase in cell size observed in relation to atorvastatin 

treatment was reported in Chapter 4.  It is known that cell swelling induces insulin secretion 

(270, 633, 634).  However, the latter work was in the context of osmotically induced swelling 

and demonstrated that this invokes a calcium-independent pathway of exocytosis.  Whether 

atorvastatin-related cell enlargement (see Section 4.4.5) has similar characteristics is unknown. 

6.4.1 Summary and future directions 

There are few studies on the effects of glutamine in combination with statins in β-cells.  In the 

current study glutamine, provided in the form of Ala-Gln, was found to have little ameliorating 

effect on reduced insulin secretion or metabolic changes associated with pravastatin or 

atorvastatin treatment, although it greatly improved insulin secretion response and ATP 

production in otherwise glutamine deprived cells without statins.  Some parameters actually 

demonstrated poorer outcomes with availability of the dipeptide.  This is despite the expectation 

that glutamine may protect mitochondrial structure and function in oxygen toxicity (752). 

There is a physiological basis for the hypothesis that the presence of supra-physiological 

glutamine concentrations in atorvastatin-treated cells may increase mitochondrial ROS.  In 

summary, statin-induced inhibition of ubiquinone and glutathione peroxidase synthesis together 
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with glutamine-induced increases in ROS-generating flux through the TCA cycle could 

overwhelm the capacity of the glutathione redox system in β-cells, known for their relatively 

low redox potential, to maintain homeostasis.  This would result in inadequate mediation of 

UCP-2 via glutathionylation and potential oxidative damage, reducing the capacity to secrete 

insulin in a fuel-sensitive manner. 

Interestingly, a clinical trial is currently under way to study the effect of oral L-glutamine 

supplementation on mitochondrial function in patients with chronic kidney disease 

(https://clinicaltrials.gov/ct2/show/NCT02838979).  While this trial is not related to statin 

therapy, it is specifically targeting mitochondrial function with L-glutamine and the results will 

be interesting to consider in the context of mitochondrial impairment, including that caused by 

statins. 

The shortage of experimental evidence of the effects of statins in ROS processes in β-cells, with 

only one published study to the best of my knowledge, leaves much room to explore this topic 

further.  Modification of the redox potential by addition of CoQ10 or another antioxidant, 

together with Ala-Gln, would assist in clarifying the mechanistic role of ROS in the influence of 

glutamine as reported here. The possibility of UCP-2 involvement via its glutathione link is 

unexplored.  In addition, the interaction between statin and glutamine metabolism in the β-cell 

context is an interesting, novel opportunity. 
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Chapter 7 Conclusion 

This project examined the influence of changes in intracellular cholesterol on β-cell function, 

including insulin secretion.  This is of significance in the context of an association between the 

widely-used class of cholesterol lowering agents, the statins, and increased risk of diabetes.  The 

preceding chapters address the aims of this Thesis using an in vitro model of β-cells supported 

by some work with rat islets and a mouse model in both health and a diet-influenced insulin 

resistant state.  The aims and principal findings are summarised below. 

The first aim, addressed in Chapter 2, was to determine the impact of β-cell cholesterol content 

on insulin secretion in response to glucose and other physiological and therapeutic β-cell 

secretagogues.  Two different means of altering cell cholesterol content were used: a) inhibition 

of cholesterol synthesis using statins, or b) delivery or sequestration of cholesterol by MβCD in 

its cholesterol loaded or naked forms, respectively.  Both cellular cholesterol enhancement 

using c-MβCD and depletion using statins reduced robust stimulation of insulin secretion using 

a combination of high glucose (16.7 mM) plus either L-alanine or glutamine and L-leucine (all 

10 mM) in a dose-dependent manner.  MβCD had a weaker influence than statins in reducing β-

cell cholesterol and a weaker influence than both statins and c-MβCD on subsequent attenuation 

of insulin secretion.  Similarly, insulin secretion from rat islets stimulated with high glucose 

(16.7 mM) plus L-alanine (10 mM) was attenuated by 24 h treatment with 10 µM atorvastatin.  

Little influence was seen on basal insulin secretion, although chronic secretion over 24 h was 

elevated in some instances.  The differential effects according to the strength of stimulation may 

be due to a variety of reasons, discussed further below. 

Tolerability of statins and differential pleiotropic effects in the clinical setting have been 

attributed to differences in permeation into non-hepatic tissue due to variations in lipophilicity 

between members of the statin family (170, 637).  The second, and related aim, addressed in 

Chapter 2 and indeed throughout the project, was to compare the influence of several statins on 

β-cell function and insulin secretion.  Pravastatin and atorvastatin, lipophilic and hydrophilic 

statins, respectively, were the main statins used throughout this work, in both in vitro and 

in vivo contexts.  Several other statins of varying lipophilicity were additionally used to support 

the main findings.  Studies reported in this work support clinical findings of reduced adverse 

effects for pravastatin compared to atorvastatin on β-cell function (753), although whether this 

is due to differences in lipophilicity has not been investigated.  Several considerations related to 

this are discussed below.  This is a clinically relevant finding, and supports several meta-

analyses revealing a lower risk of T2D, or adverse events generally, associated with pravastatin 

compared to atorvastatin (754-756). 
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The reduced insulin secretion observed in Chapter 2 may be due to a variety of reasons, 

including stimulus/secretion coupling, to which the production of ATP through glycolysis and 

oxidative phosphorylation is central.  The third aim, explored in Chapter 3, therefore examined 

whether changes in cell cholesterol influenced β-cell energetics, mitochondrial function and 

stimulus/secretion coupling.  Statins were found to reduce ATP production and maximal 

respiration while, at the same time, increasing glycolysis.  These effects represent a potential 

mechanism by which robust insulin secretion is diminished by statins.  Metabolic reserve, 

indicated by glycolytic reserve and spare respiratory capacity, was also attenuated by statins, 

possibly providing a clue to the differential effect of statins on basal vs robustly stimulated 

insulin secretion.  As anticipated from insulin secretion studies, pravastatin had a more modest 

effect on β-cell mitochondrial function than that of atorvastatin or simvastatin. 

In the fourth aim, the influence of cholesterol on selected proteins relevant to β-cell function 

was investigated.  Thus in Chapter 3, a panel of glycolytic enzymes was assessed by Western 

blot to determine whether increased glycolysis was associated with their differential regulation.  

In addition, selected proteins related to oxidative stress, lipid homeostasis and metabolic or 

mitogenic signalling were examined by Western blot in Chapter 4.  In the same chapter, results 

generated through an opportunity to use a proteomics approach to obtain an overview of 

changes elicited by MβCD and c-MβCD were presented.  The main findings from these various 

investigations were an increase in hexokinase I, ABCA1 and mTOR expression, stimulated by 

atorvastatin but not pravastatin.  There was also increased phosphorylation of GSK3β and the 

insulin receptor in atorvastatin-treated BRIN-BD11 cells.  These changes support the alterations 

in metabolic profile demonstrated by mitochondrial function assessments and suggest increased 

autocrine signalling, possibly with a more mitogenic rather than metabolic role, as discussed in 

Chapter 4.  The iTRAQ proteomics study confirmed a greater modifying influence from 

c-MβCD than MβCD treatment, mainly on proteins in three functional categories including 

metabolism, protein synthesis and transport.  However, there are several caveats to this work 

(discussed in Chapter 4) related to the sample preparation and possible replication issues as seen 

in differences between the two control samples.  The iTRAQ work is based on just one 

experiment; hence further validation is required.  These influences on various functional 

proteins have been discussed in the context of the available literature and provide a basis for 

further research into the mechanisms by which cellular cholesterol changes may impact β-cell 

function. 

Flow cytometry was also used to investigate selected proteins in a whole, single cell context.  

However, the results appear to be subject to artefacts, possibly directly due to cholesterol effects 

on light scatter, permeabilisation and/or binding as discussed in Chapter 4. 
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An interesting incidental finding from flow cytometry analysis revealed that cell size, 

complexity and autofluorescence were significantly increased by atorvastatin, the increase in 

size reaching ~24%.  This may be related to cholesterol content reduction, as MβCD caused 

similar, though more modest increases in size, complexity and autofluorescence in line with its 

more modest effect on cholesterol depletion.  In contrast, c-MβCD, which effectively increased 

cellular cholesterol, was associated with the greatest changes in two of these parameters, 

considerably reducing complexity by ~20% and autofluorescence by ~40% in the appropriately 

gated group.  However, cell size was modestly increased (by ~12%) by c-MβCD treatment.  

Autofluorescence, thought to be associated with FAD and NAD(P)H activity (573), appeared to 

correlate with insulin content, so this could indicate metabolic alterations, though reduced 

autofluorescence may also be related to similar artefacts as those suspected to have influenced 

immunofluorescent studies and further investigation is required to more fully appreciate the 

potential ramifications of these observations. 

The relevance of in vitro studies to the in vivo context is an important aspect, and the fifth aim 

and focus of Chapter 5 was to evaluate the effect of statins on glucose homeostasis in mice, with 

or without pre-existing obesity and insulin resistance induced by HFD feeding.  C57Bl/6J mice, 

pre-fed or not with a high fat diet, were administered atorvastatin or pravastatin for 12 weeks.  

Mice on a high fat diet were heavier, more insulin resistant and less glucose tolerant, and 

atorvastatin exacerbated the glucose intolerance (OGTT) but not insulin resistance (HOMA-IR).  

Fasting glucagon was also increased in the insulin-resistant, statin-treated animals.  In healthy 

mice, atorvastatin was associated with increased β-cell activity and a trend towards increased 

insulin resistance.  Pravastatin followed similar trends to atorvastatin in both healthy and insulin 

resistant mice, but to a lesser extent.  Statins did not influence glucose tolerance in healthy 

animals. 

Studies in our laboratory and as described in Chapter 1 suggested that glutamine 

supplementation may be critical to β-cell health, and thus insulin secretion.  The sixth aim, 

addressed in Chapter 6, was therefore to determine whether glutamine is protective of statin-

induced impairment of β-cells.  Results demonstrated that glutamine, introduced as a dipeptide 

with L-alanine (alanyl-glutamine), did not rescue, and if anything, exacerbated statin effects in 

β-cells, including reducing ATP production and insulin secretion. 

Discussions throughout this project relate to the observations made and to the aims, summarised 

above.  Novel aspects include the comprehensive study of insulin secretion in BRIN-BD11 cells 

after manipulation of cholesterol content across a wide range, including both cholesterol 

enrichment and depletion; the study of the effect of statins on mitochondrial function using the 

Seahorse extracellular flux analyser; the mouse study of statins in the context of a diet-induced 

insulin resistant state, including fasting glucagon measures; the study assessing whether alanyl-
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glutamine could be beneficial in ameliorating some effects of statins; the studies on the effect of 

statins on some physical cell characteristics by flow cytometry; and the iTRAQ proteomics 

study, which has never been examined before (though still requiring validation).  A broader 

discussion linking some of the ideas in this project follows. 

For some time, evidence pointing to a diabetogenic effect of statins has been accumulating.  

Many putative mechanisms for this influence have been postulated, including those relating to 

products of the mevalonate pathway or cholesterol itself, and those relating to other pleiotropic 

effects, such as an influence on ion channels or granule fusion events.  Those related to β-cell 

function are summarised in Figure 7.1. 

Thus far, and on the basis of in vitro studies in BRIN-BD11 cells, it has been established, 

through both the use of statins and c-MβCD, that cellular cholesterol changes do affect insulin 

secretion in response to robust stimulation.  Further, this effect is similar with both increased 

and decreased cellular cholesterol levels, and is relative to both the magnitude of the change in 

cholesterol concentration and the strength of insulin secretion stimulus.  In addition, the mouse 

study also demonstrated that a diet-induced insulin resistant state can modify the diabetogenic 

influence of statins in mice and the studies in Chapter 3 suggest that mitochondrial function may 

be one possible mechanism by which cholesterol changes affect β-cell function.  Indeed, it is 

likely that several effects of the inhibition of cholesterol synthesis work synergistically or in 

opposition in β-cells, interacting with environmental (e.g. hormones, statin dose, ROS, nutrient 

milieu) and phenotypic factors (e.g. redox potential, enzyme expression, oxidative 

phosphorylation capacity).  Evidence of such interactions observed in this project are, for 

example, the diet-dependent effects on insulin resistance and glucagon.  This is not surprising, 

given that cholesterol synthesis and glucose metabolism are such fundamental, closely regulated 

cellular and systemic processes.  A high degree of complexity is supported by the large 

variability in individual response to statins found in clinical trials, which can range from 70% 

LDL cholesterol reduction to 10% increase (137), and which was reflected in some individuals 

in the animal study in Chapter 5. 

The current project suggests that changes in cholesterol content influence β-cell function, and 

the mechanisms of statin-associated diabetogenicity are a) likely to be associated with 

cholesterol changes in β-cells, b) differential based on specific statins, c) secondary, at least in 

part, to mitochondrial impairment, d) affected by environmental factors such as diet, and 

e) associated with complex metabolic and phenotypic changes, including increased glycolysis in 

β-cells, and, at least to some extent, compromise of native β-cell characteristics to support pro-

survival adaptations.  These aspects are discussed further below.  To keep the literature up-to-

date in a burgeoning research area, many of the articles quoted in this thesis were written after 

commencement of the project, and in some cases, after completion of experiments. 
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Figure 7.1. Potential hypoinsulinaemic mechanisms of statins in β-cells 
Statins potentially exhibit adverse effects on β-cell function directly by on-target cholesterol 

depletion or by indirect effects.  Reduced cholesterol synthesis may deplete membrane 

cholesterol, affecting the physicochemical properties of cell membranes and those of insulin 

granules.  In turn, this may influence the function of membrane proteins such as ion channel 

proteins, and those involved in glucose sensing and granule fusion.  Indirect effects include 

those relating to both increased pre-HMG-CoA metabolites and decreased post-HMG-CoA 

metabolites.  For example, elevated cellular long-chain fatty acids resulting from accumulation 

of acetyl-CoA can influence KATP channel function.  Reduced mevalonate pathway products 

such as CoQ10 and prenylation moieties may influence mitochondrial function and the cellular 

redox capacity.  Compensatory mechanisms may reduce stimulus-secretion coupling and lead 

to β-cell dedifferentiation and reduced capacity to secrete insulin.  Statins may have additional 

influences on insulin resistance beyond the scope of this study. 
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7.1 Cellular cholesterol changes intrinsically influence β-cell 

function. 

Cellular cholesterol changes appear to have an intrinsic influence on the function of β-cells.  

This is evidenced by the amelioration of insulin secretion by both statin-mediated inhibition of 

cholesterol synthesis and desorption or loading of cholesterol by MβCD in its naked or pre-

loaded forms, respectively.  Potential mechanisms of this effect include interruption of lipid 

rafts and attendant failure of ion channels, granule fusion processes and membrane-associated 

transport proteins (69, 73, 331). 

Alanine plus high glucose-stimulated insulin secretion in this study was found to support the 

hypothesis that the relationship between β-cell cholesterol content and stimulated insulin 

secretion is tri-phasic, characterised by optimal mid-range cholesterol concentration flanked by 

low and high cholesterol content which reduces insulin secretion (Chapter 2 Figure 2.7).  Less 

robust stimulation or basal secretion was mostly not affected by cholesterol changes.  Putative 

reasons for this difference could be differential mechanisms involved in stimulated vs basal 

insulin secretion, reduced reliance on metabolic coupling factors, which could be affected by 

modified cellular cholesterol levels, a rate-limiting effect of cholesterol changes in some 

unidentified process involved in secretion, for example, granule fusion, ATP production (due to 

reduced maximal respiration), or ion channel opening such that it is not affected at basal 

secretion rates but cannot maintain a suitable velocity for higher secretion rates.  Differential 

effects may also be due to reduced power to determine a smaller effect, although similar 

differences have also been reported elsewhere (354). 

There is an established association between cholesterol and glucose homeostasis.  This is 

evident in the high rate of concomitant diabetes and hyperlipidaemia.  A recent study 

demonstrated that the association may be more direct than previously understood.  In 

streptozotocin-treated, recently diabetic rats, Romano et al (757) discovered alterations in 

steroidogenesis and cholesterol homeostasis, and defects in mitochondrial function in the 

hippocampus.  This demonstrates the possibility that glycaemia may influence cholesterol 

metabolism, rather than or in addition to dyslipidemia leading to diabetes, as is commonly 

understood.  It has also recently been noted that cholesterol can be protective against oxidative 

stress and β-amyloid activity in neuronal cells (758), revealing a new role for this sterol more 

often associated with adverse effects. 

One could also surmise as to whether cholesterol flux rather than (or as well as) its overt 

presence in sufficient quantities could be beneficial in insulin secretion.  Several studies 

demonstrate the importance of various cholesterol transporters such as ABCA1 (72, 337, 341, 

343, 599), ABCG1 (72, 97, 342, 599), and HDL (91, 611), to insulin secretion and glycaemic 
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health.  In addition, a recent study established lipogenesis, including cholesterol synthesis, as a 

carbon ‘exhaust’ mechanism in β-cells in the context of chronic over-nutrition (243).  Statins 

can affect cholesterol flux both by its impact on the function of cholesterol transporters (759, 

760) and by inhibiting cholesterol synthesis, potentially producing a smaller cholesterol pool.  

While changes in ABCA1 expression were observed in the current study, the direct impact of 

statin-induced changes in cholesterol flux on insulin secretion would make an interesting study. 

7.2 Differential effects of statins 

Results of insulin secretion and mitochondrial function experiments as well as Western blots 

and the animal study all demonstrated differential effects between pravastatin and atorvastatin, 

with atorvastatin almost always causing a more marked deviation from the control and 

pravastatin having an intermediate effect.  The regularity of this pattern over a variety of 

different approaches in this project was quite remarkable, but has also been demonstrated in 

clinical trials, albeit with some variations (see Table 1.1). 

The most notable and often cited difference between pravastatin and atorvastatin is lipophilicity. 

Some other important differences between atorvastatin and pravastatin, some of which are 

relevant clinically and in vivo because they affect exposure and therefore efficacy and toxicity, 

are outlined in Table 7.1 

Many reasons for variable effects of individual statins are based in the biology of the recipient.  

For example, phenomic differences in enzyme activity and carrier proteins affecting intestinal 

and hepatic uptake, and co-morbidities and/or medications, allergies and diet can all influence 

efficacy and adverse events (304).  Patients with genetic variations in transporters or 

metabolising enzymes necessary for various statins may suffer adverse events due to greatly 

increased exposure (761).  A recent review describes many examples of this, including 

polymorphisms in drug metabolism genes of the CYP family, drug transporter genes such as 

members of the ABC and SLCO transporter families, and other genes that can influence statin 

efficacy or toxicity, such as APOE, HMGCR and LDLR (175).  Pharmacogenomic studies can 

help to increase awareness of avoidable adverse events within specific genotypes. 

Similarly, pharmacological factors such as drug-drug interactions where induction or inhibition 

of, or competition for a transporter exists can greatly increase plasma concentrations of some 

statins (761).  For these reasons, a one-size-fits-all approach is inadequate for many patients 

being prescribed statin therapy and the recent interest in personalised medicine may be very 

helpful in reducing adverse events, including new onset diabetes, in the very large patient cohort 

who may benefit from these drugs. 
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Table 7.1. Pharmacological variations between Pravastatin and Atorvastatin. 

 Pravastatin Atorvastatin 

Type 1 (fungal derived) 2 (synthetic) 

Solubility in water hydrophilic lipophilic 

Form of administration Acid form Acid form 

Hepatic extraction Low Medium (~0.42) 
Extensive first-pass metabolism in 
intestine and liver. 

Enzymes None CYP3A4 (abundant in the intestine) 

Transporters OATP 
MRP2 

Passive diffusion 
OATP 
MCT 
P-glycoprotein (efflux) 
MRP (efflux) 
BCRP (efflux) 

Potence Medium (40 mg ≈) High (≈10 mg) 

Bioavailability (%) 18 12 

Tmax (hours) 0.9 – 1.6 2 - 3 

Cmax ng/mL 45 - 55 27 - 66 

Total body clearance 
(L/h) 

371.3 ± 171 37.5 

BBB crossing No ? 

T ½ (hours) 1.8 9.5 ±3.7 (active form) 
Up to 60 (total) 

Plasma protein binding Low ~45%  High  ~90% 

Elimination Biliary 
Renal 

Direct from blood to intestine 
Biliary 

MRP – multi resistant drug family; OATP – organic anion-transporting polypeptide family; 
MCT – monocarboxylic acid transporter; BCRP – breast cancer resistance protein.  Information 
extracted from (43, 169, 172, 177, 761-764). 

An early step supporting a shift towards a personalised approach to reduce the diabetogenic 

effects of statins is to identify markers that can accurately predict patients at increased risk of 

statin-related T2D onset.  Recent evidence that even readily available information could be used 

to make informed decisions about the appropriateness of statin therapy is available from a 

retrospective analysis of data from two clinical trials (Treating to New Targets, TNT and Stroke 

Prevention by Aggressive Reduction in Cholesterol Levels, SPARCL).  The authors aimed to 

evaluate the predictive power of insulin resistance plus either elevated triglycerides or BMI on 

future diagnosis of T2D associated with statin use (765).  They found a greatly increased 

association between statins and T2D in two groups: those with elevated insulin resistance and 

triglycerides >1.7 mmol/L (27% increase over those receiving placebo) and those with elevated 

insulin resistance and BMI ≥ 27 kg/m2 (22% increased risk than the placebo group with a 

similar profile).  This finding is consistent with the mouse study reported in this work to the 
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extent that statin treatment reduced the capacity to respond to a glucose load in insulin resistant 

animals as judged by the shape of the OGTT curve, though this was not reflected to the same 

extent in the AUC.  On the other hand, β-cell function (HOMA-%B), representing insulin 

secretion, was increased by atorvastatin in healthy animals (P < 0.01), resulting in a trend, albeit 

weak (P = 0.2), towards reduced fasting glucose, but in diet-induced insulin resistant animals, 

atorvastatin did not affect β-cell function (HOMA-%B) or fasting glucose.  Sizeable individual 

variation in the statin-treated animals was also observed, which could be due to factors 

described above. 

The problem then remains: by what mechanism is the risk of T2D increased by statins in this 

cohort?  Does this drug simply escalate an inevitable result?  Perhaps there is an interaction 

between statins and an unknown feature of the pre-diabetic metabolic profile?  Or do statins 

exert a diabetogenic pressure that exacerbates a pre-existing tendency to diabetes? 

A phenomics approach in a prospective cohort study of prediabetic patients on statins or 

placebo would be helpful to answer these questions.  However, evidence from the current 

project and other studies (discussed in Chapter 3) suggest that mitochondrial impairment may 

hold a clue to the diabetogenic effect of statins. 

7.3 Mitochondrial impairment associated with statins 

Mitochondria play a central role in cell fate and, in response to various stimuli, can influence 

the cell towards apoptosis, necrosis or survival, each of which require mitochondrial 

participation (766, 767).  In β-cells mitochondria are involved in processes that affect survival 

vs apoptosis, replication (768) and uncoupling (769).  These organelles are also fundamental to 

respiration, fuel sensing, lipogenesis and both triggering and amplifying insulin secretion, the 

former by mitochondrial glucose oxidation and the latter by mitochondrial coupling factors 

derived from glucose, amino acids and fatty acids (346, 770).  These stimulus-secretion 

coupling factors include, but are not limited to, ATP, NADPH, glutamate, citrate, cAMP and 

malonyl-CoA (see Figure 1.3).  Loss of mitochondrial flexibility, the ability to utilise a variety 

of substrates including glucose, amino acids and fatty acids, plays a key role in β-cell 

dedifferentiation, a vital pathophysiological mechanism in T2D (771).  Mitochondria are also of 

significant interest in understanding the diabetogenic effect of statins.  Before statins were 

found to have a diabetogenic influence, a link was made between patients with genetic 

mutations causing mitochondrial impairment and statin adverse events, primarily myopathy 

(167).  These include common mutations that impair CoQ10 production (772).  

In the current project, mitochondrial impairment characterised by reduced ATP production and 

maximal respiration was linked to statin exposure in a dose-dependent manner.  Interestingly, 

statins that more potently reduced stimulated insulin secretion also impaired mitochondrial 
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function to a greater degree.  A similar effect of statins on mitochondrial function has been 

found in muscle (508, 509), and a human endothelial cell line (EA.hy926) (773).  This provides 

a possible explanation for the reduction of insulin secretion, which is directly linked to ATP 

production.  However, how statins cause this effect remains unexplained. 

Three possible ways statins may affect mitochondrial function include a) mevalonate pathway-

related inhibition of the production of the electron transport chain components CoQ10 and 

Heme A, b) mitochondrial uncoupling due to ROS production or other mitochondrial stress, and 

c) the impact of reduced membrane cholesterol on mitochondrial membrane transporters crucial 

to insulin secretion.  The first two processes may also work jointly, as CoQ10 is an efficient 

antioxidant.  The influence of CoQ10 has been discussed in Chapter 3, and the discussion here 

will be limited to statin-associated ROS production, with a short comment on mitochondrial 

membrane transporters, whose role in mitochondrial function and insulin secretion has only 

recently come to the attention of researchers (770). 

Mitochondria are obligatory ROS generators, and some ROS is required for normal GSIS (774).  

However, overproduction of ROS, as occurs in glucolipotoxicity, combined with the well-

described limited redox potential in β-cells, is toxic, diminishing insulin secretion and causing 

apoptosis (18) or dedifferentiation (373, 775).  Some statins have been shown to increase 

mitochondrial ROS production.  For example, Chen et al (357) demonstrated increased ROS 

associated with atorvastatin but not pravastatin in NIT-1 β-cells.  Similarly, mitochondria 

isolated from rat islets and exposed to atorvastatin showed a dose-dependent increase in ROS, 

mitochondrial swelling and cytochrome C release, while ATP production was reduced (512).  

Elsewhere, a decrease in CoQ10 was linked to increased ROS associated with atorvastatin but 

not pravastatin, due to suppression of β-cell antioxidant defence systems (356). 

While these studies clearly demonstrate a connection between statin and increased 

mitochondrial ROS, other studies, in contrast, suggest antioxidant properties of statins (see 

Section 1.3.4.3) (213, 440, 638).  This apparent discrepancy may be rationalised by the 

possibility of differential effects in the intra- and extracellular compartments, as studies showing 

antioxidant effects are primarily measuring ROS in the circulatory system.  The mechanisms of 

this effect are described elsewhere and are related to prenylation of small signalling G-proteins, 

prenylation moieties being the product of mevalonate pathway intermediates and thus inhibited 

by statins (210, 304). 

ROS are capable of interrupting enzyme activity, ion channel transport, signalling from 

receptors and gene expression regulation, thereby impairing the function of β-cells and 

triggering apoptosis (520).  More specifically, accumulation of ROS inactivates β-cell specific 

transcription factors such as duodenal homeobox factor 1 (PDX1) and MAFA, reducing insulin 

synthesis (545).  These transcription factors are also important in the maintenance of normal 
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β-cell function, and their dysregulation may be involved in dedifferentiation (520, 545).  A 

similar mechanism may contribute to the development of T2D (490), directly linking statins and 

diabetes. 

A ROS-related mechanism has also been proposed for myopathy, a widely-experienced adverse 

effect of statins.  Activation of the mitochondrial apoptosis signalling pathway by increased 

ROS has been documented in the deltoid muscles of patients being treated with statins who also 

experienced myopathy, and in the glycolytic muscle of atorvastatin-treated rats (227).  These 

effects were rescued in rats by the administration of quercetin, a natural flavonoid and 

antioxidant.  CoQ10 supplementation was also found to recover succinate dehydrogenase 

activity, mitochondrial membrane pore potential and ATP production in mitochondria from rat 

liver after these parameters were reduced by atorvastatin or simvastatin treatment (510).  This 

demonstrates a possible role of reduced CoQ10 in ROS accumulation. 

Mitochondria in β-cells are also central in the production of mitochondrial coupling factors 

(MCF) involved in amplifying stimulated insulin secretion.  These include citrate, glutamate 

and pyruvate and/or their products and involve metabolic cycling and anaplerotic and 

cataplerotic processes.  For this reason, demand for mitochondrial membrane transporters 

pertinent to MCF is high in β-cells (770).  In a manner similar to the rationale for examining 

membrane protein function in Chapter 4, there could be a cholesterol-dependent influence on 

membrane protein organisation in the mitochondria, which could be susceptible to interruption 

by statins.  This, in turn, would influence insulin amplification. 

No studies could be found that have examined this possibility, but it has been shown that 

cholesterol accumulation in response to chronically elevated insulin exposure decreased 

mitochondrial membrane fluidity in mouse liver and cultured hepatocytes (776), suggesting that 

mitochondrial and plasma membranes would respond similarly to cholesterol changes.  

Interestingly, and in support of the earlier discussion concerning cholesterol flux, liver X 

receptor (LXR)-mediated upregulation of cholesterol efflux proteins ABCA1 and ABCG1 in 

primary human islets treated with either of two LXR agonists coincided with increased 

anaplerosis and enhanced insulin secretion (777). 

A concomitant increase in glycolysis akin to the Warburg effect was also observed with statin 

exposure (Chapter 3).  However, there was no accompanying increase in glucose uptake.  This 

may be either compensatory or causal to reduced ATP generation.  Further investigation into 

potential changes in transcription factors important to β-cell maturation and function and to 

possible mitochondrial uncoupling may shed further light on this. 
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7.4 Environmental factors in statin-associated β-cell dysfunction 

In the animal study (Chapter 5), statins affected metabolic characteristics of mice differently 

based on diet.  This was anticipated to a degree, as a high fat diet was expected to cause obesity-

related insulin resistance and several studies have reported a more diabetogenic effect of statins 

in the presence of higher T2D risk (219).  The findings on glucose tolerance tests and glucagon 

confirmed that statins exacerbated the effect of the HFD on glucose sensitivity and fasting 

glucagon concentrations, respectively.  However, some other effects of HFD, for example 

insulin resistance, appeared to be somewhat ameliorated by statins, though not to statistical 

significance, and not in the ND group, where statins had the opposite effect, also not to 

statistical significance. 

Regardless of the direction of statin influence, it is clear that dietary factors and statin effects 

interact, and this has been demonstrated in other studies.  For example, specific macro and 

micro nutrients, alcohol and dietary fibre have all been associated with the efficacy and 

tolerability of statins (reviewed in 175). 

Similarly to drug-drug interactions, environmental influences may increase statin exposure as a 

result of competition for transporters or enzymes, or there may be other unknown mechanisms. 

A well-known example is grapefruit, which produced a 2.5-fold increase in the AUC for serum 

atorvastatin, but not pravastatin co-administration (174) due to inhibition of the CYP3A4 

isoenzyme, which is required for atorvastatin but not for pravastatin metabolism.  Also, a study 

of the combined effect of atorvastatin and an aqueous extract of Fructus Schisandrae, a Chinese 

herb, demonstrated increased plasma concentrations of atorvastatin and its metabolites, but also 

protection against liver damage associated with statin therapy (778).  Although the mechanism 

of these effects was not known, it seems clear that competitive enzyme inhibition may have 

resulted in higher statin plasma concentrations, while additional mechanisms protected liver 

function. 

Cholesterol turnover may be affected by the gut microbiome through bile acid metabolism via 

the farnesoid X receptor (FXR) (779, 780).  Consequently, antibiotics may modulate the 

efficacy of statins, an effect related to the elimination of gut bacteria (781).  A study with 

exciting prospective clinical consequences disclosed a correlation between secondary bile acids 

produced by certain bacterial species in the gut microbiome and the effectiveness of simvastatin 

therapy to lower LDL cholesterol (782).  Using a metabolomics approach, the authors identified 

metabolites that may be predictive of ‘good’ and ‘bad’ responders to statin therapy.  This paper 

also forecasts the possibility of developing probiotics that could potentially improve the 

response to specific statin regimes.  On the flip side, statins have also recently been shown to 

affect the diversity of the gut microbiome (670, 783), leading to altered bile acid profiles and a 
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bacterial population similar to that linked to obesity.  Links have also been made between 

alterations in bile acid synthesis and diabetes (784), providing another mechanism by which 

statins may ultimately have a diabetogenic influence, though much remains to be understood. 

To suggest just a few other possible, but unstudied potential mechanisms between 

environmental factors and statins: the source of fuel being used to generate ATP and 

mitochondrial coupling factors could influence statin effects if they were dependent on specific 

transporters sensitive to membrane cholesterol concentrations; the rate of glucose oxidation may 

have an influence on the statin effect, so far as it relates to antioxidant potential and the ability 

of antioxidants to neutralise it; adaptation to workload requires several changes (346) that may 

be influenced by statins, for example they may inhibit the generation of coupling factors; the 

availability of specific nutrients capable of relieving statin effects (eg vitamin E or other dietary 

antioxidants) could have an influence, either directly or via the gut microbiome (670, 783). 

7.5 Phenotypic β-cell adaptations associated with cellular 

cholesterol modification 

Metabolic and phenotypic changes accompanied cellular cholesterol modification in this 

project.  These included reduced stimulated insulin secretion, ATP production rate and maximal 

respiration; increased glycolysis; increased ABCA1, hexokinase I, and mTOR expression; 

increased insulin receptor and GSK3β (serine 9) phosphorylation; increased cell size and 

complexity, and increased autofluorescence with cholesterol depletion by either statins or 

MβCD but reduced autofluorescence with cholesterol loading.  In addition, acute depletion or 

loading with MβCD or c-MβCD, respectively, resulted in changes in the abundance of several 

proteins, mainly associated with metabolism, transport and protein synthesis in a specific β-cell 

fraction.  Some caveats apply to the latter as discussed previously, and further work needs to be 

done to assess its reproducibility.  Alanyl-glutamine did not rescue insulin secretion or ATP 

production impaired by atorvastatin, but rather, it tended to exacerbate these effects. 

The changes in insulin secretion confirm the diabetogenic influence of a modified cellular 

cholesterol content that is higher or lower than native levels.  This also appears to be dose-

dependent, with greater variation from native levels causing greater insulin secretion failure.  

ATP production decrease confirms a loss of mitochondrial efficiency with statin exposure and 

the associated increase in non-mitochondrial glycolysis may be compensatory. 

Other potentially compensatory mechanisms are the increases in various proteins found to be 

upregulated with statin treatment.  The discussion in Chapters 3 and 4 point out some 

similarities with the process of dedifferentiation in β-cells, which can occur during glucotoxicity 

(493, 674), hypoxia (497) and increased oxidative stress (373).  This is reversible in favourable 



 206 

conditions (499) and is likely to be mediated by certain transcription factors including PDX1, 

MAFA, MAFB, NKX6.1, c-Myc and FOXO (491, 494, 495, 553). 

Based on the phenotypic and metabolic changes in response to statins found in this study and in 

the literature, it is tempting to suggest that statins exert dedifferentiation pressure on β-cells.  

This may be due to loss of cellular cholesterol exerting an influence on cellular mechanisms, 

loss of other products of the mevalonate pathway such as isoprenoids and CoQ10, increased 

ROS, or combinations of these factors.  Mitochondrial function is impaired by statin exposure, 

and other changes observed may be compensatory to reduced respiration capacity.  Pro-survival 

adaptations are likely to compromise native β-cell characteristics and loss of function due to the 

specialised metabolic requirements of these glucose sensing custodians charged with 

maintaining glucose homeostasis in a changing milieu of nutrients and other stressors, both 

favourable and unfavourable. 

Many suggestions of further study have been made throughout this work, but possibly the most 

pressing in response to the suggestion above is the need for further study of the transcription 

factors defining and maintaining β-cell identity, and further characterisation of statin-mediated 

phenotypic changes.  It is important to keep in mind that the diabetogenic effect of statins is of 

particular relevance to a small subgroup of patients.  It is possible that the potential 

dedifferentiation pressure of statins alone is not sufficient to produce β-cell failure in healthy 

cells, but combined with other pressures, for example those associated with glucolipotoxicity or 

genetic disadvantage, may work in conjunction to hasten dysfunction.  To identify the cohort 

with increased susceptibility would be of great clinical benefit, and this should also be a focus 

of further study. 

In summary, in vitro studies in this project demonstrated that both sub- and supra-optimal 

cellular cholesterol content reduced robustly stimulated insulin secretion.   Statins were 

associated with mitochondrial impairment, with the effect size dependent on statin type and 

dose, and this may have influenced insulin secretion in BRIN-BD11 β-cells.  Statin-associated 

mitochondrial impairment was characterised by a decrease in maximal respiration and 

simultaneous increase in glycolysis without changes in glucose uptake.  Statins were also 

associated with increases in hexokinase I, mTOR and ABCA1 expression, insulin receptor 

phosphorylation and inhibitory GSK3β phosphorylation.  These changes reflect certain 

characteristics of β�cell dedifferentiation but further studies would be necessary to confirm 

whether statins exert dedifferentiation pressure on β-cells.  No beneficial effect on 

mitochondrial function or insulin secretion was observed when alanyl-glutamine was added to 

statin-treated cells.  In mice, statins were associated with some diabetogenic influences and 

these were conditional on diet, potentially relating to defects in both glucagon and insulin 

secretion. 
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Appendix A Supplementary Material 

A.1 Chapter 2 Supplementary Figure 

A.1.1  Failure to rescue insulin after cholesterol restoration 

To assess whether the blunted insulin secretion observed with statin treatment was due to 

cholesterol content alone, atorvastatin-treated cells, prepared as described in Section 2.1 were 

subsequently treated for 30 min with c-MβCD to replenish cellular cholesterol via membrane 

loading before stimulated insulin secretion experiments were undertaken.  Cholesterol was 

reduced by atorvastatin, increased by c-MβCD and restored by c-MβCD after atorvastatin 

treatment, with no significant difference between untreated and atorvastatin plus c-MβCD 

groups (Figure App A1).  Unfortunately, the characteristic blunting of insulin secretion with 

atorvastatin treatment was not apparent in these experiments, possibly due to atorvastatin batch 

discrepancies; hence they are inconclusive and have been added as preliminary results.  

However, moderation of the insulin-blunting effect of atorvastatin treatment by replenishing 

cholesterol via c-MβCD appears to be an unlikely outcome.  On the contrary, from these results, 

cholesterol replenishment appears to exacerbate blunting when stimulated with alanine or 

exendin-4. 

This failure of c-MβCD to rescue the insulin response in atorvastatin-treated cells indicates that 

factors other than membrane cholesterol abundance alone may influence statin-related insulin 

blunting.  Further experiments would be needed to establish whether longer cholesterol recovery 

would improve insulin responsiveness, for example after the restoration of cholesterol content in 

intracellular organelle membranes. 
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Figure SA.1 Cholesterol ‘rescue’. 
A. Cholesterol shows depletion with 10 µM Atorvastatin treatment and is replenished by 30 min 

incubation with 1 mM c-MβCD.   B. Insulin stimulated by various secretagogues is affected by 

cholesterol reduction then loading.  A, atorvastatin; n=3; * P <0.001; + P <0.01; F P <0.05 

compared to control unless otherwise indicated. 

 



 

 253 

A.2 Chapter 3 Supplementary Table 

Table SA.1. Table of Enzymes Assessed in Chapter 3 

Enzyme Full Name Function 

Hexokinases 
I, II & GLK 

Hexokinase I 
Hexokinase II 

Hexokinase IV 
(Glucokinase) 

Hexokinases are responsible for the first step in glycolysis; 
phosphorylation of glucose to glucose-6-phosphate.  There are four 
known hexokinases.  Hex I and II are thought to mainly facilitate 
either glycolysis (catabolic) or glycogen formation (anabolic), 
respectively.  Hexokinase I is associated with the mitochondrial 
cellular compartment.  It is also selectively excluded from β-cells 
and liver (245).  Hexokinase II is mainly expressed in muscle and is 
sensitive to signalling factors that can cause its cellular 
translocation from cytoplasm to mitochondria and subsequent 
alteration of glucose fate from glycogen synthesis to glycolysis 
(785).  Hexokinase IV (glucokinase, GLK) is more specific to 
glucose while having a lower affinity for it, and is more abundantly 
expressed in β�cells, including BRIN�BD11 cells, than Hex I or II.  
It is used as a functional marker for glucose sensing capacity (237, 
786) and was found to be upregulated in recently described islet 
'hubs' responsible for coordinated insulin secretion (239). 

PFKP Phosphofructokinase 
(platelet isoform, also 
expressed in β-cells) 

PFKP catalyses the first step committing a glucose molecule to 
glycolysis and is rate-limiting (87, 787).  PFK is regulated by a 
complex feedback system and may be involved in establishing 
calcium oscillations (246, 788, 789).   PFKP is associated with both 
low birth weight and obesity in humans (790) and is expressed in 
the rat β-cell (791). 

PKM2 Pyruvate kinase (muscle 
isoform type 2, also 
found in islets) 

Pyruvate kinase (PK) transfers phosphate from 
phosphoenolpyruvate to ADP in the final step of glycolysis, 
concurrently creating pyruvate and ATP.  This is an irreversible 
reaction and a regulatory step in glycolysis (87).  Besides this 
function, PKM2 (the isoform found mainly in islets) is translocated 
to the nucleus after being phosphorylated by extracellular signal-
regulated kinase (ERK).  It then acts as a transcription factor to 
regulate its own expression and that of several other rate-limiting 
glycolytic enzymes, initiating the Warburg effect during 
tumorigenesis (518).  Similarly, PK activity was increased in 
diabetes (792). Pyruvate kinase (PK) transfers phosphate from 
phosphoenolpyruvate to ADP in the final step of glycolysis, 
concurrently creating pyruvate and ATP.  This is an irreversible 
reaction and a regulatory step in glycolysis. 

GAPDH Glyceraldehyde-3-
phosphate dehydrogenase 

GAPDH catalyses the reversible oxidation of glyceraldehyde 3-
phosphate.  Nicotinamide adenine dinucleotide (NAD+) and 
inorganic phosphate are required for this process, a reaction which 
harnesses the first energy from a glucose molecule during 
glycolysis.  It is often used as a housekeeping gene or protein 
because of its ubiquitous distribution and consistent expression. 
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Enzyme Full Name Function 

PDH Pyruvate dehydrogenase Pyruvate enters the mitochondria in aerobic conditions and is 
converted to acetyl-CoA by pyruvate dehydrogenase (PDH) (87), 
thus determining the transition from glycolysis to oxidative 
phosphorylation (246).  This is an important step in efficient 
metabolic coupling and requires PDH to remain in an active, 
dephosphorylated state (793). 

GSK3β Glycogen synthase 
kinase 

Glycogen synthase kinase 3 (GSK3) is a complex kinase involved 
in several signalling pathways, including insulin.  It has the unusual 
characteristic of constitutive activity but can also be phosphorylated 
at tyrosine 216 for maximal activation or at serine 9 for inhibition 
of many, but not all, of its phosphorylating activities (525).  In 
addition to inactivating glycogen synthase by phosphorylation (87), 
GSK3 has more predicted substrates than any other kinase (524, 
525), including numerous transcription factors, implicating 
widespread influence on gene expression (525). 

Increased activation of GSK3β has been associated with several 
diseases, including T2D (528-531).  Inhibitors of GSK3β are 
consequently being investigated for their therapeutic potential (528, 
529, 532).  The role of GSK3β in β-cells is complex.  Among other 
actions, it phosphorylates the transcription factor promoting insulin 
gene transcription, pancreatic duodenal homeobox-1 (PDX-1), 
triggering its proteasomal degradation in low glucose (527).  In 
high glucose conditions, phosphorylation of GSK3β by Per-Arnt-
Sim domain-containing kinase (PASK) inactivates it to stabilise 
PDX-1. 

LDHA Lactate dehydrogenase Pyruvate is converted to lactate and vice versa by lactate 
dehydrogenase (LDHA) under anaerobic conditions (87).  LDHA is 
not normally expressed in β cells (247), its absence helping to 
maintain a highly aerobic phenotype (246).  However, BRIN-BD11 
cells do express this enzyme due to their origin as transformed cells 
with some tumour-like phenotypic adaptations, and this is verified 
by iTRAQ (see Chapter 4) and WB results (Figure 3.7) in this 
project.  A heavy band lies in a region with a higher molecular 
weight (~44 kDa) while a light band lies at the expected 36 kDa.  
This may be due to complexing with immunoglobulins, a common 
reason for atypical bands during electrophoresis (794 p. 305).  
Statin treatment was not associated with changes in LDHA 
expression in this study, but Chen (357) found increased LDH 
production in another β-cell line (NIT-1) when treated with 
atorvastatin. 
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A.3 Chapter 5 Supplementary Figure 

 
Figure SA.2 The effect of diet and statins on metabolic parameters minus the outlier. 
Compare with Figure 5.3.  Leaving out the potential outlier does not change significant effects 

except where indicated by a red superscript.  Changes are as follows: (A) Fasting glucose, no 

change; (B) fasting insulin, A-HFD is not significantly different from the ND groups; (C) fasting 

glucagon, the loss of a category of significant difference exclusively in HFD groups; (D) plasma 

cholesterol, no difference; (E) HOMA-IR, The addition of a ‘c’ superscript in the A-ND group; (F) 
HOMA-%B, no change.  Data is presented as Tukey box plots and represents data from 6 or 7 

mice per group.  Means with superscripts in common are not significantly different from each 

other (2way ANOVA with Tukey’s multiple comparisons test, P < 0.05 indicating significance). 

ND, Normal diet; HFD, High fat diet. Φ, P < 0.05; *, P < 0.001. 
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Appendix B iTRAQ Results in Full 

 

Tag Code 
114   Control A 
115   MβCD (5 mM) 
116   c-MβCD (5 mM) 
117   Control B 
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N	
%	Cov	
(95)	 Accession	#	

Pep	
95%	 115:114	

PVal		
115:114	 116:114	

PVal		
116:114	 117:114	

PVal		
117:114	

1	 15.8	 sp|P38650|DYHC1_RAT	 69	 0.8166	 0.11	 0.8318	 0.2331	 0.9036	 0.1046	
2	 14.6	 sp|P16086|SPTN1_RAT	 32	 1	 0.8572	 0.9727	 0.6613	 0.9817	 0.5516	
3	 26.5	 sp|Q5SGE0|LPPRC_RAT	 42	 1.0186	 0.2311	 0.9908	 0.9362	 1.0093	 0.2944	
4	 48.3	 sp|P06761|GRP78_RAT	 60	 2.9376	 0.0001	 2.3768	 0.0047	 2.3335	 0.0018	
5	 18.9	 sp|P15205|MAP1B_RAT	 42	 0.9376	 0.3506	 1.3677	 0.355	 1.4588	 0.0435	
6	 22.8	 sp|P11442|CLH1_RAT	 41	 1.6904	 0.0141	 1.3305	 0.1058	 1.2706	 0.0786	
7	 55.3	 sp|P11598|PDIA3_RAT	 51	 2.1281	 0.0001	 2.0512	 0.0024	 2.3335	 0.0002	
8	 60	 sp|P63039|CH60_RAT	 43	 3.7325	 0.0064	 2.0324	 0.2821	 3.281	 0.0003	
9	 49.5	 sp|P48721|GRP75_RAT	 51	 2.0701	 0.0084	 1.0568	 0.4455	 1.4997	 0.2148	

10	 49.2	 sp|P15999|ATPA_RAT	 65	 1.0093	 0.3901	 0.9908	 0.4624	 1.0093	 0.518	
11	 56.2	 sp|P04785|PDIA1_RAT	 34	 2.0512	 0.0278	 1.8535	 0.0049	 1.9953	 0.0516	
12	 14.8	 sp|Q62812|MYH9_RAT	 26	 0.9376	 0.7046	 0.7447	 0.3366	 0.673	 0.0204	
13	 47.1	 sp|P63018|HSP7C_RAT	 78	 1.8535	 0.0128	 1.3305	 0.259	 1.1803	 0.2431	
14	 30.7	 sp|P34058|HS90B_RAT	 40	 0.929	 0.1412	 1.4454	 0.5637	 1.2589	 0.9379	
15	 45.4	 sp|P50878|RL4_RAT	 38	 2.2699	 0.019	 1.803	 0.1605	 1.5704	 0.2026	
16	 28.9	 sp|P06685|AT1A1_RAT	 40	 1.0186	 0.4334	 0.9462	 0.7602	 0.7516	 0.815	
17	 66.9	 sp|A7VJC2|ROA2_RAT	 58	 1.0186	 0.6374	 0.5395	 0.0441	 0.8017	 0.5046	
18	 11.7	 sp|P12785|FAS_RAT	 26	 0.955	 0.1179	 0.9817	 0.1577	 1	 0.3356	
19	 69.1	 sp|P63259|ACTG_RAT	 111	 1.9409	 0.6784	 0.9376	 0.9621	 1.1912	 0.861	
20	 50.9	 sp|P62630|EF1A1_RAT	 51	 1.3183	 0.0757	 1.5276	 0.1208	 0.863	 0.1879	
21	 25.9	 sp|Q63617|HYOU1_RAT	 27	 2.1677	 0.0572	 2.3988	 0.0141	 1.9953	 0.245	
22	 28.5	 sp|P13383|NUCL_RAT	 24	 0.9036	 0.9011	 0.7112	 0.0835	 0.929	 0.907	
23	 53.3	 sp|P10719|ATPB_RAT	 68	 1	 0.0999	 0.9817	 0.3218	 0.9908	 0.2101	
24	 29.4	 sp|Q66X93|SND1_RAT	 24	 0.863	 0.5798	 1.2359	 0.6742	 0.9462	 0.9693	
25	 31.6	 sp|Q66HD0|ENPL_RAT	 35	 1.7378	 0.0102	 1.2474	 0.0792	 1.1695	 0.1686	
26	 33.3	 sp|Q9ER34|ACON_RAT	 31	 1.2706	 0.2647	 0.5598	 0.014	 1.2023	 0.3866	
27	 39.4	 sp|Q68FR6|EF1G_RAT	 28	 1.1482	 0.4214	 1.3677	 0.1248	 1.5417	 0.2608	
28	 33.7	 sp|P48679|LMNA_RAT	 24	 1.5136	 0.9607	 0.8241	 0.0442	 0.8954	 0.2408	
29	 34.7	 sp|Q99PF5|FUBP2_RAT	 20	 0.9908	 0.5707	 0.9817	 0.9073	 1.0186	 0.5671	
30	 32	 sp|Q64428|ECHA_RAT	 26	 1.4588	 0.2778	 0.7047	 0.4555	 1.2246	 0.7123	
31	 65.7	 sp|P04636|MDHM_RAT	 39	 3.0761	 0.0076	 1.5996	 0.1787	 2.7797	 0.0046	
32	 25.3	 sp|P05197|EF2_RAT	 24	 1.1482	 0.6465	 1.5996	 0.1802	 1.1588	 0.3842	
33	 36.3	 sp|Q3KR86|MIC60_RAT	 21	 1.0568	 0.5986	 0.6792	 0.9354	 0.5861	 0.3359	
34	 4.9	 sp|D3ZHV2|MACF1_RAT	 19	 1.0471	 0.6483	 0.9727	 0.4718	 0.9908	 0.7312	
35	 22.3	 sp|P46462|TERA_RAT	 20	 0.8395	 0.69	 0.871	 0.5473	 0.787	 0.8638	
36	 37.2	 sp|P28480|TCPA_RAT	 22	 0.9727	 0.3952	 1.2942	 0.2136	 1.1912	 0.1997	
37	 20.8	 sp|Q5M7W5|MAP4_RAT	 20	 0.9462	 0.9992	 0.9376	 0.7442	 0.9727	 0.5872	
38	 10.2	 sp|F1LNJ2|U520_RAT	 19	 1.2823	 0.7752	 0.6607	 0.0418	 1.2023	 0.7888	
39	 23.5	 sp|P27653|C1TC_RAT	 20	 0.7311	 0.1895	 1.1376	 0.7286	 0.9462	 0.768	
40	 47.3	 sp|P05426|RL7_RAT	 20	 1.1272	 0.3815	 1.4322	 0.2062	 1.5849	 0.0189	
41	 39.1	 sp|Q6P502|TCPG_RAT	 26	 1.1169	 0.7897	 1.0965	 0.6905	 0.8241	 0.2498	
42	 42.2	 sp|Q6URK4|ROA3_RAT	 43	 0.8017	 0.1161	 0.6607	 0.1154	 0.7798	 0.1422	
43	 29.5	 sp|P70615|LMNB1_RAT	 24	 1.2134	 0.6445	 0.863	 0.4112	 1	 0.1146	
44	 18	 sp|Q04462|SYVC_RAT	 20	 1.4588	 0.5608	 1.5417	 0.1583	 1.2589	 0.2804	
45	 39.7	 sp|P21807|PERI_RAT	 31	 0.8472	 0.4137	 0.6252	 0.0347	 0.6792	 0.0475	
46	 29.8	 sp|P07153|RPN1_RAT	 17	 0.9908	 0.9633	 0.9908	 0.5574	 0.9638	 0.6884	
47	 50.2	 sp|P62703|RS4X_RAT	 20	 1	 0.8494	 1.7701	 0.0133	 1.5417	 0.116	
48	 29	 sp|Q68FQ0|TCPE_RAT	 20	 0.9204	 0.7199	 1.6444	 0.1454	 1.2706	 0.4757	
49	 54.4	 sp|Q05962|ADT1_RAT	 22	 1.4997	 0.3268	 0.9204	 0.882	 0.8954	 0.9785	
50	 14.7	 sp|P11507|AT2A2_RAT	 18	 1	 0.8394	 1.0186	 0.2658	 0.9817	 0.4979	
51	 20.2	 sp|P52303|AP1B1_RAT	 20	 1.3183	 0.4359	 1.1695	 0.5148	 0.8551	 0.2486	
52	 31	 sp|P21531|RL3_RAT	 17	 1.8535	 0.9912	 1.5136	 0.3864	 1.6904	 0.2976	
53	 37.4	 sp|Q5XIM9|TCPB_RAT	 19	 1	 0.4217	 1	 0.6455	 0.9727	 0.8113	
54	 26.7	 sp|P35565|CALX_RAT	 21	 1.0093	 0.4883	 0.9908	 0.9923	 0.9727	 0.6672	
55	 22.7	 sp|P38659|PDIA4_RAT	 22	 2.0701	 0.0226	 1.8535	 0.1053	 1.4723	 0.0977	
56	 41	 sp|P62425|RL7A_RAT	 20	 2.208	 0.3277	 1.8365	 0.1424	 2.0893	 0.5612	
57	 16	 sp|P28023|DCTN1_RAT	 17	 0.9817	 0.3724	 0.9908	 0.9805	 1	 0.4488	
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N	
%	Cov	
(95)	 Accession	#	

Pep	
95%	 115:114	

PVal		
115:114	 116:114	

PVal		
116:114	 117:114	

PVal		
117:114	

58	 64	 sp|Q9Z2L0|VDAC1_RAT	 25	 1.1695	 0.3718	 0.8551	 0.7725	 0.8872	 0.8292	
59	 12.8	 sp|O35821|MBB1A_RAT	 16	 0.9638	 0.9727	 0.9817	 0.9066	 1.0375	 0.5211	
60	 68.9	 sp|P62804|H4_RAT	 46	 0.9817	 0.7058	 0.9462	 0.4333	 0.9727	 0.9571	
61	 27.4	 sp|Q62826|HNRPM_RAT	 31	 1.3183	 0.1529	 0.8872	 0.1946	 0.9638	 0.1412	
62	 29.7	 sp|Q9EPH8|PABP1_RAT	 19	 1.2823	 0.4667	 1.4997	 0.0819	 1.4588	 0.1098	
63	 23.5	 sp|Q641Y8|DDX1_RAT	 17	 0.9727	 0.935	 0.955	 0.7466	 0.9727	 0.9816	
64	 23.3	 sp|Q62667|MVP_RAT	 17	 0.7447	 0.1268	 0.7798	 0.4835	 0.9204	 0.8975	
65	 41.3	 sp|P49242|RS3A_RAT	 16	 1	 0.2721	 1.1272	 0.2951	 0.8091	 0.8461	
66	 19.9	 sp|P43244|MATR3_RAT	 25	 0.9036	 0.9327	 0.5248	 0.0983	 0.6918	 0.1975	
67	 36.6	 sp|Q7TPB1|TCPD_RAT	 21	 1.028	 0.2795	 1.2023	 0.2677	 0.9204	 0.3299	
68	 27.3	 sp|P11980|KPYM_RAT	 18	 0.5445	 0.0626	 1.406	 0.0591	 0.871	 0.5667	
69	 31.5	 sp|P23785|GRN_RAT	 21	 1.4454	 0.2593	 1.4997	 0.0559	 1.5849	 0.1576	
70	 56.8	 sp|P62909|RS3_RAT	 16	 0.871	 0.4413	 1.7061	 0.0491	 0.9638	 0.9274	
71	 32.7	 sp|P69897|TBB5_RAT	 26	 0.9376	 0.6681	 1.2942	 0.3061	 0.8395	 0.7897	
72	 15.1	 sp|Q6P7A9|LYAG_RAT	 19	 1.0186	 0.857	 1.0186	 0.9877	 1.028	 0.4442	
73	 31.5	 sp|P18418|CALR_RAT	 14	 3.0761	 0.0016	 2.8576	 0.0494	 3.02	 0.0007	
74	 53.3	 sp|Q63716|PRDX1_RAT	 19	 1.0375	 0.7949	 0.8472	 0.7223	 0.7447	 0.9245	
75	 36.5	 sp|P27952|RS2_RAT	 14	 1	 0.5789	 1.4588	 0.4655	 1.1588	 0.7421	
76	 3	 sp|P30427|PLEC_RAT	 11	 1.0186	 0.6034	 0.955	 0.4713	 1.0093	 0.6626	
77	 11.9	 sp|Q64560|TPP2_RAT	 14	 1.977	 0.3906	 2.1281	 0.3259	 0.7516	 0.5211	
78	 16.7	 sp|Q9QUL6|NSF_RAT	 11	 0.955	 0.8278	 1.0186	 0.1226	 0.9908	 0.3007	
79	 18.8	 sp|Q3B8Q1|DDX21_RAT	 14	 0.9908	 0.4637	 0.6918	 0.1961	 0.7112	 0.3185	
80	 37.7	 sp|P00507|AATM_RAT	 20	 2.1281	 0.0137	 1.4859	 0.1411	 1.9055	 0.0132	
81	 39.5	 sp|P52925|HMGB2_RAT	 14	 1.4191	 0.2218	 1.3062	 0.2427	 1.4723	 0.0121	
82	 31.2	 sp|B2GV06|SCOT1_RAT	 17	 1.7539	 0.1689	 1.1695	 0.1686	 1.4859	 0.1192	
83	 32.4	 sp|Q5BJY9|K1C18_RAT	 16	 1.3804	 0.1699	 0.8241	 0.3661	 1.028	 0.9612	
84	 42.9	 sp|P05065|ALDOA_RAT	 16	 1.3183	 0.9837	 2.6792	 0.0048	 1.6293	 0.0333	
85	 49.5	 sp|P19945|RLA0_RAT	 26	 0.7516	 0.9332	 0.912	 0.876	 0.912	 0.9495	
86	 28.3	 sp|Q8VHF5|CISY_RAT	 17	 1.5996	 0.2147	 1.3932	 0.4632	 1.5704	 0.1525	
87	 7.9	 sp|P41516|TOP2A_RAT	 14	 0.9908	 0.8028	 0.955	 0.6323	 0.9817	 0.9013	
88	 11.4	 sp|Q9Z1A6|VIGLN_RAT	 11	 0.7586	 0.2185	 0.597	 0.0936	 0.6368	 0.2244	
89	 48.8	 sp|P04256|ROA1_RAT	 26	 0.7178	 0.4833	 0.5649	 0.1852	 0.6546	 0.3662	
90	 51.4	 sp|P24368|PPIB_RAT	 15	 1.028	 0.5941	 1.0093	 0.8357	 1.028	 0.2569	
91	 35.5	 sp|Q6P9V9|TBA1B_RAT	 22	 	 	 	 	 	 	
92	 20.8	 sp|P00388|NCPR_RAT	 15	 1.0186	 0.8756	 0.9727	 0.3692	 0.9817	 0.5814	
93	 22.9	 sp|P13264|GLSK_RAT	 17	 2.0137	 0.2989	 0.7379	 0.7238	 1.6144	 0.1788	
94	 36.8	 sp|Q6AYD3|PA2G4_RAT	 13	 1	 0.1795	 1.0471	 0.8893	 1.0093	 0.679	
95	 32.7	 sp|Q63081|PDIA6_RAT	 19	 1.8365	 0.1417	 1.6749	 0.2477	 1.6596	 0.227	
96	 7.4	 sp|Q9JLA3|UGGG1_RAT	 13	 1.3062	 0.4377	 1.0375	 0.7863	 0.8241	 0.2288	
97	 34.2	 sp|Q00438|PTBP1_RAT	 25	 1.406	 0.5031	 2.1878	 0.345	 1.5136	 0.4398	
98	 15	 sp|O88941|MOGS_RAT	 13	 2.0137	 0.1273	 1.028	 0.5517	 1.2942	 0.442	
99	 32	 sp|P15865|H14_RAT	 23	 0.8551	 0.7736	 0.3162	 0.2086	 0.3908	 0.5471	

100	 63.1	 sp|P0CC09|H2A2A_RAT	 39	 2.0512	 0.2251	 0.863	 0.8402	 1.4997	 0.1491	
101	 30.8	 sp|P32551|QCR2_RAT	 14	 1	 0.696	 1	 0.3178	 0.9727	 0.5361	
102	 26.3	 sp|P56574|IDHP_RAT	 12	 2.0324	 0.0118	 2.208	 0.0828	 2.8576	 0.0112	
103	 42.1	 sp|Q6PDV7|RL10_RAT	 16	 1.2134	 0.9444	 1.4191	 0.8889	 1.2359	 0.4055	
104	 46.7	 sp|P62260|1433E_RAT	 17	 0.7311	 0.1367	 1.0186	 0.2166	 0.6855	 0.9736	
105	 18.2	 sp|Q99376|TFR1_RAT	 16	 1.0375	 0.2043	 1.0093	 0.1946	 1.0186	 0.4547	
106	 9.4	 sp|Q1JU68|EIF3A_RAT	 12	 1.7378	 0.1087	 1.0864	 0.4631	 1.2246	 0.7755	
107	 25.4	 sp|Q5FVM4|NONO_RAT	 24	 1.4454	 0.4205	 0.912	 0.9007	 1.2589	 0.658	
108	 28.5	 sp|Q5RKI1|IF4A2_RAT	 15	 0.8017	 0.2028	 0.912	 0.6916	 1.0375	 0.3215	
109	 15.7	 sp|Q9QXQ0|ACTN4_RAT	 14	 1.0093	 0.5639	 1.0471	 0.6588	 0.9908	 0.4927	
110	 31.1	 sp|P68101|IF2A_RAT	 13	 0.7727	 0.0898	 0.6668	 0.0176	 0.7798	 0.1052	
111	 12.6	 sp|P41777|NOLC1_RAT	 9	 1.0093	 0.6555	 0.3373	 0.0135	 0.7656	 0.7778	
112	 12.3	 sp|P18484|AP2A2_RAT	 9	 0.9638	 0.6849	 0.9817	 0.947	 0.955	 0.9416	
113	 44.4	 sp|Q6NYB7|RAB1A_RAT	 13	 1.1272	 0.8996	 0.8395	 0.9822	 0.673	 0.4392	
114	 31.4	 sp|Q62733|LAP2_RAT	 12	 1.7865	 0.1025	 0.7447	 0.5532	 1.2023	 0.6529	
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115	 18.4	 sp|Q4KM49|SYYC_RAT	 10	 0.871	 0.4963	 0.929	 0.6884	 0.4446	 0.1121	
116	 28.3	 sp|P04642|LDHA_RAT	 11	 0.5861	 0.0957	 1.5704	 0.0368	 0.8395	 0.8092	
117	 44.9	 sp|P09527|RAB7A_RAT	 21	 1.028	 0.6162	 0.7798	 0.6771	 0.7516	 0.6056	
118	 25.8	 sp|P62815|VATB2_RAT	 12	 0.9817	 0.5913	 0.9817	 0.5804	 1.0093	 0.2483	
119	 24.1	 sp|P85834|EFTU_RAT	 9	 1.6293	 0.4859	 0.8091	 0.3215	 1.1376	 0.2783	
120	 25.3	 sp|Q10758|K2C8_RAT	 13	 1.0666	 0.5144	 1.2706	 0.6362	 1.5996	 0.2272	
121	 27.4	 sp|P61980|HNRPK_RAT	 20	 1.4454	 0.9921	 1.0568	 0.8952	 1.1272	 0.9787	
122	 13.5	 sp|Q9JIL3|ILF3_RAT	 12	 0.879	 0.0844	 0.3631	 0.0868	 0.5297	 0.0342	
123	 18.9	 sp|Q6AXS5|PAIRB_RAT	 10	 0.9908	 0.9616	 0.9727	 0.4687	 0.9817	 0.4934	
124	 11.2	 sp|P16638|ACLY_RAT	 11	 1.028	 0.9366	 0.955	 0.7781	 0.9817	 0.4919	
125	 24.2	 sp|P23565|AINX_RAT	 12	 0.7178	 0.3134	 0.7047	 0.1479	 0.4699	 0.1765	
126	 9.9	 sp|Q924C3|ENPP1_RAT	 10	 1.6293	 0.5885	 1.8535	 0.0472	 1.8535	 0.0822	
127	 38.2	 sp|P67779|PHB_RAT	 14	 1.0765	 0.9484	 0.4831	 0.1691	 0.8551	 0.7942	
128	 18.2	 sp|P97852|DHB4_RAT	 14	 1.0093	 0.464	 1	 0.7878	 0.9638	 0.7521	
129	 56	 sp|Q00715|H2B1_RAT	 44	 0.7311	 0.4917	 0.1294	 0.0803	 0.8318	 0.4512	
130	 30	 sp|Q3MIE4|VAT1_RAT	 13	 0.9727	 0.5176	 1.3428	 0.3701	 0.955	 0.9654	
131	 12.1	 sp|Q5XI78|ODO1_RAT	 13	 1.0093	 0.8713	 0.9376	 0.223	 0.9462	 0.3651	
132	 25.3	 sp|P84092|AP2M1_RAT	 14	 1.1695	 0.8122	 0.7112	 0.107	 1.4191	 0.332	
133	 26.4	 sp|Q6AYH5|DCTN2_RAT	 10	 1	 0.3534	 1	 0.1716	 0.6427	 0.1619	
134	 11.6	 sp|Q9WUL0|TOP1_RAT	 9	 1.0093	 0.4733	 0.9727	 0.1862	 1.0186	 0.1681	
135	 27.3	 sp|P09895|RL5_RAT	 18	 1.5136	 0.1896	 0.929	 0.3486	 1.0765	 0.2	
136	 37.6	 sp|P29314|RS9_RAT	 13	 1.0093	 0.5892	 1.5136	 0.3212	 1.3062	 0.9096	
137	 26.1	 sp|Q6P6R2|DLDH_RAT	 11	 1.9055	 0.0806	 1.2823	 0.3697	 1.7061	 0.2769	
138	 24.9	 sp|P25235|RPN2_RAT	 11	 1.0375	 0.3672	 0.955	 0.0205	 0.9908	 0.6385	
139	 18.3	 sp|P62944|AP2B1_RAT	 28	 1.0186	 0.3567	 1.5704	 0.5067	 1.2942	 0.4878	
140	 23.3	 sp|Q63347|PRS7_RAT	 8	 1.0375	 0.9828	 1.0375	 0.6274	 1.028	 0.4006	
141	 12.5	 sp|P25286|VPP1_RAT	 12	 1.028	 0.7977	 0.9817	 0.7416	 1.0186	 0.8486	
142	 38.1	 sp|Q68FR9|EF1D_RAT	 15	 1.7219	 0.5743	 1.2023	 0.9479	 1.4723	 0.4108	
143	 37.6	 sp|P81155|VDAC2_RAT	 10	 1.0864	 0.6767	 1.4454	 0.1914	 1.803	 0.215	
144	 30.2	 sp|G3V9R8|HNRPC_RAT	 9	 1.028	 0.6751	 0.5058	 0.6677	 0.6486	 0.7296	
145	 12.4	 sp|Q66HF1|NDUS1_RAT	 7	 0.8872	 0.3699	 0.6607	 0.5551	 1.3932	 0.3303	
146	 11.7	 sp|P52296|IMB1_RAT	 10	 0.8872	 0.7414	 0.6546	 0.1127	 0.631	 0.1082	
147	 8.1	 sp|P97690|SMC3_RAT	 7	 1.1376	 0.2987	 1.1376	 0.3438	 1.0568	 0.8018	
148	 19.8	 sp|Q6AYT3|RTCB_RAT	 12	 1	 0.9496	 1.0375	 0.4463	 1.0093	 0.8962	
149	 34.1	 sp|Q63507|RL14_RAT	 16	 0.9036	 0.664	 0.9727	 0.2816	 1.1695	 0.0391	
150	 21.4	 sp|P16036|MPCP_RAT	 12	 1.8707	 0.1878	 0.912	 0.4033	 1.9409	 0.4297	
151	 48.7	 sp|P62282|RS11_RAT	 10	 1.6293	 0.374	 2.0324	 0.0782	 1.6596	 0.2388	
152	 26.5	 sp|P21533|RL6_RAT	 19	 0.8551	 0.1612	 0.8872	 0.9095	 0.7943	 0.6364	
153	 29.8	 sp|Q8VHV7|HNRH1_RAT	 12	 1	 0.7487	 0.9376	 0.6219	 0.9908	 0.878	
154	 17.9	 sp|O35814|STIP1_RAT	 8	 0.8318	 0.6869	 1.2359	 0.1626	 1.1695	 0.3732	
155	 44.2	 sp|P62243|RS8_RAT	 12	 1.3428	 0.4798	 1.7061	 0.1974	 1.4454	 0.235	
156	 31.6	 sp|Q5RJR8|LRC59_RAT	 14	 1.3062	 0.6664	 0.9817	 0.8626	 0.871	 0.736	
157	 43.7	 sp|P62278|RS13_RAT	 9	 0.7244	 0.9507	 1.1695	 0.9986	 1.2246	 0.1977	
158	 8.8	 sp|Q3ZAV8|EDC4_RAT	 10	 0.9817	 0.7309	 0.9908	 0.645	 0.929	 0.4265	
159	 20	 sp|Q32PX7|FUBP1_RAT	 12	 0.9462	 0.8902	 0.929	 0.8645	 0.9462	 0.5841	
160	 34.5	 sp|P35427|RL13A_RAT	 11	 1.0471	 0.6671	 1.2942	 0.7865	 1.556	 0.4589	
161	 28.6	 sp|Q02874|H2AY_RAT	 9	 0.8166	 0.7434	 0.7047	 0.6776	 1.1169	 0.858	
162	 35	 sp|P62907|RL10A_RAT	 14	 1.4191	 0.7656	 1.2942	 0.8582	 1.5136	 0.6865	
163	 34.5	 sp|P04797|G3P_RAT	 17	 1.4723	 0.5161	 2.8054	 0.0923	 1.4322	 0.5207	
164	 33	 sp|P63159|HMGB1_RAT	 10	 1.6144	 0.63	 0.7047	 0.156	 1.3552	 0.7278	
165	 14.6	 sp|Q920L2|SDHA_RAT	 8	 1.0965	 0.7072	 0.6252	 0.5047	 1.6144	 0.1708	
166	 16.9	 sp|P10860|DHE3_RAT	 10	 1.0186	 0.9386	 1.0186	 0.8711	 1.028	 0.9144	
167	 11.2	 sp|Q562A2|ZFR_RAT	 10	 0.863	 0.9996	 0.6194	 0.2757	 0.5702	 0.204	
168	 30.1	 sp|B5DEH2|ERLN2_RAT	 11	 1.1588	 0.436	 1.4191	 0.1448	 1.4588	 0.2524	
169	 47	 sp|Q4KM74|SC22B_RAT	 12	 0.6368	 0.6174	 0.4966	 0.2263	 0.4742	 0.3716	
170	 10.8	 sp|P23514|COPB_RAT	 10	 1.0375	 0.2928	 1.0666	 0.4279	 1.0864	 0.2281	
171	 19.8	 sp|Q60587|ECHB_RAT	 10	 1.0765	 0.6388	 0.6427	 0.3014	 0.7943	 0.9616	
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172	 42.1	 sp|P62718|RL18A_RAT	 12	 1.1272	 0.6739	 1.6444	 0.1107	 1.0093	 0.4388	
173	 25.9	 sp|P60123|RUVB1_RAT	 8	 0.9462	 0.7782	 0.787	 0.9834	 0.5916	 0.8185	
174	 40.4	 sp|Q6LED0|H31_RAT	 11	 0.4055	 0.1854	 0.4325	 0.1156	 0.7586	 0.7085	
175	 32.9	 sp|P38983|RSSA_RAT	 10	 0.7311	 0.9907	 1.2589	 0.2719	 0.863	 0.9446	
176	 15	 sp|P10960|SAP_RAT	 8	 0.3076	 0.0361	 0.9036	 0.543	 0.7943	 0.17	
177	 28.2	 sp|Q63610|TPM3_RAT	 9	 2.3121	 0.1155	 2.7542	 0.0103	 1.3552	 0.8386	
178	 24.4	 sp|P04764|ENOA_RAT	 8	 1.2134	 0.2896	 2.704	 0.0797	 1.4723	 0.701	
179	 15.7	 sp|P08461|ODP2_RAT	 10	 0.9376	 0.2481	 0.9376	 0.2177	 0.955	 0.3834	
180	 27.3	 sp|P19511|AT5F1_RAT	 9	 2.355	 0.1831	 1.0965	 0.586	 1.2359	 0.3048	
181	 20.5	 sp|Q63083|NUCB1_RAT	 8	 0.8318	 0.651	 1.3677	 0.0333	 0.9908	 0.8127	
182	 12.6	 sp|O08629|TIF1B_RAT	 11	 1.0186	 0.4512	 0.9638	 0.9971	 1.028	 0.8328	
183	 32.6	 sp|P21775|THIKA_RAT	 8	 1.0471	 0.9278	 0.2655	 0.0133	 0.6368	 0.1318	
184	 37.4	 sp|P41123|RL13_RAT	 13	 1.3804	 0.6017	 1.6444	 0.2199	 1.1695	 0.5507	
185	 25.7	 sp|P13086|SUCA_RAT	 9	 1.2474	 0.7682	 0.6918	 0.6266	 1.9055	 0.0484	
186	 16.2	 sp|Q5XI81|FXR1_RAT	 10	 1.0471	 0.4489	 1.0093	 0.4813	 1.0093	 0.8446	
187	 26.8	 sp|Q5XIH7|PHB2_RAT	 9	 0.9908	 0.6336	 0.9908	 0.5093	 1	 0.4102	
188	 17	 sp|O55012|PICAL_RAT	 9	 1.4322	 0.2315	 0.8091	 0.5807	 0.6792	 0.3645	
189	 19	 sp|Q9EPB1|DPP2_RAT	 11	 1.028	 0.8438	 0.9908	 0.9922	 1.0093	 0.8677	
190	 42.8	 sp|P62271|RS18_RAT	 11	 1.4997	 0.6807	 1.5136	 0.2874	 1.3062	 0.8291	
191	 17.1	 sp|F1LMZ8|PSD11_RAT	 8	 0.9817	 0.8521	 1.028	 0.5347	 0.9727	 0.7316	
192	 22.6	 sp|Q91V33|KHDR1_RAT	 9	 1.8197	 0.1558	 1.0965	 0.6706	 1.3677	 0.8148	
193	 15.3	 sp|Q6UPE1|ETFD_RAT	 9	 1.3677	 0.1233	 0.8318	 0.8808	 1.3062	 0.2993	
194	 37.3	 sp|P10888|COX41_RAT	 11	 1.028	 0.9813	 0.6368	 0.3648	 1.0471	 0.9062	
195	 23.6	 sp|P62193|PRS4_RAT	 11	 1.3305	 0.957	 1.6293	 0.3739	 1.4997	 0.8018	
196	 21.8	 sp|P81795|IF2G_RAT	 8	 0.6668	 0.142	 1.2474	 0.6707	 0.4365	 0.0849	
197	 15.3	 sp|Q66HL2|SRC8_RAT	 10	 1.6596	 0.0614	 1.0666	 0.5538	 1.3677	 0.4357	
198	 18.7	 sp|P24268|CATD_RAT	 12	 1.9588	 0.8437	 1.7219	 0.9866	 1.556	 0.4686	
199	 28.4	 sp|P22509|FBRL_RAT	 7	 1.1376	 0.8852	 0.7798	 0.3304	 1.3428	 0.2849	
200	 40.4	 sp|P62752|RL23A_RAT	 12	 0.8954	 0.5416	 1.0568	 0.5925	 0.9376	 0.5212	
201	 38	 sp|Q06647|ATPO_RAT	 13	 2.8576	 0.1858	 1.4859	 0.2975	 2.355	 0.386	
202	 11.4	 sp|Q6P0K8|PLAK_RAT	 8	 1.1169	 0.7799	 1.0186	 0.9557	 0.7047	 0.3844	
203	 14.1	 sp|Q62902|LMAN1_RAT	 8	 1.1066	 0.8008	 0.9204	 0.8979	 1.2023	 0.6806	
204	 10.6	 sp|Q4FZT9|PSMD2_RAT	 7	 0.4055	 0.0166	 1.4723	 0.6616	 0.9376	 0.9183	
205	 23.8	 sp|Q3B8Q2|IF4A3_RAT	 9	 0.4742	 0.1238	 0.9727	 0.6129	 0.5248	 0.3193	
206	 15.9	 sp|Q66H80|COPD_RAT	 8	 0.955	 0.3701	 0.929	 0.3506	 0.9817	 0.8218	
207	 7.8	 sp|Q924S5|LONM_RAT	 8	 0.7656	 0.8094	 0.7727	 0.9545	 0.929	 0.8724	
208	 20.7	 sp|P82995|HS90A_RAT	 22	 0.7047	 0.2818	 0.879	 0.9799	 0.9036	 0.9089	
209	 32.4	 sp|P17074|RS19_RAT	 7	 0.9908	 0.9692	 1.1272	 0.2485	 0.9462	 0.9082	
210	 13.7	 sp|Q7TP47|HNRPQ_RAT	 8	 0.871	 0.4686	 1.1169	 0.4307	 0.8318	 0.5843	
211	 44.7	 sp|P62632|EF1A2_RAT	 34	 1.4997	 0.3443	 1.7865	 0.2403	 1.3552	 0.4091	
212	 47.2	 sp|P31399|ATP5H_RAT	 8	 1.4454	 0.7872	 1.028	 0.4704	 0.8954	 0.0792	
213	 42	 sp|P20788|UCRI_RAT	 8	 0.6918	 0.0714	 0.4786	 0.2977	 0.2228	 0.0893	
214	 16.3	 sp|P47942|DPYL2_RAT	 9	 0.8318	 0.7992	 1.0093	 0.6517	 0.9204	 0.7955	
215	 24.3	 sp|Q562B5|PGAM5_RAT	 7	 1.556	 0.2005	 1.2589	 0.9293	 1.3552	 0.3317	
216	 44.5	 sp|P62250|RS16_RAT	 9	 0.52	 0.8526	 1.1066	 0.8043	 1.0186	 0.531	
217	 17.8	 sp|Q794F9|4F2_RAT	 7	 0.9817	 0.4686	 0.9727	 0.2983	 0.9817	 0.182	
218	 34	 sp|Q4FZT0|STML2_RAT	 8	 1.0093	 0.8914	 1.0186	 0.7593	 1.0093	 0.7307	
219	 14	 sp|Q6AXR4|HEXB_RAT	 9	 1.0471	 0.3304	 1.0375	 0.5138	 0.7727	 0.9674	
220	 22.2	 sp|Q6AY23|P5CR2_RAT	 6	 1.0471	 0.6297	 1.028	 0.5772	 1.0186	 0.6555	
221	 14.5	 sp|Q641Y0|OST48_RAT	 8	 0.7244	 0.8234	 0.413	 0.5711	 0.7943	 0.9838	
222	 24	 sp|P13084|NPM_RAT	 10	 1.2823	 0.2232	 0.7943	 0.9428	 1.2359	 0.6457	
223	 17.5	 sp|Q641Y2|NDUS2_RAT	 6	 0.9462	 0.1932	 0.912	 0.0587	 0.9908	 0.7871	
224	 30.3	 sp|P12001|RL18_RAT	 12	 1.8197	 0.2037	 1.6444	 0.1656	 1.9953	 0.1354	
225	 39.7	 sp|P13471|RS14_RAT	 7	 0.9638	 0.6884	 0.9462	 0.6998	 1	 0.8041	
226	 14.3	 sp|Q9Z1W6|LYRIC_RAT	 6	 2.9648	 0.1151	 2.3768	 0.6126	 2.466	 0.0528	
227	 10.6	 sp|Q9QZR6|SEPT9_RAT	 7	 0.879	 0.3948	 0.8551	 0.3797	 1.0375	 0.9503	
228	 15.6	 sp|P25809|KCRU_RAT	 6	 1.2942	 0.4904	 0.7311	 0.4274	 0.8472	 0.886	
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229	 31.9	 sp|P61314|RL15_RAT	 7	 0.9727	 0.9641	 1.0471	 0.1545	 1.0568	 0.2681	
230	 54.6	 sp|P23358|RL12_RAT	 13	 1.8707	 0.9592	 1.5996	 0.9787	 1.6904	 0.502	
231	 26.4	 sp|P13803|ETFA_RAT	 9	 0.9817	 0.8979	 0.9817	 0.9069	 1	 0.9875	
232	 22.3	 sp|Q4KLL0|TCEA1_RAT	 8	 1.0186	 0.8795	 1	 0.4131	 1.0864	 0.3268	
233	 34.1	 sp|P48500|TPIS_RAT	 7	 1.028	 0.6751	 0.9908	 0.7387	 1.0375	 0.9439	
234	 49	 sp|P26772|CH10_RAT	 9	 2.1677	 0.5624	 1.3062	 0.9222	 1.5276	 0.4758	
235	 36.4	 sp|P12075|COX5B_RAT	 9	 0.7311	 0.4464	 0.6668	 0.1496	 0.879	 0.805	
236	 74.8	 sp|P02401|RLA2_RAT	 14	 1.4191	 0.66	 1.8365	 0.4424	 1.3804	 0.6446	
237	 26.4	 sp|P62961|YBOX1_RAT	 11	 0.8872	 0.613	 0.9908	 0.2592	 0.912	 0.3488	
238	 6.8	 sp|Q9JHW1|CBPD_RAT	 6	 0.9462	 0.9433	 0.879	 0.4248	 0.9908	 0.835	
239	 8	 sp|Q63355|MYO1C_RAT	 6	 1.1912	 0.7034	 1.6904	 0.1832	 0.871	 0.8144	
240	 15.2	 sp|P15178|SYDC_RAT	 6	 0.7047	 0.1496	 1.4588	 0.0937	 0.955	 0.6755	
241	 26	 sp|P84100|RL19_RAT	 10	 1.0765	 0.337	 0.8872	 0.6051	 0.787	 0.763	
242	 19.4	 sp|P14562|LAMP1_RAT	 13	 0.7656	 0.7211	 0.8954	 0.9568	 0.7516	 0.814	
243	 14.6	 sp|Q62991|SCFD1_RAT	 6	 0.597	 0.0733	 0.413	 0.0208	 0.7727	 0.5733	
244	 32.4	 sp|P18445|RL27A_RAT	 10	 0.871	 0.5844	 1.3428	 0.4472	 1.1482	 0.8643	
245	 35	 sp|P18421|PSB1_RAT	 10	 0.8872	 0.5286	 0.879	 0.3262	 0.8872	 0.3707	
246	 25.7	 sp|P62755|RS6_RAT	 9	 1.1588	 0.6746	 1.4859	 0.1851	 1.3677	 0.2809	
247	 46.4	 sp|P62832|RL23_RAT	 16	 0.6368	 0.7194	 1.1066	 0.1004	 0.8954	 0.2503	
248	 23.4	 sp|Q794E4|HNRPF_RAT	 7	 0.9908	 0.174	 0.6855	 0.0984	 0.4406	 0.0413	
249	 53.1	 sp|P10111|PPIA_RAT	 10	 0.3908	 0.0527	 1.3183	 0.3886	 1.1803	 0.798	
250	 11.3	 sp|P61765|STXB1_RAT	 6	 1.5136	 0.4784	 1.3552	 0.6932	 1.3552	 0.7725	
251	 26	 sp|P35435|ATPG_RAT	 12	 2.3768	 0.9159	 1.1066	 0.2901	 2.0512	 0.3707	
252	 14.9	 sp|P38062|MAP2_RAT	 6	 1.0471	 0.5449	 1.0471	 0.6085	 1.0765	 0.0702	
253	 16.4	 sp|Q5M9G3|CAPR1_RAT	 18	 1.0186	 0.7843	 1.0093	 0.347	 1.0093	 0.6211	
254	 15	 sp|Q63413|DX39B_RAT	 8	 0.9462	 0.8924	 0.9376	 0.4448	 0.9376	 0.8152	
255	 33.9	 sp|Q63965|SFXN1_RAT	 7	 1.3677	 0.27	 0.955	 0.9838	 1.1803	 0.7616	
256	 34.1	 sp|P24473|GSTK1_RAT	 9	 1.0375	 0.4135	 1.0375	 0.8681	 1.0471	 0.4439	
257	 11.8	 sp|Q5XHZ0|TRAP1_RAT	 8	 1.3305	 0.7909	 0.879	 0.4749	 0.8017	 0.3776	
258	 17.5	 sp|Q68FY0|QCR1_RAT	 8	 1.0568	 0.8327	 0.9817	 0.8304	 1.0186	 0.5802	
259	 7.9	 sp|B5DFC8|EIF3C_RAT	 7	 1.3677	 0.6729	 1.3932	 0.615	 1.2474	 0.0831	
260	 34.9	 sp|Q6RUV5|RAC1_RAT	 8	 1.5276	 0.9035	 0.879	 0.2714	 0.6918	 0.3419	
261	 26.2	 sp|P52555|ERP29_RAT	 10	 1.5276	 0.58	 1.406	 0.462	 1.028	 0.8117	
262	 35.9	 sp|P62982|RS27A_RAT	 11	 0.955	 0.6389	 0.9462	 0.8721	 0.6194	 0.3628	
263	 12.7	 sp|Q9JMJ4|PRP19_RAT	 6	 0.9204	 0.3696	 0.7112	 0.0877	 0.6918	 0.1347	
264	 7.7	 sp|P11915|NLTP_RAT	 9	 1.5849	 0.1463	 1.1803	 0.9155	 1.1169	 0.4699	
265	 4.9	 sp|Q9Z1M9|SMC1A_RAT	 6	 0.9036	 0.2285	 0.9204	 0.3768	 0.9036	 0.3436	
266	 36	 sp|D4A3K5|H11_RAT	 25	 1.1912	 0.4473	 0.673	 0.0339	 0.879	 0.4648	
267	 16.2	 sp|P54313|GBB2_RAT	 7	 0.929	 0.4964	 0.9638	 0.6681	 0.9638	 0.5622	
268	 32.2	 sp|P37805|TAGL3_RAT	 10	 1.4997	 0.4647	 1.5136	 0.6254	 1.977	 0.6	
269	 9.4	 sp|P13596|NCAM1_RAT	 6	 1.0186	 0.1452	 1	 0.5353	 0.955	 0.9306	
270	 35.4	 sp|P05712|RAB2A_RAT	 14	 1.0375	 0.7821	 1.0568	 0.1318	 1.0186	 0.9419	
271	 28	 sp|P62919|RL8_RAT	 11	 0.871	 0.2437	 1.3804	 0.5331	 1.0965	 0.7051	
272	 16.3	 sp|P15650|ACADL_RAT	 8	 0.6607	 0.5383	 0.8472	 0.7116	 1.1272	 0.5856	
273	 26.5	 sp|Q62785|HAP28_RAT	 5	 1.0965	 0.8408	 1.0093	 0.9375	 0.9908	 0.8443	
274	 9.8	 sp|O35314|SCG1_RAT	 7	 2.1281	 0.6078	 1.7865	 0.9221	 1.8707	 0.8337	
275	 9.1	 sp|Q1LZ53|DNM3A_RAT	 6	 1.0666	 0.6461	 0.8551	 0.7682	 1.3552	 0.381	
276	 9	 sp|Q9Z1X1|ESYT1_RAT	 6	 0.6368	 0.0921	 0.6918	 0.2786	 0.492	 0.0754	
277	 29.6	 sp|P62912|RL32_RAT	 8	 0.9727	 0.7627	 0.9817	 0.8474	 0.9462	 0.462	
278	 3.6	 sp|Q6MG48|PRC2A_RAT	 7	 0.6081	 0.0494	 0.5598	 0.071	 0.5861	 0.1825	
279	 23.1	 sp|Q5XIG8|STRAP_RAT	 7	 0.929	 0.7956	 1.0375	 0.2945	 0.9727	 0.7375	
280	 9.9	 sp|Q63028|ADDA_RAT	 5	 1.9231	 0.3081	 2.1677	 0.0536	 1	 0.8497	
281	 6.1	 sp|Q5M7V8|TR150_RAT	 6	 0.8091	 0.4278	 0.5546	 0.5169	 0.3733	 0.1009	
282	 12.5	 sp|P38656|LA_RAT	 8	 0.9908	 0.6667	 0.9376	 0.7705	 0.9376	 0.6284	
283	 20.6	 sp|Q63570|PRS6B_RAT	 5	 0.9817	 0.904	 1.0093	 0.7939	 1.0093	 0.5902	
284	 7.3	 sp|P27881|HXK2_RAT	 6	 0.3981	 0.0067	 0.5808	 0.1754	 0.5916	 0.0686	
285	 9.2	 sp|Q04931|SSRP1_RAT	 5	 1	 0.4642	 1.028	 0.6776	 0.8954	 0.3231	
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286	 6.8	 sp|P27008|PARP1_RAT	 6	 1.5417	 0.2121	 1.2134	 0.1761	 1.5136	 0.0842	
287	 3.6	 sp|F1MA98|TPR_RAT	 6	 2.5119	 0.0459	 0.879	 0.9071	 2.0137	 0.4552	
288	 33.1	 sp|P61354|RL27_RAT	 10	 0.9817	 0.9617	 1.0093	 0.203	 1	 0.799	
289	 16.7	 sp|Q6IFW6|K1C10_RAT	 10	 1.1272	 0.6788	 0.8472	 0.5136	 2.9107	 0.1186	
290	 14.5	 sp|Q9Z1E1|FLOT1_RAT	 6	 1.0568	 0.6864	 0.9036	 0.4204	 0.955	 0.845	
291	 8.4	 sp|O08837|CDC5L_RAT	 5	 0.5105	 0.5085	 0.3597	 0.0956	 0.9908	 0.9638	
292	 21	 sp|P29147|BDH_RAT	 7	 1.2246	 0.6896	 0.5598	 0.1604	 0.8241	 0.671	
293	 21.9	 sp|B1WBW4|ARM10_RAT	 8	 0.9376	 0.4727	 0.9817	 0.5611	 0.929	 0.4386	
294	 7.2	 sp|Q6IMF3|K2C1_RAT	 9	 0.7178	 0.2724	 0.4093	 0.308	 1.3677	 0.3102	
295	 5.6	 sp|P11505|AT2B1_RAT	 5	 1.0186	 0.9835	 0.9727	 0.7185	 1.1272	 0.2066	
296	 6.7	 sp|Q62839|GOGA2_RAT	 6	 1.3552	 0.399	 0.7447	 0.5847	 1.1066	 0.3068	
297	 16.1	 sp|Q68FX0|IDH3B_RAT	 6	 1.028	 0.9647	 1.028	 0.9312	 1.0186	 0.6478	
298	 23	 sp|Q4V8C7|PRKRA_RAT	 6	 0.8872	 0.2069	 0.9204	 0.3776	 0.929	 0.4264	
299	 34.8	 sp|Q62636|RAP1B_RAT	 8	 1.0093	 0.9449	 0.912	 0.5526	 1	 0.9844	
300	 8.4	 sp|Q75Q39|TOM70_RAT	 6	 0.9376	 0.4232	 0.5916	 0.0094	 0.8395	 0.2067	
301	 6.9	 sp|A1A5S1|PRP6_RAT	 6	 0.8954	 0.3366	 0.9638	 0.5751	 0.8872	 0.3436	
302	 18.3	 sp|O88989|MDHC_RAT	 5	 0.7516	 0.3127	 1.3062	 0.7488	 1.1376	 0.985	
303	 20.6	 sp|B0BNA7|EIF3I_RAT	 6	 1.0471	 0.3422	 0.9908	 0.8466	 1.0375	 0.6785	
304	 31.2	 sp|P62902|RL31_RAT	 6	 0.6668	 0.612	 0.8954	 0.2369	 1.0864	 0.2058	
305	 15.3	 sp|B2RZ37|REEP5_RAT	 6	 1.3428	 0.2487	 0.8241	 0.6491	 0.6546	 0.3708	
306	 14.4	 sp|Q5XIT9|MCCB_RAT	 5	 1.977	 0.2411	 0.5248	 0.342	 1.3428	 0.9616	
307	 45.2	 sp|P62890|RL30_RAT	 8	 1.0471	 0.9118	 1.6144	 0.3781	 1.1376	 0.4105	
308	 30	 sp|P62246|RS15A_RAT	 7	 1.1695	 0.7536	 1.8365	 0.1121	 1.1912	 0.6718	
309	 13.3	 sp|Q9JJ54|HNRPD_RAT	 7	 0.8954	 0.7964	 0.8551	 0.6876	 0.7656	 0.5298	
310	 7.5	 sp|Q9JK11|RTN4_RAT	 5	 1.4997	 0.899	 0.6792	 0.2675	 0.7178	 0.0831	
311	 30.6	 sp|P63102|1433Z_RAT	 13	 0.7798	 0.2055	 1.0965	 0.8826	 0.912	 0.5411	
312	 6.2	 sp|P97536|CAND1_RAT	 6	 1.1066	 0.2538	 1.1272	 0.0498	 1.028	 0.6731	
313	 18.4	 sp|O35509|RB11B_RAT	 4	 0.5058	 0.0193	 0.7112	 0.1083	 0.6081	 0.0771	
314	 11.6	 sp|P11730|KCC2G_RAT	 5	 0.955	 0.7857	 1.0666	 0.8669	 0.955	 0.2429	
315	 27.9	 sp|P61983|1433G_RAT	 13	 0.9204	 0.3153	 1.0568	 0.5269	 1.0568	 0.931	
316	 25.1	 sp|P29410|KAD2_RAT	 6	 1.0864	 0.779	 0.7656	 0.8894	 0.955	 0.2695	
317	 16.2	 sp|P49432|ODPB_RAT	 6	 1.2134	 0.8094	 0.7112	 0.2767	 1.4997	 0.2156	
318	 22.4	 sp|P54921|SNAA_RAT	 6	 1.028	 0.9638	 0.787	 0.7108	 0.929	 0.7625	
319	 12.3	 sp|B3GNI6|SEP11_RAT	 4	 0.9908	 0.9748	 1.1482	 0.9641	 1.0471	 0.7823	
320	 4.1	 sp|O35889|AFAD_RAT	 7	 0.7447	 0.0467	 0.5105	 0.0094	 0.4093	 0.0025	
321	 6.8	 sp|Q4AEF8|COPG1_RAT	 4	 1.1169	 0.6121	 0.9727	 0.9701	 1.1482	 0.4691	
322	 3.2	 sp|Q62638|GSLG1_RAT	 5	 1.4322	 0.0992	 0.8472	 0.9105	 0.9638	 0.7648	
323	 25	 sp|P24049|RL17_RAT	 6	 1	 0.7219	 1.0568	 0.3542	 0.9908	 0.8732	
324	 31.3	 sp|P17077|RL9_RAT	 5	 0.929	 0.7589	 1.0093	 0.6694	 1.3677	 0.3507	
325	 15.3	 sp|Q6AXS3|DEK_RAT	 5	 1	 0.6445	 0.9727	 0.9466	 1.0186	 0.6164	
326	 12.6	 sp|Q99NA5|IDH3A_RAT	 6	 1.0568	 0.4098	 1.0666	 0.6212	 1.0765	 0.991	
327	 8.1	 sp|O35303|DNM1L_RAT	 5	 0.9462	 0.8532	 0.929	 0.1886	 1.028	 0.7704	
328	 30.3	 sp|P19804|NDKB_RAT	 5	 0.9908	 0.7005	 1.0093	 0.9817	 0.9638	 0.767	
329	 3.1	 sp|P15146|MTAP2_RAT	 6	 0.787	 0.9786	 1.5996	 0.2684	 1.4454	 0.3861	
330	 32.5	 sp|P20280|RL21_RAT	 6	 0.9204	 0.7228	 1.0471	 0.7214	 1.0666	 0.5672	
331	 6.7	 sp|Q07803|EFGM_RAT	 4	 1.4997	 0.2146	 2.0324	 0.0806	 1.6293	 0.5086	
332	 8.7	 sp|Q641X3|HEXA_RAT	 6	 0.7447	 0.2946	 0.4613	 0.1245	 0.3404	 0.1446	
333	 9.9	 sp|Q925S8|YMEL1_RAT	 6	 1	 0.8525	 0.9376	 0.4566	 1.0568	 0.554	
334	 3.2	 sp|Q8K1P7|SMCA4_RAT	 5	 1.1272	 0.4382	 0.9817	 0.5739	 1.0666	 0.7551	
335	 15.6	 sp|G3V6S8|SRSF6_RAT	 7	 0.8017	 0.1734	 0.6138	 0.1377	 0.7244	 0.162	
336	 36.1	 sp|P60868|RS20_RAT	 9	 0.955	 0.8384	 0.9908	 0.7016	 0.9727	 0.6325	
337	 14.5	 sp|Q5XIP6|FEN1_RAT	 4	 0.8872	 0.6095	 1.0471	 0.5752	 1.3183	 0.2475	
338	 9	 sp|Q498R3|DJC10_RAT	 7	 0.929	 0.3443	 0.9204	 0.2864	 0.9638	 0.5786	
339	 58.3	 sp|Q6PDU7|ATP5L_RAT	 6	 0.9036	 0.8244	 0.6855	 0.5812	 1.028	 0.899	
340	 5.2	 sp|O35142|COPB2_RAT	 5	 0.9204	 0.7006	 0.631	 0.4448	 0.8472	 0.9012	
341	 13.7	 sp|P61621|S61A1_RAT	 5	 1.1695	 0.3411	 1.028	 0.5175	 1.0471	 0.5473	
342	 27.6	 sp|Q498U4|SARNP_RAT	 5	 1.0375	 0.413	 1.0093	 0.4774	 1.0471	 0.6784	
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343	 19.1	 sp|P60901|PSA6_RAT	 4	 0.7379	 0.522	 0.9727	 0.8493	 0.6486	 0.4857	
344	 3	 sp|Q9Z330|DNMT1_RAT	 5	 0.9727	 0.3897	 0.9462	 0.1834	 0.955	 0.5495	
345	 21.3	 sp|Q9Z270|VAPA_RAT	 5	 1.1169	 0.8053	 0.4966	 0.2392	 1.0568	 0.4062	
346	 32.4	 sp|B0K020|CISD1_RAT	 7	 0.9908	 0.5247	 0.9817	 0.9306	 0.9817	 0.2254	
347	 23.7	 sp|Q66H20|PTBP2_RAT	 8	 0.7656	 0.9166	 0.2188	 0.2604	 0.7586	 0.9421	
348	 10.9	 sp|P04182|OAT_RAT	 5	 1.8535	 0.0125	 1.3305	 0.034	 1.7061	 0.0469	
349	 10.9	 sp|P63095|GNAS2_RAT	 4	 1.1066	 0.9903	 1.028	 0.5739	 1.0093	 0.6386	
350	 21.7	 sp|Q6PDU1|SRSF2_RAT	 6	 1.1803	 0.5059	 1.9588	 0.5193	 1.5849	 0.3641	
351	 5.4	 sp|Q7TP54|FA65B_RAT	 5	 0.7943	 0.141	 0.955	 0.4425	 1.1272	 0.7684	
352	 53.9	 sp|P0C0S7|H2AZ_RAT	 10	 1.0965	 0.8214	 0.3076	 0.3639	 0.6138	 0.5076	
353	 18.6	 sp|P56603|SCAM1_RAT	 8	 1.5276	 0.0723	 1.0765	 0.5982	 1.0471	 0.9135	
354	 45.6	 sp|Q09073|ADT2_RAT	 21	 2.0701	 0.0847	 1.1482	 0.1573	 1.1169	 0.578	
355	 17	 sp|P85515|ACTZ_RAT	 6	 1.0471	 0.806	 0.9908	 0.8277	 0.9638	 0.7613	
356	 29.6	 sp|Q9R063|PRDX5_RAT	 4	 1.1376	 0.965	 1.2359	 0.3744	 1.1169	 0.9101	
357	 26.7	 sp|P39032|RL36_RAT	 6	 1	 0.5702	 0.9908	 0.2198	 1.028	 0.393	
358	 24.8	 sp|P17136|RSMB_RAT	 6	 0.5702	 0.484	 0.5495	 0.6806	 0.4093	 0.2941	
359	 39.3	 sp|Q71TY3|RS27_RAT	 5	 1.028	 0.6893	 0.9908	 0.4623	 0.9908	 0.7163	
360	 25.3	 sp|P45592|COF1_RAT	 4	 0.7447	 0.4893	 1.4723	 0.5499	 0.9462	 0.7863	
361	 13.2	 sp|Q01205|ODO2_RAT	 5	 1.0186	 0.7876	 0.9727	 0.5415	 1	 0.7631	
362	 10.3	 sp|O35112|CD166_RAT	 6	 0.912	 0.8033	 0.863	 0.8001	 0.8091	 0.5523	
363	 4.5	 sp|Q9JLT0|MYH10_RAT	 9	 0.9908	 0.3335	 0.9727	 0.8643	 0.9462	 0.7458	
364	 6.9	 sp|Q80Z70|SE1L1_RAT	 4	 1.1272	 0.4588	 1.0765	 0.6145	 1.0965	 0.3786	
365	 9.5	 sp|Q9JLH7|CK5P3_RAT	 4	 1.0186	 0.8012	 0.9908	 0.994	 1.0186	 0.663	
366	 31.4	 sp|P62898|CYC_RAT	 4	 1.7219	 0.0739	 1.4191	 0.3027	 1.4322	 0.526	
367	 13.4	 sp|Q5HZY0|UBXN4_RAT	 6	 0.912	 0.3259	 0.9817	 0.5739	 0.9727	 0.6993	
368	 15.8	 sp|P17764|THIL_RAT	 4	 1.1272	 0.6531	 1.1066	 0.9509	 1.1588	 0.5757	
369	 18.6	 sp|P12749|RL26_RAT	 5	 1.8535	 0.1046	 1.0375	 0.6927	 1.3932	 0.1774	
370	 6.4	 sp|Q6MG08|ABCF1_RAT	 5	 1.0093	 0.9913	 1.0186	 0.783	 1.0568	 0.8158	
371	 12.2	 sp|Q5M7U6|ARP2_RAT	 4	 0.879	 0.7428	 0.9462	 0.4793	 0.7727	 0.0629	
372	 9.4	 sp|O35763|MOES_RAT	 4	 0.413	 0.2567	 1.0471	 0.6809	 0.7244	 0.9959	
373	 12.4	 sp|Q9QUR2|DCTN4_RAT	 4	 0.5297	 0.0699	 0.955	 0.8213	 0.955	 0.9323	
374	 5.6	 sp|P35952|LDLR_RAT	 4	 1.0965	 0.4139	 1.3305	 0.0583	 0.9462	 0.8364	
375	 8.9	 sp|Q8CGU6|NICA_RAT	 4	 1.0666	 0.8511	 1.0375	 0.9102	 1.0093	 0.504	
376	 14.5	 sp|P63245|RACK1_RAT	 4	 0.9462	 0.8583	 0.955	 0.7525	 0.9376	 0.5869	
377	 23.3	 sp|Q91Y81|SEPT2_RAT	 5	 0.9204	 0.9128	 0.9817	 0.9144	 1.1066	 0.5491	
378	 32.9	 sp|P11240|COX5A_RAT	 6	 0.6252	 0.3166	 0.8166	 0.8785	 0.929	 0.5293	
379	 7.1	 sp|O88453|SAFB1_RAT	 6	 0.9376	 0.9688	 0.9817	 0.9102	 0.9638	 0.7102	
380	 12	 sp|P14408|FUMH_RAT	 6	 1.3804	 0.3997	 1.0765	 0.7291	 0.879	 0.8497	
381	 4.5	 sp|P49791|NU153_RAT	 4	 2.4434	 0.2044	 2.9376	 0.0166	 2.5351	 0.3474	
382	 12.9	 sp|Q6IN36|WIPF1_RAT	 4	 0.597	 0.1887	 0.492	 0.1633	 0.929	 0.5046	
383	 8.7	 sp|P50430|ARSB_RAT	 5	 1.3183	 0.858	 0.8166	 0.4651	 0.912	 0.8198	
384	 16.9	 sp|P48004|PSA7_RAT	 4	 1.0186	 0.7244	 1.0471	 0.4946	 0.9817	 0.4131	
385	 27.9	 sp|P0C5H9|MANF_RAT	 4	 1.1169	 0.1998	 1.1066	 0.4131	 1.0471	 0.6319	
386	 11	 sp|Q4V7C7|ARP3_RAT	 4	 0.9908	 0.5947	 0.8954	 0.7511	 0.9817	 0.6342	
387	 29.5	 sp|P13668|STMN1_RAT	 4	 0.6982	 0.4719	 1.2246	 0.3363	 0.863	 0.8521	
388	 29.3	 sp|Q8CFN2|CDC42_RAT	 6	 1.3062	 0.5733	 1.1376	 0.5919	 0.8472	 0.9221	
389	 15.3	 sp|P08082|CLCB_RAT	 4	 0.9727	 0.9426	 1.0375	 0.8074	 0.9817	 0.6846	
390	 15.1	 sp|P07340|AT1B1_RAT	 9	 0.9727	 0.9575	 0.9638	 0.7995	 0.9638	 0.8822	
391	 17.5	 sp|Q4FZX7|SRPRB_RAT	 4	 0.8166	 0.3508	 0.871	 0.5361	 0.879	 0.8214	
392	 6.3	 sp|Q9Z1Y3|CADH2_RAT	 5	 0.9638	 0.9308	 0.8551	 0.5382	 0.5395	 0.2451	
393	 7.3	 sp|B2GV24|UFL1_RAT	 6	 0.7943	 0.4843	 0.5649	 0.3008	 0.4966	 0.2075	
394	 8.2	 sp|F1LRS8|CD2AP_RAT	 4	 1.1169	 0.9933	 0.5012	 0.3224	 0.4742	 0.2811	
395	 9.5	 sp|Q7TP98|ILF2_RAT	 5	 1.0666	 0.7907	 0.9727	 0.4286	 1.0568	 0.7441	
396	 7.8	 sp|Q9Z272|GIT1_RAT	 5	 0.955	 0.7548	 0.9204	 0.6732	 0.9727	 0.9348	
397	 16.2	 sp|A0JPM9|EIF3J_RAT	 4	 0.7586	 0.584	 0.8395	 0.821	 0.7798	 0.686	
398	 12.5	 sp|Q812D1|PSIP1_RAT	 4	 0.9817	 0.874	 0.955	 0.9893	 0.955	 0.5241	
399	 28.8	 sp|Q63584|TMEDA_RAT	 5	 1.0471	 0.1328	 1.0186	 0.1184	 1.0471	 0.2248	
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400	 6.2	 sp|Q9EQR2|ADAS_RAT	 4	 0.929	 0.975	 0.955	 0.6887	 1.028	 0.4797	
401	 9.8	 sp|Q5XI28|RAVR1_RAT	 6	 0.863	 0.1064	 0.9817	 0.8633	 0.912	 0.1315	
402	 10	 sp|Q6AYK8|EIF3D_RAT	 9	 2.1478	 0.315	 1.4859	 0.3936	 1.2589	 0.9506	
403	 7	 sp|Q9QZA2|PDC6I_RAT	 5	 1.977	 0.1022	 1.4588	 0.6552	 1.7865	 0.1923	
404	 8.6	 sp|Q3KRE0|ATAD3_RAT	 4	 1.1695	 0.4482	 1.0186	 0.6571	 1.0186	 0.8518	
405	 11.4	 sp|O08587|NUP50_RAT	 5	 1.5996	 0.3058	 0.6026	 0.8929	 1	 0.8967	
406	 7.2	 sp|Q5RKG2|HCFC2_RAT	 5	 1.0666	 0.8676	 1	 0.9142	 1	 0.9013	
407	 6.1	 sp|Q5XIW8|SNUT1_RAT	 7	 0.5058	 0.2078	 0.4656	 0.2011	 0.787	 0.7499	
408	 7	 sp|P18395|CSDE1_RAT	 4	 1	 0.5829	 1.0471	 0.6098	 1.0568	 0.3674	
409	 19.9	 sp|P04961|PCNA_RAT	 6	 1.0093	 0.3133	 1.9231	 0.5016	 2.704	 0.7334	
410	 12.2	 sp|Q9JJM9|SEPT5_RAT	 4	 1.0965	 0.3803	 0.8551	 0.7234	 0.879	 0.7117	
411	 6	 sp|Q9ESW0|DDB1_RAT	 4	 0.9817	 0.8771	 1.0186	 0.9216	 0.9204	 0.1962	
412	 11.3	 sp|Q9QXU8|DC1L1_RAT	 5	 0.5754	 0.8852	 0.8091	 0.513	 0.7311	 0.7344	
413	 14.2	 sp|G3V7P1|STX12_RAT	 3	 1.0965	 0.3202	 1.0568	 0.289	 1.0375	 0.6837	
414	 14.6	 sp|P63326|RS10_RAT	 6	 0.9908	 0.966	 1.0186	 0.9312	 1.0093	 0.9849	
415	 13	 sp|Q3SWU3|HNRDL_RAT	 4	 0.9908	 0.983	 0.9727	 0.6798	 0.9036	 0.4599	
416	 5	 sp|Q4KLL4|TM9S4_RAT	 3	 0.9376	 0.6171	 1.0186	 0.7639	 0.9462	 0.9558	
417	 3.9	 sp|O35867|NEB1_RAT	 3	 0.9462	 0.9982	 0.8091	 0.511	 0.871	 0.4111	
418	 21.2	 sp|P17702|RL28_RAT	 7	 1.2706	 0.5949	 1.4997	 0.1559	 0.871	 0.6339	
419	 4.5	 sp|Q5U2M8|MDC1_RAT	 3	 0.8091	 0.2237	 0.9727	 0.8022	 0.871	 0.4421	
420	 5.2	 sp|Q9JKL8|ADNP_RAT	 4	 1	 0.8362	 0.929	 0.4781	 1	 0.6842	
421	 3.9	 sp|B2GUV7|IF2P_RAT	 4	 1.0471	 0.489	 0.9462	 0.6832	 1.1066	 0.632	
422	 7.7	 sp|Q9ES21|SAC1_RAT	 4	 0.9376	 0.6686	 0.871	 0.3392	 1	 0.6346	
423	 5.5	 sp|Q2KN99|CYTSA_RAT	 4	 1.1272	 0.1392	 1.0093	 0.7194	 0.9204	 0.9225	
424	 8.8	 sp|P24050|RS5_RAT	 3	 1.0864	 0.9214	 1.0093	 0.9926	 0.955	 0.9644	
425	 6.8	 sp|Q9WU82|CTNB1_RAT	 6	 0.9204	 0.4714	 1.028	 0.8185	 0.9908	 0.9944	
426	 7.1	 sp|P20611|PPAL_RAT	 3	 1.3804	 0.3943	 1.1482	 0.9768	 1.028	 0.6336	
427	 9.8	 sp|Q9WTV0|PREB_RAT	 4	 0.955	 0.643	 0.871	 0.5273	 0.863	 0.42	
428	 19.6	 sp|P62268|RS23_RAT	 4	 0.7727	 0.6161	 0.9204	 0.8671	 1.2359	 0.7196	
429	 4	 sp|P52873|PYC_RAT	 3	 0.9204	 0.7553	 0.9817	 0.9351	 0.9908	 0.754	
430	 6.6	 sp|Q5XIN6|LETM1_RAT	 5	 1.0666	 0.5968	 0.9908	 0.7899	 1.0471	 0.9363	
431	 10.3	 sp|Q99ML5|PCYOX_RAT	 5	 2.2699	 0.176	 0.631	 0.9137	 2.7797	 0.0524	
432	 10.7	 sp|P51650|SSDH_RAT	 4	 1.5996	 0.2344	 1.4588	 0.3425	 2.2909	 0.0712	
433	 6.4	 sp|Q66HA8|HS105_RAT	 4	 1.2134	 0.2921	 1.0864	 0.7682	 1.1803	 0.1058	
434	 5.7	 sp|P04762|CATA_RAT	 3	 1.0864	 0.5229	 0.9908	 0.601	 1.0965	 0.7407	
435	 3.1	 sp|A4L9P7|PDS5A_RAT	 3	 0.9462	 0.2551	 1.1272	 0.9983	 1	 0.7509	
436	 2.3	 sp|P34926|MAP1A_RAT	 5	 1.0375	 0.9195	 1.0666	 0.7415	 1.1695	 0.5681	
437	 3.5	 sp|Q10728|MYPT1_RAT	 3	 0.9908	 0.932	 1.1803	 0.2822	 1.1272	 0.5298	
438	 10.1	 sp|Q64654|CP51A_RAT	 3	 1.1376	 0.6988	 1.0471	 0.7462	 1.0568	 0.7505	
439	 13.7	 sp|Q68FU3|ETFB_RAT	 3	 0.9376	 0.1844	 0.9727	 0.2884	 1.0765	 0.9653	
440	 13	 sp|P62916|TF2B_RAT	 3	 1.0375	 0.4059	 1.0186	 0.5279	 0.9204	 0.9687	
441	 11.6	 sp|P62198|PRS8_RAT	 5	 0.3873	 0.9751	 1.2134	 0.5229	 1.2706	 0.1917	
442	 17.9	 sp|P18420|PSA1_RAT	 4	 0.9908	 0.9238	 1.0965	 0.6086	 1.0965	 0.582	
443	 33.9	 sp|P35434|ATPD_RAT	 6	 1.8707	 0.5486	 1.7061	 0.8312	 1.7865	 0.4281	
444	 13.3	 sp|P85970|ARPC2_RAT	 4	 0.871	 0.3412	 1.028	 0.8122	 0.8551	 0.291	
445	 1.5	 sp|D3ZD32|CHD5_RAT	 3	 1.0471	 0.7354	 0.9817	 0.65	 1.0568	 0.4361	
446	 14.2	 sp|P82471|GNAQ_RAT	 4	 0.7379	 0.6083	 0.8472	 0.5038	 0.631	 0.2993	
447	 20.8	 sp|Q3T1J1|IF5A1_RAT	 3	 0.673	 0.5926	 1.5704	 0.9639	 1.4454	 0.9152	
448	 11.2	 sp|Q5XIK2|TMX2_RAT	 4	 1.556	 0.2888	 1	 0.5707	 1.4588	 0.2052	
449	 2.4	 sp|Q6MG49|BAG6_RAT	 3	 0.9908	 0.7355	 1.028	 0.4141	 0.8872	 0.6808	
450	 26.9	 sp|P62845|RS15_RAT	 10	 0.6982	 0.7331	 1.1169	 0.9498	 1.1066	 0.9466	
451	 11.8	 sp|P62997|TRA2B_RAT	 4	 1.0093	 0.9376	 1.0186	 0.715	 0.9908	 0.9802	
452	 14.7	 sp|P59215|GNAO_RAT	 4	 0.4742	 0.5551	 0.673	 0.8748	 0.3251	 0.4376	
453	 22.2	 sp|Q9Z269|VAPB_RAT	 5	 1.1803	 0.9737	 0.929	 0.9882	 1.7219	 0.9042	
454	 11.7	 sp|Q9WVC0|SEPT7_RAT	 4	 1.0093	 0.3982	 0.9462	 0.2103	 1.0186	 0.9531	
455	 10.1	 sp|Q9WV25|PUF60_RAT	 5	 0.8954	 0.5017	 0.9036	 0.6774	 0.8472	 0.5887	
456	 14.6	 sp|Q6PCT3|TPD54_RAT	 4	 0.8318	 0.6038	 1.0666	 0.7333	 1.0666	 0.5472	
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457	 6.4	 sp|Q5XIA1|NCLN_RAT	 3	 1.0471	 0.4141	 1.0864	 0.4798	 1.028	 0.7884	
458	 8.9	 sp|P16391|HA12_RAT	 3	 0.631	 0.7987	 0.5598	 0.4299	 0.871	 0.9214	
459	 14.4	 sp|Q9WUS0|KAD4_RAT	 3	 1.7701	 0.3777	 0.9727	 0.0161	 1.1272	 0.7085	
460	 14.8	 sp|Q8K586|RANT_RAT	 3	 0.9727	 0.7569	 0.9638	 0.8263	 0.9462	 0.9195	
461	 18.8	 sp|Q66HA6|ARL8B_RAT	 3	 0.9908	 0.9906	 1.0093	 0.9871	 1.0471	 0.6021	
462	 24	 sp|P62853|RS25_RAT	 4	 0.863	 0.9445	 1.028	 0.5963	 0.4487	 0.4204	
463	 18.9	 sp|P40307|PSB2_RAT	 4	 0.6607	 0.3659	 1.2246	 0.5034	 0.8954	 0.9948	
464	 15.8	 sp|P25113|PGAM1_RAT	 3	 1.0186	 0.7401	 0.9727	 0.991	 1.0093	 0.9807	
465	 10.1	 sp|Q5BK63|NDUA9_RAT	 3	 0.7516	 0.526	 0.3597	 0.2684	 0.7178	 0.7021	
466	 21.2	 sp|P63324|RS12_RAT	 3	 0.6546	 0.4159	 0.787	 0.642	 1	 0.8096	
467	 33.9	 sp|P62856|RS26_RAT	 4	 1.028	 0.5879	 1.0765	 0.2434	 1.0568	 0.2621	
468	 20.3	 sp|P62850|RS24_RAT	 6	 2.6062	 0.4341	 2.9648	 0.1692	 1.2823	 0.7422	
469	 27.3	 sp|P55770|NH2L1_RAT	 4	 0.7244	 0.6536	 0.4487	 0.4024	 1	 0.5076	
470	 17.4	 sp|P34064|PSA5_RAT	 5	 0.8395	 0.8404	 1.4859	 0.5071	 0.5861	 0.5256	
471	 28.3	 sp|P61805|DAD1_RAT	 3	 1.0093	 0.7686	 0.9462	 0.9346	 0.9204	 0.6708	
472	 2	 sp|P11654|PO210_RAT	 3	 0.955	 0.9824	 0.9638	 0.9475	 0.9817	 0.868	
473	 20.2	 sp|Q5XI72|IF4H_RAT	 4	 1.556	 0.6258	 0.3767	 0.7726	 1.1272	 0.6728	
474	 10.5	 sp|P08081|CLCA_RAT	 4	 0.6026	 0.4009	 0.7943	 0.5771	 0.7447	 0.5513	
475	 5.2	 sp|Q2PQA9|KINH_RAT	 4	 0.7727	 0.4031	 0.863	 0.9048	 0.8872	 0.575	
476	 26.2	 sp|Q9R1Z0|VDAC3_RAT	 6	 1.1695	 0.4142	 1.0568	 0.997	 1.2134	 0.2916	
477	 9.6	 sp|Q6P747|HP1B3_RAT	 5	 1.028	 0.5338	 1.0186	 0.6546	 1.028	 0.3487	
478	 8.8	 sp|Q6P7P5|BZW1_RAT	 4	 0.4169	 0.1403	 1.1272	 0.9761	 1.2359	 0.475	
479	 21.1	 sp|P17078|RL35_RAT	 6	 1.2589	 0.7765	 1.4454	 0.3259	 1.0093	 0.936	
480	 9.9	 sp|Q5U2X6|CCD47_RAT	 5	 1	 0.6505	 0.9638	 0.8848	 1.0093	 0.8819	
481	 5.4	 sp|Q4G061|EIF3B_RAT	 6	 0.9817	 0.6937	 1.0093	 0.4829	 0.9908	 0.7728	
482	 13.9	 sp|Q68FY1|NUP53_RAT	 3	 1.1066	 0.6299	 1.1482	 0.9382	 0.5346	 0.2908	
483	 8.2	 sp|Q5U317|FIP1_RAT	 3	 0.8872	 0.6288	 0.9376	 0.8969	 0.9204	 0.8803	
484	 9.3	 sp|A1L134|AUP1_RAT	 3	 1.0093	 0.7264	 0.8872	 0.8845	 0.879	 0.6565	
485	 8.3	 sp|Q9JI85|NUCB2_RAT	 3	 1.1912	 0.9584	 3.3113	 0.1033	 1.5276	 0.7233	
486	 18.7	 sp|Q68A21|PURB_RAT	 4	 1.0568	 0.7173	 1.028	 0.4748	 0.9727	 0.9983	
487	 19.7	 sp|P62914|RL11_RAT	 6	 1.7061	 0.5342	 2.1677	 0.2238	 2.5586	 0.1935	
488	 12.8	 sp|P08503|ACADM_RAT	 4	 1.6293	 0.6169	 0.7943	 0.3898	 1	 0.6579	
489	 12.5	 sp|Q6P7R8|DHB12_RAT	 3	 0.9908	 0.989	 0.9908	 0.9549	 0.9817	 0.637	
490	 8.7	 sp|Q4V898|RBMX_RAT	 4	 0.8017	 0.2864	 0.8241	 0.1921	 0.863	 0.6711	
491	 20	 sp|P04646|RL35A_RAT	 4	 1	 0.8619	 0.9638	 0.3583	 1.0186	 0.7663	
492	 9.7	 sp|Q505J9|ATAD1_RAT	 3	 1.028	 0.5617	 1	 0.8811	 1.0864	 0.7082	
493	 3.1	 sp|Q6QI44|NAA25_RAT	 3	 1.0375	 0.9774	 1	 0.6512	 1.1482	 0.2563	
494	 19.7	 sp|Q9JI92|SDCB1_RAT	 7	 1.2589	 0.5483	 1.7378	 0.5151	 1.1803	 0.9538	
495	 17.1	 sp|Q9Z0V6|PRDX3_RAT	 5	 0.9462	 0.5737	 0.9638	 0.8458	 1.028	 0.4589	
496	 6.8	 sp|Q5FVI6|VATC1_RAT	 3	 1.1376	 0.4567	 1.1272	 0.3772	 1.0568	 0.4085	
497	 4.8	 sp|Q5RJT2|SPB1_RAT	 3	 1.1695	 0.3764	 1.0186	 0.8842	 1.0471	 0.3539	
498	 15.3	 sp|Q6AXX6|F213A_RAT	 3	 0.9908	 0.5348	 0.8954	 0.213	 0.879	 0.1336	
499	 15.6	 sp|P00787|CATB_RAT	 4	 1.2359	 0.9994	 1.2134	 0.9802	 0.4325	 0.6031	
500	 8.7	 sp|P26284|ODPA_RAT	 3	 1.1066	 0.8177	 1.0375	 0.7373	 1.0375	 0.6655	
501	 7.1	 sp|Q5U2Q7|ERF1_RAT	 3	 0.7447	 0.4373	 1.0471	 0.72	 0.5445	 0.2423	
502	 15.7	 sp|Q5I0E7|TMED9_RAT	 5	 1.2942	 0.2759	 0.8241	 0.8132	 0.3631	 0.1809	
503	 12.3	 sp|Q6IG12|K2C7_RAT	 4	 2.9376	 0.1489	 1.7378	 0.5195	 2.884	 0.1841	
504	 3.8	 sp|P70501|RBM10_RAT	 3	 0.912	 0.3886	 0.8318	 0.3294	 1.0186	 0.6301	
505	 5.9	 sp|P07872|ACOX1_RAT	 6	 1.3677	 0.6258	 1.5276	 0.2628	 1.0765	 0.5629	
506	 74.6	 sp|P19944|RLA1_RAT	 3	 0.7447	 0.6116	 1.5849	 0.8572	 0.7656	 0.6244	
507	 10.3	 sp|Q8CH84|ELAV2_RAT	 3	 0.9908	 0.3593	 1.0568	 0.2618	 0.9817	 0.5755	
508	 13.9	 sp|P28073|PSB6_RAT	 3	 1.0093	 0.9925	 1.0765	 0.7037	 1.1803	 0.5893	
509	 4.7	 sp|Q6IG02|K22E_RAT	 3	 0.5105	 0.3087	 0.7112	 0.5385	 0.7516	 0.7946	
510	 6	 sp|E9PU28|IMDH2_RAT	 2	 1.3677	 0.8871	 0.9204	 0.5858	 1.6904	 0.5844	
511	 9.8	 sp|B0BN93|PSD13_RAT	 4	 0.5754	 0.3206	 1.3552	 0.9505	 0.955	 0.2922	
512	 7.8	 sp|Q6P7D4|CP20A_RAT	 3	 1.6444	 0.4092	 1.0375	 0.5404	 1.1588	 0.5458	
513	 4	 sp|Q05764|ADDB_RAT	 3	 0.8551	 0.4501	 1	 0.8792	 0.8872	 0.6814	
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514	 18.5	 sp|P83732|RL24_RAT	 4	 0.9727	 0.9127	 0.9908	 0.7577	 1.0093	 0.7247	
515	 5.2	 sp|Q7TMD5|ZC3HE_RAT	 4	 1.1482	 0.7798	 0.5916	 0.1268	 0.8954	 0.3687	
516	 54.9	 sp|P29418|ATP5E_RAT	 5	 1.7701	 0.4908	 0.8318	 0.4619	 1.7061	 0.6811	
517	 9.3	 sp|Q99P39|NFS1_RAT	 4	 0.9727	 0.9524	 0.863	 0.9092	 0.955	 0.9638	
518	 11.8	 sp|Q5XI32|CAPZB_RAT	 3	 1.8365	 0.1344	 1.3552	 0.5031	 0.8166	 0.1411	
519	 3.9	 sp|Q6UPR8|ERMP1_RAT	 4	 1.0568	 0.8333	 1.0093	 0.7826	 1.028	 0.7793	
520	 4.6	 sp|Q8CHN6|SGPL1_RAT	 2	 0.955	 0.7192	 1.0093	 0.651	 1.028	 0.6227	
521	 3.8	 sp|Q2TA68|OPA1_RAT	 4	 1.0765	 0.7389	 1.1482	 0.3006	 0.9727	 0.9419	
522	 17.3	 sp|P20070|NB5R3_RAT	 4	 1.0864	 0.8708	 0.7112	 0.4456	 1.0471	 0.9259	
523	 14.4	 sp|P22734|COMT_RAT	 3	 0.9638	 0.9103	 1.028	 0.8998	 1.0186	 0.7604	
524	 5.9	 sp|Q6AYB4|HSP7E_RAT	 3	 0.9727	 0.7808	 1.0666	 0.3017	 1.0568	 0.5794	
525	 6.4	 sp|P50137|TKT_RAT	 3	 0.9727	 0.7038	 1.1695	 0.74	 1.0666	 0.9683	
526	 5.8	 sp|Q4FZU2|K2C6A_RAT	 4	 0.4406	 0.7382	 0.5598	 0.6267	 2.2909	 0.283	
527	 43.1	 sp|Q00728|H2A4_RAT	 35	 1.7701	 0.4504	 1.5136	 0.5737	 1.3552	 0.9051	
528	 3.9	 sp|Q05096|MYO1B_RAT	 4	 1.028	 0.5462	 1.028	 0.4527	 0.9376	 0.8455	
529	 6.1	 sp|P21396|AOFA_RAT	 3	 1.0093	 0.8312	 1	 0.6221	 0.9908	 0.7675	
530	 2.2	 sp|O08662|PI4KA_RAT	 3	 1.1169	 0.5891	 1.028	 0.9894	 0.9462	 0.7499	
531	 16.7	 sp|P25886|RL29_RAT	 4	 1.0765	 0.3337	 1	 0.8639	 1.0186	 0.8249	
532	 10.8	 sp|Q64057|AL7A1_RAT	 3	 0.879	 0.3542	 0.6194	 0.2264	 1.1482	 0.6225	
533	 12	 sp|Q5FVQ4|MLEC_RAT	 3	 0.955	 0.3817	 0.955	 0.8148	 0.912	 0.3923	
534	 17.3	 sp|Q6PCU2|VATE1_RAT	 6	 1.1482	 0.1857	 1.0765	 0.1809	 1.2023	 0.1059	
535	 18.7	 sp|Q5XIE3|RM11_RAT	 3	 0.929	 0.3773	 0.9727	 0.9559	 0.929	 0.8131	
536	 7.5	 sp|Q63569|PRS6A_RAT	 3	 0.9462	 0.9289	 1.0186	 0.7798	 1	 0.7093	
537	 9.1	 sp|Q5RK09|EIF3G_RAT	 3	 1.0093	 0.7668	 0.929	 0.365	 1	 0.9445	
538	 5.6	 sp|Q5XI31|PIGS_RAT	 2	 1.0375	 0.9445	 0.8395	 0.8175	 0.9817	 0.9984	
539	 15.3	 sp|P62634|CNBP_RAT	 3	 1.0965	 0.7558	 0.2291	 0.0918	 1.1272	 0.7867	
540	 9.3	 sp|Q561S0|NDUAA_RAT	 3	 0.5495	 0.4381	 1.1066	 0.5354	 1.2589	 0.5319	
541	 5.1	 sp|Q9QZ86|NOP58_RAT	 2	 1.4723	 0.3223	 0.5012	 0.3005	 0.879	 0.6665	
542	 2	 sp|Q6RJR6|RTN3_RAT	 2	 1.3804	 0.4616	 0.9638	 0.5551	 0.3631	 0.389	
543	 3.6	 sp|Q62599|MTA1_RAT	 2	 0.8318	 0.4892	 0.8954	 0.7389	 0.6855	 0.2933	
544	 4.3	 sp|Q9WV63|KIF2A_RAT	 3	 0.9036	 0.9324	 0.7727	 0.4452	 0.8954	 0.9383	
545	 5.2	 sp|Q811S9|GNL3_RAT	 2	 1.0375	 0.8153	 0.9462	 0.595	 0.955	 0.9097	
546	 13	 sp|D4A7N1|MIC25_RAT	 3	 0.7311	 0.6582	 0.6081	 0.6381	 0.5395	 0.7532	
547	 30.2	 sp|P83883|RL36A_RAT	 3	 0.2559	 0.4705	 1.4588	 0.2876	 1.1066	 0.9556	
548	 2.6	 sp|P0C5W1|MAP1S_RAT	 2	 0.9727	 0.7396	 0.9638	 0.8414	 0.9462	 0.7315	
549	 6.7	 sp|Q66H12|NAGAB_RAT	 3	 0.9376	 0.7622	 0.9204	 0.8346	 0.4571	 0.2112	
550	 33.9	 sp|P62275|RS29_RAT	 2	 0.8551	 0.7456	 1.0965	 0.3832	 0.673	 0.9213	
551	 5.8	 sp|P62138|PP1A_RAT	 2	 1.0186	 0.9646	 1.0375	 0.471	 1.0765	 0.2793	
552	 5.2	 sp|Q9WUD9|SRC_RAT	 2	 0.8954	 0.618	 1.1066	 0.4958	 0.9727	 0.8818	
553	 11.8	 sp|Q5FVL6|TSN13_RAT	 2	 1.0186	 0.1037	 0.5012	 0.1688	 6.5464	 0.0407	
554	 7	 sp|Q641X8|EIF3E_RAT	 3	 1.0864	 0.6107	 1.1066	 0.5796	 1.0568	 0.975	
555	 37.1	 sp|P63174|RL38_RAT	 5	 0.9638	 0.944	 0.9908	 0.8811	 0.9727	 0.8112	
556	 3.3	 sp|P85972|VINC_RAT	 2	 1.9409	 0.1311	 1.3428	 0.7773	 1.5276	 0.7018	
557	 3.8	 sp|Q71UF4|RBBP7_RAT	 2	 1.1482	 0.57	 1.0093	 0.9261	 1.0666	 0.7891	
558	 6.4	 sp|Q9JHL4|DBNL_RAT	 2	 0.8091	 0.6822	 0.879	 0.8012	 0.2606	 0.1606	
559	 32.4	 sp|P29419|ATP5I_RAT	 3	 0.492	 0.3931	 0.5861	 0.3827	 0.6427	 0.7893	
560	 15.6	 sp|P04644|RS17_RAT	 3	 0.7943	 0.4276	 1.5276	 0.3758	 0.6486	 0.3266	
561	 6.6	 sp|Q62698|DC1L2_RAT	 2	 1.1272	 0.7183	 1.1169	 0.8545	 1.0765	 0.769	
562	 8	 sp|Q62651|ECH1_RAT	 2	 0.955	 0.7073	 1.0375	 0.7856	 1	 0.7672	
563	 7.1	 sp|Q3SWS8|RAE1L_RAT	 2	 1.2023	 0.6696	 0.7798	 0.6363	 0.2014	 0.0551	
564	 4	 sp|Q5U367|PLOD3_RAT	 2	 0.8017	 0.0299	 0.9036	 0.0798	 0.9638	 0.0565	
565	 1	 sp|P42346|MTOR_RAT	 3	 0.8395	 0.3453	 1.0186	 0.9567	 0.955	 0.5255	
566	 2.8	 sp|Q5BJS0|DHX30_RAT	 3	 0.6918	 0.6028	 0.3076	 0.2085	 0.6486	 0.75	
567	 1.8	 sp|P37199|NU155_RAT	 2	 0.9908	 0.959	 0.9638	 0.839	 1.028	 0.4555	
568	 5.9	 sp|Q9ER24|ATX10_RAT	 3	 1.1169	 0.5812	 1.0186	 0.9923	 1.1066	 0.5845	
569	 23.9	 sp|D3ZAF6|ATPK_RAT	 2	 1.0471	 0.8479	 0.6855	 0.4438	 0.955	 0.7658	
570	 3	 sp|Q5U2W5|TBL3_RAT	 2	 0.912	 0.8855	 0.8954	 0.447	 0.8954	 0.6127	
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571	 18.5	 sp|Q07984|SSRD_RAT	 4	 0.9638	 0.8163	 0.9817	 0.9125	 0.9462	 0.7819	
572	 35.8	 sp|P68035|ACTC_RAT	 49	 1.0864	 0.7956	 1.0471	 0.8174	 1.0965	 0.7785	
573	 12.2	 sp|D4ACN8|PLRKT_RAT	 2	 1.0666	 0.4167	 1.0965	 0.5913	 1.2023	 0.2951	
574	 5.7	 sp|Q6AXT8|SF3A2_RAT	 3	 1.0666	 0.4218	 1.0093	 0.9557	 0.9908	 0.8454	
575	 19.4	 sp|Q4KM65|CPSF5_RAT	 3	 1.4723	 0.4982	 1.3677	 0.5592	 1.4454	 0.5086	
576	 19.1	 sp|Q05175|BASP1_RAT	 3	 1.0375	 0.8117	 1.0093	 0.8492	 0.9204	 0.8876	
577	 9.6	 sp|P21670|PSA4_RAT	 4	 0.871	 0.8632	 0.9376	 0.9193	 0.9727	 0.5453	
578	 4.4	 sp|P17046|LAMP2_RAT	 2	 1.0186	 0.8007	 1.5849	 0.1607	 1.2134	 0.1373	
579	 3.7	 sp|P41542|USO1_RAT	 3	 0.863	 0.4588	 0.8091	 0.5673	 1	 0.8655	
580	 12.8	 sp|Q5I0K8|RT07_RAT	 2	 1.0765	 0.8422	 0.9204	 0.7916	 0.9376	 0.9516	
581	 7.4	 sp|Q3B7U9|FKBP8_RAT	 2	 1.0965	 0.7876	 2.5119	 0.3255	 1.9953	 0.4694	
582	 3.8	 sp|P84903|STIM1_RAT	 2	 0.6486	 0.2755	 0.5916	 0.1383	 0.6368	 0.3649	
583	 5.4	 sp|B5DFN2|SAHH2_RAT	 2	 0.9908	 0.8627	 0.9817	 0.8302	 1.0765	 0.8217	
584	 21	 sp|P11232|THIO_RAT	 2	 0.9462	 0.9003	 1.4454	 0.2986	 1.3804	 0.4152	
585	 4.1	 sp|O54924|EXOC8_RAT	 2	 0.8872	 0.8434	 0.871	 0.8612	 0.929	 0.8597	
586	 2.7	 sp|Q56B11|PELP1_RAT	 2	 0.871	 0.8006	 0.6138	 0.4382	 0.7311	 0.5812	
587	 32.6	 sp|P61515|RL37P_RAT	 3	 1.0965	 0.6854	 0.7656	 0.7245	 1.888	 0.4529	
588	 32.8	 sp|P10536|RAB1B_RAT	 8	 1	 0.995	 0.9376	 0.8154	 0.9638	 0.9745	
589	 24.6	 sp|P35280|RAB8A_RAT	 5	 1.1066	 0.1975	 1.6596	 0.4976	 0.5012	 0.0734	
590	 18	 sp|P35281|RAB10_RAT	 4	 1.0471	 0.8492	 1.0093	 0.6396	 0.9638	 0.543	
591	 8.8	 sp|P54311|GBB1_RAT	 5	 0.5598	 0.3674	 0.6546	 0.4913	 0.631	 0.4172	
592	 17.7	 sp|P61107|RAB14_RAT	 3	 0.863	 0.5182	 0.9908	 0.8408	 0.8954	 0.5395	
593	 6	 sp|P63036|DNJA1_RAT	 3	 1.0186	 0.7617	 0.929	 0.6872	 0.9817	 0.8031	
594	 8.3	 sp|O88656|ARC1B_RAT	 2	 1.7865	 0.3471	 1.2942	 0.7385	 1.3428	 0.4859	
595	 1.8	 sp|Q80X08|FAM21_RAT	 2	 3.1623	 0.2394	 3.1333	 0.189	 0.3945	 0.2532	
596	 5.9	 sp|P26453|BASI_RAT	 2	 1.0186	 0.8758	 0.9462	 0.9415	 0.9376	 0.7632	
597	 11.9	 sp|Q75Q40|TOM40_RAT	 3	 0.4365	 0.7536	 0.879	 0.9984	 0.6792	 0.7047	
598	 11.1	 sp|Q9EPH2|MRP_RAT	 2	 0.912	 0.9257	 1.5417	 0.9982	 1.3062	 0.8482	
599	 4.6	 sp|Q8K1Q0|NMT1_RAT	 3	 0.9727	 0.7557	 0.9908	 0.9238	 1.1066	 0.6568	
600	 9.7	 sp|Q641W4|RFC2_RAT	 2	 1.0864	 0.3187	 0.9376	 0.5687	 0.879	 0.5898	
601	 7.3	 sp|Q5XII9|MFR1L_RAT	 2	 1.1169	 0.7294	 0.9727	 0.9173	 1.2706	 0.6067	
602	 9	 sp|Q5XIC0|ECI2_RAT	 3	 0.9727	 0.7908	 0.8318	 0.6738	 0.8954	 0.9353	
603	 4.5	 sp|Q5FVH2|PLD3_RAT	 2	 0.8472	 0.6685	 0.879	 0.8023	 0.7379	 0.7268	
604	 11.3	 sp|P52947|PDX1_RAT	 3	 1.0965	 0.8304	 0.8017	 0.6736	 0.6194	 0.4305	
605	 6	 sp|Q920R3|FADS1_RAT	 2	 0.227	 0.1655	 0.9908	 0.9994	 0.4055	 0.2632	
606	 8.1	 sp|Q5M7T4|YIPF4_RAT	 2	 1.0864	 0.9836	 0.6427	 0.6347	 1.4588	 0.7558	
607	 6.3	 sp|Q06486|KC1D_RAT	 2	 0.7047	 0.3974	 0.879	 0.5552	 0.7047	 0.4612	
608	 30.4	 sp|P62859|RS28_RAT	 3	 0.4285	 0.4267	 1.028	 0.7386	 1.1588	 0.9544	
609	 8.8	 sp|P62083|RS7_RAT	 3	 0.8017	 0.8739	 1.7219	 0.7205	 1.0471	 0.9393	
610	 7	 sp|P13221|AATC_RAT	 2	 1.1169	 0.7697	 1.2134	 0.6012	 1.028	 0.8717	
611	 31.3	 sp|P11608|ATP8_RAT	 2	 0.9908	 0.9455	 1.2589	 0.7985	 1.6293	 0.5322	
612	 13.6	 sp|Q5EB77|RAB18_RAT	 2	 1.1169	 0.7554	 2.0137	 0.2712	 1.2023	 0.3074	
613	 6.5	 sp|P97633|KC1A_RAT	 3	 1.1066	 0.8884	 1.1272	 0.6987	 1	 0.8487	
614	 20.5	 sp|P83941|ELOC_RAT	 2	 1.5417	 0.5234	 0.9204	 0.9349	 0.912	 0.9041	
615	 12.1	 sp|P63322|RALA_RAT	 2	 0.9462	 0.995	 1.2134	 0.4907	 1.0666	 0.6327	
616	 28.5	 sp|P63045|VAMP2_RAT	 4	 0.9727	 0.8384	 0.9908	 0.9525	 1.0471	 0.9166	
617	 26.3	 sp|P62076|TIM13_RAT	 3	 1.0375	 0.8054	 1	 0.9787	 0.9462	 0.9063	
618	 9.1	 sp|P34067|PSB4_RAT	 3	 0.4742	 0.5616	 0.871	 0.8303	 0.7516	 0.691	
619	 17.7	 sp|P31044|PEBP1_RAT	 2	 0.5495	 0.5876	 1.1695	 0.5814	 0.7447	 0.9583	
620	 3.8	 sp|P28841|NEC2_RAT	 2	 0.9462	 0.9894	 0.8872	 0.8232	 0.9204	 0.8643	
621	 11.8	 sp|O35796|C1QBP_RAT	 3	 0.9462	 0.5857	 1.028	 0.9913	 0.9638	 0.8468	
622	 16.5	 sp|P84817|FIS1_RAT	 4	 1.0186	 0.8238	 0.9817	 0.7407	 0.8017	 0.8002	
623	 4.5	 sp|Q7TSA0|MIRO2_RAT	 2	 0.7244	 0.569	 0.7943	 0.6749	 0.9036	 0.8493	
624	 5.2	 sp|Q6AYB5|SRP54_RAT	 2	 0.673	 0.8119	 0.1905	 0.1282	 0.2992	 0.1251	
625	 25.2	 sp|P28042|SSBP_RAT	 3	 0.8091	 0.6984	 0.2466	 0.1742	 1.0186	 0.9521	
626	 2.9	 sp|Q64060|DDX4_RAT	 3	 0.9727	 0.882	 1	 0.8468	 1.0375	 0.876	
627	 3.5	 sp|P97686|NRCAM_RAT	 3	 0.6546	 0.3107	 0.6982	 0.3897	 0.8551	 0.8326	
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628	 9.7	 sp|P19234|NDUV2_RAT	 2	 0.8166	 0.7514	 0.7586	 0.6992	 0.7943	 0.8325	
629	 4.3	 sp|Q99M63|SMU1_RAT	 2	 0.6026	 0.1883	 0.7447	 0.6019	 0.7943	 0.9598	
630	 9.5	 sp|Q641X9|RM09_RAT	 2	 1.6596	 0.432	 0.5649	 0.1405	 1.0375	 0.7321	
631	 3.1	 sp|Q8K3Y6|ZCCHV_RAT	 2	 1.0765	 0.9614	 0.9817	 0.8896	 0.9908	 0.9933	
632	 22.4	 sp|Q4QRB4|TBB3_RAT	 18	 0.9638	 0.9915	 1.0568	 0.7258	 1.0471	 0.9178	
633	 4.9	 sp|P0CE46|ZNT8_RAT	 2	 1.0471	 0.7736	 0.9727	 0.9702	 0.9727	 0.849	
634	 47	 sp|P05765|RS21_RAT	 4	 1.0186	 0.298	 1.1482	 0.2556	 1.0093	 0.6281	
635	 1.2	 sp|P97526|NF1_RAT	 4	 0.9462	 0.7876	 0.787	 0.4772	 1.0568	 0.9924	
636	 6.2	 sp|Q9WUC8|PLRG1_RAT	 3	 0.9727	 0.9996	 1.2134	 0.548	 1.406	 0.3951	
637	 8.5	 sp|Q4QQW4|HDAC1_RAT	 3	 1.0093	 0.7977	 1.1588	 0.5189	 1.2359	 0.3474	
638	 4.3	 sp|P18886|CPT2_RAT	 2	 1	 0.7163	 0.9638	 0.6547	 1.0375	 0.9013	
639	 12.9	 sp|Q62950|DPYL1_RAT	 7	 0.9376	 0.9283	 1.8197	 0.5859	 1.0864	 0.9016	
640	 15.4	 sp|P11250|RL34_RAT	 4	 0.9817	 0.6523	 1.0186	 0.8806	 0.863	 0.2801	
641	 11.5	 sp|P19132|FRIH_RAT	 2	 0.6982	 0.6997	 0.9817	 0.8343	 0.863	 0.8339	
642	 15.2	 sp|Q5XI73|GDIR1_RAT	 2	 1.1912	 0.5955	 1.2706	 0.6399	 1.1169	 0.7151	
643	 15.2	 sp|Q5XIU9|PGRC2_RAT	 3	 0.8954	 0.988	 0.912	 0.9007	 0.8091	 0.7116	
644	 19	 sp|Q9WUF4|VAMP8_RAT	 2	 0.955	 0.9563	 0.9727	 0.7403	 0.8872	 0.4639	
645	 16.9	 sp|P07632|SODC_RAT	 3	 0.9638	 0.5235	 1.0568	 0.6679	 0.9908	 0.9691	
646	 19.4	 sp|P52164|MAX_RAT	 2	 0.6194	 0.4203	 0.9036	 0.8466	 1.0093	 0.9714	
647	 7	 sp|Q5XIB5|CCD86_RAT	 2	 0.9036	 0.3939	 0.8954	 0.2964	 0.9727	 0.9189	
648	 2.2	 sp|O88761|PSMD1_RAT	 2	 0.4656	 0.3898	 1.406	 0.3074	 0.7656	 0.6078	
649	 2.9	 sp|O55035|PPIG_RAT	 2	 0.5152	 0.3437	 1.2706	 0.6409	 0.5495	 0.3744	
650	 3.2	 sp|Q5XIK8|CTSL2_RAT	 2	 1.2474	 0.6633	 1.0666	 0.8799	 0.8166	 0.7039	
651	 3.4	 sp|Q4QQW8|PLBL2_RAT	 2	 1.028	 0.8609	 0.9376	 0.8309	 0.9376	 0.8543	
652	 9.5	 sp|P28075|PSB5_RAT	 2	 1.0375	 0.8031	 1.0568	 0.9856	 1.0765	 0.6064	
653	 12.5	 sp|P32089|TXTP_RAT	 4	 0.5248	 0.0973	 0.5916	 0.2366	 0.5395	 0.3394	
654	 0.6	 sp|Q2TL32|UBR4_RAT	 3	 1.0471	 0.6507	 1.1272	 0.4781	 0.871	 0.4027	
655	 3.3	 sp|Q8VHE9|RETST_RAT	 2	 0.6668	 0.2422	 0.955	 0.9453	 0.8241	 0.7668	
656	 3.8	 sp|P05708|HXK1_RAT	 4	 0.5105	 0.0413	 0.4207	 0.1389	 0.3597	 0.0485	
657	 5.9	 sp|P16970|ABCD3_RAT	 2	 1.1066	 0.5362	 1.0093	 0.8457	 0.9462	 0.6784	
658	 3.6	 sp|P16617|PGK1_RAT	 2	 0.7379	 0.7481	 1.5849	 0.2699	 0.871	 0.953	
659	 3.1	 sp|Q6P799|SYSC_RAT	 2	 0.8551	 0.7123	 0.8954	 0.8831	 0.6668	 0.6671	
660	 9.1	 sp|Q9Z311|MECR_RAT	 2	 0.8954	 0.8289	 0.8395	 0.5737	 0.9036	 0.8828	
661	 20.6	 sp|Q63750|RM23_RAT	 2	 1.4588	 0.5169	 1	 0.9577	 1.0965	 0.7263	
662	 10.4	 sp|Q6AXW0|BOREA_RAT	 2	 0.8872	 0.8226	 1.3804	 0.5578	 1.2023	 0.6768	
663	 20.7	 sp|P68511|1433F_RAT	 10	 0.863	 0.5834	 0.9908	 0.9332	 0.871	 0.8827	
664	 14.3	 sp|Q3T1K5|CAZA2_RAT	 3	 0.5495	 0.0934	 0.6427	 0.1453	 0.8166	 0.4599	
665	 5.4	 sp|Q02253|MMSA_RAT	 2	 1.0864	 0.2632	 0.9908	 0.4903	 1.3062	 0.061	
666	 6.7	 sp|P50399|GDIB_RAT	 3	 1.0375	 0.8592	 1.1588	 0.5668	 1.1376	 0.525	
667	 27.6	 sp|Q9JJW3|USMG5_RAT	 3	 0.7798	 0.7393	 1.4191	 0.9467	 0.7047	 0.8018	
668	 8.2	 sp|Q7TPJ0|SSRA_RAT	 2	 1.3062	 0.9377	 1.3062	 0.8405	 0.879	 0.7878	
669	 13.6	 sp|P30009|MARCS_RAT	 4	 0.8551	 0.6859	 1.4322	 0.7838	 0.6982	 0.8971	
670	 9.1	 sp|Q9Z2S9|FLOT2_RAT	 3	 0.912	 0.7002	 0.9036	 0.2303	 1.0186	 0.3949	
671	 2.7	 sp|Q5U300|UBA1_RAT	 2	 0.5058	 0.2621	 1.2359	 0.6283	 1.0666	 0.8613	
672	 7.4	 sp|Q6P7S1|ASAH1_RAT	 3	 1.2023	 0.8865	 1.1066	 0.7401	 1.2942	 0.5431	
673	 11.1	 sp|Q8K3E7|DPY30_RAT	 3	 0.8241	 0.5134	 0.8318	 0.6433	 0.8091	 0.6757	
674	 5.6	 sp|O35824|DNJA2_RAT	 3	 0.8954	 0.6452	 0.912	 0.8408	 0.879	 0.7964	
675	 2.5	 sp|P49134|ITB1_RAT	 2	 1.028	 0.5623	 0.9638	 0.8399	 0.9638	 0.7386	
676	 3.4	 sp|Q05140|AP180_RAT	 2	 1.1376	 0.7043	 0.929	 0.2637	 0.9727	 0.3392	
677	 8	 sp|Q68FW9|CSN3_RAT	 3	 1.0568	 0.712	 0.9727	 0.8818	 1.0864	 0.648	
678	 15.8	 sp|P55063|HS71L_RAT	 17	 1.0375	 0.7919	 1.0375	 0.6924	 0.955	 0.8946	
679	 18.5	 sp|P58200|VTI1B_RAT	 4	 1.3062	 0.1885	 1.1272	 0.4627	 1.4191	 0.1347	
680	 4.2	 sp|O88984|NXF1_RAT	 2	 1.3062	 0.1737	 1.1695	 0.4522	 0.5702	 0.1259	
681	 10.8	 sp|Q5M818|RM16_RAT	 2	 1.028	 0.9428	 1.1169	 0.6717	 1.0765	 0.6125	
682	 7.1	 sp|P15087|CBPE_RAT	 2	 1.0965	 0.2519	 1.1912	 0.1444	 1.0186	 0.665	
683	 1.4	 sp|P49793|NUP98_RAT	 2	 1.2023	 0.5058	 1.1482	 0.3498	 1.1169	 0.3028	
684	 3	 sp|Q9JJ22|ERAP1_RAT	 3	 0.912	 0.8713	 1.0093	 0.968	 0.9638	 0.9514	
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685	 4.8	 sp|P40329|SYRC_RAT	 3	 1.0765	 0.6207	 1.1066	 0.4432	 1.0375	 0.7175	
686	 8.9	 sp|Q0VGK4|GDPD1_RAT	 2	 1.0666	 0.9262	 0.7379	 0.3218	 0.8017	 0.4803	
687	 5.2	 sp|P12007|IVD_RAT	 2	 1.1169	 0.3309	 1.1169	 0.4945	 1.0568	 0.4385	
688	 32.6	 sp|Q78P75|DYL2_RAT	 2	 0.9036	 0.4242	 0.9817	 0.6551	 0.929	 0.4325	
689	 5	 sp|Q9R0T3|DNJC3_RAT	 3	 0.3373	 0.2343	 0.6081	 0.3823	 0.9376	 0.7602	
690	 11.7	 sp|P14604|ECHM_RAT	 2	 0.8472	 0.6141	 0.2228	 0.0322	 0.4966	 0.7747	
691	 4.3	 sp|Q5RKH0|GLYR1_RAT	 2	 0.8395	 0.5804	 0.9908	 0.6869	 1.0186	 0.69	
692	 11.2	 sp|P11348|DHPR_RAT	 2	 0.8954	 0.6451	 1.1169	 0.6869	 0.863	 0.5739	
693	 2.2	 sp|Q765A7|PGAP1_RAT	 2	 1.2134	 0.6983	 1.0965	 0.8373	 1.3183	 0.6003	
694	 18.3	 sp|Q9WVB1|RAB6A_RAT	 5	 0.879	 0.8093	 0.7516	 0.6069	 0.6081	 0.4303	
695	 7.4	 sp|Q63528|RFA2_RAT	 2	 12.3595	 0.0983	 10.666	 0.1041	 17.378	 0.0867	
696	 34.2	 sp|P11951|CX6C2_RAT	 4	 0.9376	 0.9997	 0.9462	 0.9107	 0.9036	 0.8018	
697	 16.1	 sp|Q5XIM5|CDV3_RAT	 2	 0.6855	 0.5154	 0.52	 0.3492	 0.7727	 0.6383	
698	 4.1	 sp|P70582|NUP54_RAT	 2	 2.0137	 0.5907	 0.8017	 0.665	 2.0512	 0.5631	
699	 5.2	 sp|Q5FWT1|FA98A_RAT	 2	 0.413	 0.8881	 2.0893	 0.3507	 0.3192	 0.3946	
700	 7.1	 sp|P50503|F10A1_RAT	 2	 0.863	 0.1509	 1.0186	 0.727	 0.9462	 0.4497	
701	 8.1	 sp|P30839|AL3A2_RAT	 4	 2.0701	 0.5445	 0.7727	 0.7714	 1.6749	 0.542	
702	 4.9	 sp|P86173|ACL6B_RAT	 2	 1.2246	 0.5037	 1.2474	 0.6769	 1.2134	 0.7605	
703	 13.8	 sp|P04897|GNAI2_RAT	 4	 0.9817	 0.9247	 1	 0.9812	 0.955	 0.8905	
704	 11.3	 sp|Q4FZY0|EFHD2_RAT	 2	 1.2359	 0.1015	 1.0765	 0.3008	 0.9817	 0.5845	
705	 5.2	 sp|Q99PM1|TOX4_RAT	 2	 1.1066	 0.9728	 0.9727	 0.9475	 0.9204	 0.6126	
706	 10.4	 sp|P70470|LYPA1_RAT	 2	 0.9727	 0.7435	 1.0186	 0.9651	 0.8395	 0.5017	
707	 14.4	 sp|P70580|PGRC1_RAT	 3	 0.9462	 0.3558	 1.0093	 0.9399	 1.0093	 0.4042	
708	 26.1	 sp|Q75Q41|TOM22_RAT	 3	 1.2823	 0.6548	 0.9908	 0.9096	 1.3062	 0.6797	
709	 7.8	 sp|P97576|GRPE1_RAT	 2	 1.0093	 0.4567	 0.9204	 0.472	 0.929	 0.6073	
710	 5.7	 sp|P53676|AP3M1_RAT	 2	 0.6792	 0.6323	 0.5808	 0.1426	 0.4169	 0.2879	
711	 12.8	 sp|Q920J4|TXNL1_RAT	 2	 0.7586	 0.6071	 0.7656	 0.5408	 0.7311	 0.6652	
712	 5.4	 sp|Q923K9|A1CF_RAT	 2	 1.028	 0.8868	 0.863	 0.8929	 0.8954	 0.7982	
713	 0.7	 sp|D3ZHA0|FLNC_RAT	 3	 0.8395	 0.0355	 0.9376	 0.8187	 0.9462	 0.5734	
714	 5.1	 sp|P15651|ACADS_RAT	 2	 0.9462	 0.9648	 0.8318	 0.5589	 0.9036	 0.8224	
715	 2.4	 sp|Q07266|DREB_RAT	 1	 1.1803	 0.2563	 1.028	 0.6701	 0.7656	 0.2691	
716	 6.2	 sp|Q920A6|RISC_RAT	 2	 1.0375	 0.8531	 0.4613	 0.5118	 0.6855	 0.6683	
717	 2.3	 sp|P55266|DSRAD_RAT	 2	 1	 0.766	 0.955	 0.9755	 0.9817	 0.8203	
718	 17.3	 sp|Q63396|TCP4_RAT	 4	 0.9908	 0.4888	 1.1588	 0.5897	 1.1482	 0.5832	
719	 9.9	 sp|Q08851|STX5_RAT	 2	 1.1066	 0.7491	 0.5445	 0.4363	 0.7943	 0.655	
720	 13.4	 sp|P61928|RL37_RAT	 2	 1.8365	 0.5474	 1.7061	 0.8045	 1.9055	 0.6641	
721	 4.1	 sp|Q5U2Y6|TFP11_RAT	 2	 0.9817	 0.9262	 0.7379	 0.1271	 0.9462	 0.6405	
722	 10.5	 sp|Q66HR2|MARE1_RAT	 3	 0.4966	 0.1729	 1.4191	 0.4359	 0.6486	 0.5774	
723	 9.4	 sp|P69682|NECP1_RAT	 2	 2.0893	 0.2184	 1.2474	 0.4638	 0.9727	 0.7948	
724	 6.6	 sp|P29315|RINI_RAT	 2	 0.7244	 0.365	 1.8707	 0.2557	 2.2491	 0.2104	
725	 7.7	 sp|O70351|HCD2_RAT	 2	 0.6546	 0.7725	 0.597	 0.6898	 0.7943	 0.7614	
726	 4.9	 sp|O35094|TIM44_RAT	 2	 0.879	 0.1951	 0.9817	 0.7159	 1.0093	 0.3543	
727	 11.7	 sp|Q792I0|LIN7C_RAT	 2	 0.5702	 0.1935	 0.6427	 0.8076	 1.2134	 0.973	
728	 7.6	 sp|P62870|ELOB_RAT	 1	 0.9727	 0.6774	 0.8872	 0.8607	 0.8872	 0.5318	
729	 9.4	 sp|Q5U2R7|MESD_RAT	 3	 1.0568	 0.5726	 1.0093	 0.4968	 0.9638	 0.9927	
730	 14.9	 sp|Q498T2|CHTOP_RAT	 3	 1.028	 0.607	 0.8872	 0.904	 1	 0.6457	
731	 6.6	 sp|Q505J6|GHC2_RAT	 2	 0.9638	 0.9462	 0.8954	 0.6954	 0.8091	 0.493	
732	 5.4	 sp|B0BN56|RT31_RAT	 2	 1.3932	 0.4285	 1	 0.7307	 1.3804	 0.3609	
733	 3.7	 sp|Q8VH46|AFAP1_RAT	 2	 0.955	 0.7493	 0.8395	 0.5575	 1.1588	 0.2887	
734	 17.6	 sp|P21571|ATP5J_RAT	 1	 0.2805	 0.319	 0.8091	 0.78	 0.4169	 0.3996	
735	 9	 sp|Q498M4|WDR5_RAT	 2	 0.9036	 0.5435	 1.0375	 0.8646	 0.9376	 0.502	
736	 1.8	 sp|Q9QYF3|MYO5A_RAT	 3	 1.0375	 0.7782	 0.7798	 0.2753	 1.1272	 0.5137	
737	 6.9	 sp|Q7TQ84|UIF_RAT	 2	 0.9204	 0.7559	 0.8472	 0.463	 0.8551	 0.487	
738	 2.4	 sp|Q99P77|NOG1_RAT	 2	 0.5808	 0.3626	 1.1588	 0.8314	 0.9376	 0.9773	
739	 2.6	 sp|Q9JHZ4|GRAP1_RAT	 2	 1.2589	 0.3052	 1.0186	 0.6892	 1.0765	 0.501	
740	 0.8	 sp|P53565|CUX1_RAT	 1	 0.9376	 0.3725	 0.9204	 0.2411	 0.9376	 0.4043	
741	 15.1	 sp|P60881|SNP25_RAT	 2	 1.0471	 0.8826	 0.8318	 0.7554	 0.912	 0.8668	
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742	 7.1	 sp|O08623|SQSTM_RAT	 2	 0.6918	 0.6821	 0.2399	 0.4839	 0.2992	 0.5767	
743	 18.3	 sp|Q7TQ16|QCR8_RAT	 2	 2.8314	 0.416	 2.2909	 0.5061	 2.5823	 0.4255	
744	 6.7	 sp|Q6TUG0|DJB11_RAT	 2	 0.871	 0.2787	 1.1169	 0.883	 0.9817	 0.5807	
745	 7.1	 sp|P22288|GCH1_RAT	 2	 0.7943	 0.6126	 0.7447	 0.7507	 0.7447	 0.5951	
746	 3.4	 sp|D4AD37|IMPA3_RAT	 2	 1.2246	 0.2592	 1.2474	 0.2475	 1.2474	 0.3658	
747	 1.6	 sp|P32198|CPT1A_RAT	 1	 0.8091	 0.668	 0.8551	 0.7873	 0.6982	 0.5039	
748	 3.1	 sp|P42676|NEUL_RAT	 2	 1.0186	 0.9371	 1.1695	 0.3082	 1.0093	 0.8857	
749	 4.9	 sp|Q3KRD5|TOM34_RAT	 1	 1.0864	 0.8537	 0.4325	 0.282	 1.1066	 0.8189	
750	 6	 sp|Q62725|NFYC_RAT	 2	 2.8054	 0.4027	 0.6607	 0.9258	 2.729	 0.4295	
751	 9.1	 sp|Q5U216|DX39A_RAT	 6	 1.4191	 0.85	 1.0093	 0.7877	 0.7178	 0.9321	
752	 3.6	 sp|P54001|P4HA1_RAT	 2	 1.1803	 0.4735	 1.3932	 0.4086	 1.1169	 0.4925	
753	 4.6	 sp|Q63190|EMD_RAT	 2	 1.1912	 0.5637	 0.9204	 0.8636	 0.8091	 0.4319	
754	 9	 sp|P15791|KCC2D_RAT	 4	 1.4191	 0.181	 1.1803	 0.3419	 0.9462	 0.918	
755	 2.3	 sp|Q5U2Y1|GTF2I_RAT	 3	 0.9036	 0.1564	 0.9204	 0.7071	 0.9727	 0.6297	
756	 9.1	 sp|Q6R556|SEGN_RAT	 2	 1.1272	 0.8932	 0.955	 0.9226	 1.2589	 0.7297	
757	 6.5	 sp|Q03344|ATIF1_RAT	 1	 1.3305	 0.2165	 0.8551	 0.7586	 0.7244	 0.1972	
758	 7.5	 sp|P18422|PSA3_RAT	 2	 0.9036	 0.5446	 0.9462	 0.9566	 1.0093	 0.6002	
759	 3.5	 sp|P40615|DKC1_RAT	 2	 1.0568	 0.8051	 0.6486	 0.2055	 0.7379	 0.3305	
760	 3.7	 sp|P63004|LIS1_RAT	 1	 1.7219	 0.1225	 2.1677	 0.1144	 2.1478	 0.1321	
761	 2.2	 sp|Q5PPF5|ZGPAT_RAT	 1	 1.0765	 0.39	 1.0186	 0.1186	 1.0568	 0.2381	
762	 4	 sp|P47727|CBR1_RAT	 1	 0.7379	 0.5476	 0.929	 0.89	 0.6918	 0.4974	
763	 7.1	 sp|P60905|DNJC5_RAT	 1	 1.0093	 0.8639	 0.8472	 0.5326	 0.9376	 0.7761	
764	 1.9	 sp|O54921|EXOC2_RAT	 1	 0.8954	 0.3702	 0.929	 0.8564	 1.028	 0.5626	
765	 12.1	 sp|P35171|CX7A2_RAT	 1	 0.5861	 0.1077	 0.863	 0.3961	 0.8318	 0.2436	
766	 7.4	 sp|Q6XVN8|MLP3A_RAT	 1	 1.4723	 0.7463	 1.3677	 0.5893	 1.4723	 0.4731	
767	 4.9	 sp|Q6AYK1|RNPS1_RAT	 1	 1.0864	 0.292	 1	 0.8239	 1.1482	 0.2209	
768	 6.7	 sp|P28648|CD63_RAT	 3	 2.421	 0.2312	 2.2699	 0.2081	 1.5417	 0.2813	
769	 1.6	 sp|Q8CJB9|BRE1B_RAT	 1	 0.8091	 0.0832	 0.863	 0.2015	 0.912	 0.2306	
770	 6.4	 sp|B0BNM1|NNRE_RAT	 1	 1.0471	 0.5086	 1.1272	 0.462	 1	 0.5359	
771	 16.4	 sp|Q6IUR5|NENF_RAT	 2	 0.9462	 0.3168	 1.0666	 0.3069	 1.0568	 0.7092	
772	 1.2	 sp|Q62780|DDX46_RAT	 1	 1.1588	 0.5476	 1.1066	 0.7338	 1.0666	 0.6791	
773	 2.8	 sp|A0JPJ7|OLA1_RAT	 1	 0.7516	 0.9128	 1.1803	 0.7132	 0.9376	 0.8819	
774	 17	 sp|P62864|RS30_RAT	 3	 1.5276	 0.8794	 1.3183	 0.7679	 0.5916	 0.4981	
775	 6.6	 sp|Q91ZW1|TFAM_RAT	 2	 1	 0.416	 0.955	 0.4769	 1.0093	 0.8888	
776	 1.8	 sp|Q66HC5|NUP93_RAT	 1	 0.9908	 0.6062	 0.9727	 0.945	 1.028	 0.3336	
777	 4.8	 sp|P17164|FUCO_RAT	 2	 0.929	 0.7626	 0.9817	 0.7914	 0.9036	 0.7186	
778	 4.6	 sp|Q4G063|CREL2_RAT	 1	 0.929	 0.6703	 0.8241	 0.6086	 1.028	 0.9129	
779	 6.5	 sp|P63074|IF4E_RAT	 1	 0.955	 0.9887	 0.9727	 0.975	 0.6918	 0.2995	
780	 12.4	 sp|D3ZTX0|TMED7_RAT	 3	 0.6546	 0.4679	 0.5445	 0.371	 0.7379	 0.5685	
781	 3.8	 sp|P56571|ES1_RAT	 1	 1.6144	 0.6718	 1.1912	 0.9635	 1.9953	 0.4258	
782	 1.4	 sp|Q8K3M6|ERC2_RAT	 1	 0.9462	 0.594	 0.9036	 0.6006	 0.7379	 0.1154	
783	 8.6	 sp|Q09167|SRSF5_RAT	 3	 0.9462	 0.435	 0.871	 0.3603	 1.0093	 0.9581	
784	 8.2	 sp|Q9R064|GORS2_RAT	 3	 0.955	 0.8111	 0.8954	 0.6175	 0.8551	 0.5064	
785	 2.9	 sp|O55166|VPS52_RAT	 1	 	 	 	 	 	 	
786	 2.2	 sp|Q64548|RTN1_RAT	 2	 1.3804	 0.8948	 1.0375	 0.5763	 0.5754	 0.3881	
787	 2.5	 sp|Q62909|KIF2C_RAT	 2	 0.8954	 0.4277	 0.8551	 0.2341	 0.871	 0.5436	
788	 2.3	 sp|Q9ES54|NPL4_RAT	 1	 0.879	 0.6943	 0.955	 0.9774	 1.0568	 0.7397	
789	 1.6	 sp|P0C1X8|AAK1_RAT	 1	 0.8872	 0.6625	 0.9204	 0.3074	 1.0375	 0.8656	
790	 8.8	 sp|P40112|PSB3_RAT	 2	 1.1588	 0.4988	 1.1272	 0.5735	 0.9638	 0.9773	
791	 1.5	 sp|Q3KR59|UBP10_RAT	 1	 0.8241	 0.6957	 1.0093	 0.9657	 1	 0.8604	
792	 7.8	 sp|P61589|RHOA_RAT	 1	 0.6792	 0.6603	 0.5058	 0.5239	 0.5861	 0.5163	
793	 2.9	 sp|Q4QQS8|NUP85_RAT	 1	 1.0375	 0.9039	 0.7727	 0.5617	 0.8395	 0.6805	
794	 1.7	 sp|Q9R0L4|CAND2_RAT	 1	 0.0111	 0.0055	 0.912	 0.8345	 0.2992	 0.0793	
795	 2.4	 sp|O08984|LBR_RAT	 1	 1.6596	 0.2039	 1.6144	 0.1685	 1.7219	 0.118	
796	 1.7	 sp|Q62824|EXOC4_RAT	 1	 0.6855	 0.2009	 0.8091	 0.4748	 0.9908	 0.7972	
797	 1.6	 sp|Q80WF4|T132A_RAT	 1	 1.2942	 0.619	 1.0765	 0.8601	 1.3183	 0.5999	
798	 9.1	 sp|Q9JHW5|VAMP7_RAT	 2	 1.1066	 0.8056	 1.0471	 0.8444	 1.0965	 0.8175	
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799	 3	 sp|O35987|NSF1C_RAT	 1	 0.9376	 0.8408	 0.9727	 0.945	 0.9376	 0.7921	
800	 2.7	 sp|Q4QQT3|CELF1_RAT	 2	 0.8472	 0.6116	 1.0568	 0.8269	 0.6546	 0.2785	
801	 8.6	 sp|P62963|PROF1_RAT	 1	 1.028	 0.8265	 1.0186	 0.8288	 0.9376	 0.891	
802	 5.1	 sp|M0RC99|RAB5A_RAT	 1	 1.3804	 0.457	 1.9953	 0.4198	 1.5849	 0.5296	
803	 1.5	 sp|Q80U96|XPO1_RAT	 1	 0.7112	 0.3645	 1.5136	 0.6286	 1.3305	 0.8593	
804	 8.6	 sp|Q64119|MYL6_RAT	 1	 1.5276	 0.0197	 1.406	 0.058	 1.3183	 0.035	
805	 16.7	 sp|P86252|PURA_RAT	 1	 1.0186	 0.7691	 0.8472	 0.7976	 0.929	 0.9713	
806	 0.3	 sp|Q7TMA5|APOB_RAT	 2	 0.9204	 0.2564	 0.8872	 0.5322	 1.028	 0.5973	
807	 1	 sp|Q63120|MRP2_RAT	 2	 0.929	 0.5091	 0.8472	 0.5515	 0.9727	 0.688	
808	 2	 sp|O55156|CLIP2_RAT	 1	 0.9462	 0.8834	 0.9817	 0.9992	 1.1066	 0.5808	
809	 3	 sp|Q6TQE1|ZCH18_RAT	 2	 1.0965	 0.8089	 0.7798	 0.0291	 0.9638	 0.3603	
810	 1.8	 sp|O88884|AKAP1_RAT	 1	 1.0864	 0.7666	 0.912	 0.7695	 0.9376	 0.8454	
811	 2.3	 sp|Q5I0L3|SYYM_RAT	 1	 1.0568	 0.7625	 0.8395	 0.6035	 0.9462	 0.799	
812	 2.6	 sp|Q6AXV4|SAM50_RAT	 1	 0.912	 0.8852	 1.0093	 0.9774	 0.955	 0.9413	
813	 4.9	 sp|Q9ES53|UFD1_RAT	 1	 0.6855	 0.1451	 0.8954	 0.4614	 0.8551	 0.5888	
814	 17.7	 sp|Q5BJP3|UFM1_RAT	 1	 0.5058	 0.2197	 1.0568	 0.8681	 0.4365	 0.1615	
815	 1.7	 sp|P18163|ACSL1_RAT	 1	 1.3804	 0.4425	 1.3552	 0.4746	 1.1695	 0.8164	
816	 6.8	 sp|Q6PDW6|RM17_RAT	 1	 0.5445	 0.3592	 1.0864	 0.8315	 1.3062	 0.6179	
817	 6.8	 sp|P69736|EDF1_RAT	 1	 1.0471	 0.1569	 1.1169	 0.1364	 0.955	 0.2328	
818	 5.2	 sp|P70500|CDIPT_RAT	 1	 1.1066	 0.7144	 1.1169	 0.7998	 1.1376	 0.4583	
819	 4.9	 sp|Q9Z142|TMM33_RAT	 1	 0.9908	 0.7136	 0.9727	 0.8072	 0.879	 0.7702	
820	 2.1	 sp|Q5XIL3|RPC3_RAT	 1	 1.2942	 0.6189	 1.3183	 0.602	 0.6252	 0.4458	
821	 4.3	 sp|P70566|TMOD2_RAT	 1	 0.6855	 0.4666	 1.1588	 0.6347	 0.879	 0.7109	
822	 3.3	 sp|Q6AY30|SCPDL_RAT	 1	 1.1482	 0.4766	 1.028	 0.4745	 1.0666	 0.8291	
823	 3	 sp|Q66HG9|MAVS_RAT	 1	 0.5649	 0.3106	 0.8166	 0.6466	 0.6918	 0.4553	
824	 2.9	 sp|P45479|PPT1_RAT	 1	 0.7656	 0.3268	 0.9727	 0.8336	 0.8472	 0.487	
825	 2.6	 sp|P82450|SIAE_RAT	 1	 0.6607	 0.4896	 1.4454	 0.5105	 0.3837	 0.25	
826	 1.8	 sp|Q66H34|CFA97_RAT	 1	 0.8472	 0.5825	 1.0093	 0.7752	 0.8091	 0.5395	
827	 4.8	 sp|Q6NX65|PDC10_RAT	 1	 1.0568	 0.5664	 1.3305	 0.3941	 1.0093	 0.3773	
828	 0.8	 sp|Q63679|KDM3A_RAT	 1	 0.8318	 0.6783	 1.2474	 0.6618	 1.028	 0.9237	
829	 5.6	 sp|Q5U211|SNX3_RAT	 1	 0.9462	 0.7148	 0.863	 0.2554	 0.929	 0.5867	
830	 5.2	 sp|Q568Z6|IST1_RAT	 1	 1.2359	 0.2182	 1.1912	 0.1885	 1.3428	 0.1053	
831	 3.4	 sp|Q08163|CAP1_RAT	 3	 1.0471	 0.8876	 1.0568	 0.861	 1	 0.9911	
832	 3.1	 sp|Q09137|AAPK2_RAT	 1	 0.929	 0.8966	 0.787	 0.6576	 0.912	 0.8662	
833	 2	 sp|O70277|TRIM3_RAT	 1	 1.1482	 0.7716	 0.8091	 0.6934	 1.2359	 0.6449	
834	 3	 sp|Q6MGB6|RING1_RAT	 1	 0.863	 0.957	 0.871	 0.5942	 0.8091	 0.5305	
835	 4.4	 sp|Q80WE1|FMR1_RAT	 3	 1.3183	 0.5923	 1.4723	 0.4774	 0.5495	 0.3771	
836	 4.6	 sp|P97829|CD47_RAT	 2	 1.1272	 0.8682	 1.0864	 0.9576	 1.1695	 0.7467	
837	 11.5	 sp|P05714|RAB4A_RAT	 2	 0.278	 0.1909	 0.4325	 0.3061	 0.7727	 0.6129	
838	 7.1	 sp|P07323|ENOG_RAT	 2	 0.9817	 0.9478	 0.9376	 0.8858	 1.4859	 0.4134	
839	 12.3	 sp|P63012|RAB3A_RAT	 3	 0.863	 0.7897	 1.2589	 0.6178	 1.0666	 0.8444	
840	 2.1	 sp|Q5M9H1|LRC41_RAT	 2	 	 	 	 	 	 	
841	 4	 sp|P11884|ALDH2_RAT	 2	 0.6194	 0.4447	 0.413	 0.2683	 0.6546	 0.4826	
842	 11.6	 sp|P20171|RASH_RAT	 2	 1.0471	 0.9215	 1.0471	 0.9407	 0.9727	 0.9587	
843	 7.7	 sp|Q52KK3|S2551_RAT	 2	 1.9409	 0.2674	 0.5346	 0.7452	 0.5702	 0.6723	
844	 2	 sp|D3ZU57|NO66_RAT	 1	 0.8872	 0.8297	 1.0666	 0.879	 0.9638	 0.956	
845	 1.5	 sp|Q5RK27|S12A7_RAT	 1	 1.3428	 0.5826	 1.1169	 0.8048	 1.8707	 0.3496	
846	 3.3	 sp|Q5PQX1|TOIP1_RAT	 1	 1.2589	 0.6712	 1.1912	 0.443	 1.0471	 0.924	
847	 2.1	 sp|P97612|FAAH1_RAT	 1	 1.2023	 0.7042	 1.888	 0.3481	 0.7047	 0.5417	
848	 7.8	 sp|P83565|RM40_RAT	 1	 0.9908	 0.8805	 1.1169	 0.7495	 0.9204	 0.8198	
849	 1.1	 sp|Q66HG5|TM9S2_RAT	 1	 1.0666	 0.878	 0.929	 0.8893	 0.8241	 0.7203	
850	 1.5	 sp|Q562C2|BOP1_RAT	 1	 0.9204	 0.5874	 0.597	 0.3019	 0.6252	 0.3215	
851	 4.1	 sp|Q8VIL3|ZWINT_RAT	 1	 1.028	 0.7276	 0.9204	 0.9498	 1	 0.9664	
852	 5.2	 sp|Q5XIE9|MED20_RAT	 1	 0.7943	 0.6454	 0.7516	 0.5945	 0.787	 0.4911	
853	 2	 sp|Q5XHY5|SYTC_RAT	 1	 0.9908	 0.6576	 1.0186	 0.5283	 0.8954	 0.306	
854	 0.5	 sp|Q63505|TF3C1_RAT	 1	 	 	 	 	 	 	
855	 5.1	 sp|Q9EST6|AN32B_RAT	 1	 1.0471	 0.59	 1.0666	 0.8446	 0.8091	 0.3065	
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856	 2.8	 sp|Q4QQT4|2AAB_RAT	 1	 0.9817	 0.9606	 0.9462	 0.5748	 0.871	 0.5451	
857	 1	 sp|Q9WTQ1|KPCD1_RAT	 1	 1.6444	 0.3781	 0.9908	 0.9909	 1.2023	 0.669	
858	 4.5	 sp|Q63525|NUDC_RAT	 1	 1.2359	 0.2307	 0.8091	 0.1704	 0.871	 0.2368	
859	 1.3	 sp|P15943|APLP2_RAT	 1	 1.7219	 0.5759	 0.6368	 0.2842	 2.1086	 0.7467	
860	 2	 sp|B2RYI0|WDR91_RAT	 1	 1.1169	 0.7053	 0.912	 0.3567	 1.0965	 0.9343	
861	 4.7	 sp|Q6IUP3|ELP5_RAT	 1	 1.028	 0.8698	 0.9204	 0.5695	 1.0965	 0.8224	
862	 6.3	 sp|Q6AYQ8|FAHD1_RAT	 1	 0.6668	 0.5586	 0.2805	 0.1373	 0.4831	 0.2153	
863	 5	 sp|Q68FR3|INT12_RAT	 1	 	 	 	 	 	 	
864	 1.7	 sp|Q64350|EI2BE_RAT	 1	 2.0324	 0.18	 1.5276	 0.2515	 1.0666	 0.516	
865	 3.6	 sp|Q5XI13|GRWD1_RAT	 1	 0.3597	 0.2352	 0.6982	 0.5339	 0.6252	 0.4508	
866	 5	 sp|Q4V8J7|SPIN1_RAT	 1	 1.2823	 0.0823	 1.2474	 0.0879	 1.3804	 0.0589	
867	 3.8	 sp|Q4V8C8|CDC73_RAT	 1	 2.0324	 0.3165	 3.3113	 0.1992	 2.7797	 0.2304	
868	 24.7	 sp|P63170|DYL1_RAT	 3	 0.9908	 0.2198	 0.8954	 0.2541	 2.1281	 0.1165	
869	 4.5	 sp|P32851|STX1A_RAT	 1	 1.0093	 0.9144	 0.871	 0.6575	 1.028	 0.8452	
870	 6.1	 sp|B2GV54|NCEH1_RAT	 1	 1.0375	 0.2514	 1.0375	 0.3795	 1.0186	 0.5129	
871	 4.9	 sp|Q6AYQ4|TM109_RAT	 1	 1	 0.8883	 0.9462	 0.8699	 0.413	 0.6123	
872	 2.9	 sp|Q5XI41|TRAM1_RAT	 1	 1.6749	 0.2786	 1.1912	 0.556	 1.2359	 0.4744	
873	 4.5	 sp|Q5HZF2|WBP4_RAT	 1	 0.7727	 0.5689	 0.0331	 0.0727	 0.6138	 0.3379	
874	 2.6	 sp|Q56R16|IMA6_RAT	 1	 1.1912	 0.7198	 0.6792	 0.5128	 1.0864	 0.8503	
875	 4.2	 sp|P05369|FPPS_RAT	 1	 0.7798	 0.6629	 0.8954	 0.9104	 1.0864	 0.6994	
876	 5.3	 sp|B3DMA0|P5I11_RAT	 1	 1.0375	 0.907	 1.0765	 0.8496	 0.9727	 0.9297	
877	 5.2	 sp|P09626|ATP4A_RAT	 5	 1.3552	 0.5077	 1.0093	 0.7998	 1.2023	 0.7151	
878	 13.6	 sp|Q62764|YBOX3_RAT	 6	 0.9817	 0.8055	 1.1272	 0.5944	 0.9908	 0.7815	
879	 9.7	 sp|Q08013|SSRG_RAT	 2	 1.6444	 0.9321	 2.2699	 0.7919	 0.4875	 0.6556	
880	 8.7	 sp|B2GUZ5|CAZA1_RAT	 2	 0.492	 0.5802	 0.2606	 0.46	 0.4529	 0.5328	
881	 6.4	 sp|P85969|SNAB_RAT	 2	 1.7219	 0.39	 2.1281	 0.3006	 2.0893	 0.3091	
882	 11.6	 sp|Q04970|RASN_RAT	 2	 0.9638	 0.6907	 0.8872	 0.5552	 0.7379	 0.528	
883	 6.4	 sp|Q9JID2|GNA11_RAT	 2	 	 	 	 	 	 	
884	 2.5	 sp|P11661|NU5M_RAT	 2	 1.2823	 0.6284	 0.9036	 0.8672	 1.0568	 0.8717	
885	 6.4	 sp|P97700|M2OM_RAT	 3	 0.9817	 0.9422	 1.0186	 0.8836	 1.028	 0.8644	
886	 4.3	 sp|Q8CFC1|MINA_RAT	 3	 1.0375	 0.72	 0.8551	 0.8745	 0.8091	 0.6763	
887	 5.1	 sp|Q5PPN7|CCD51_RAT	 1	 0.8954	 0.8438	 0.5152	 0.342	 0.7311	 0.5823	
888	 8.3	 sp|P61206|ARF3_RAT	 2	 0.9036	 0.8449	 0.9204	 0.7797	 0.787	 0.5496	
889	 1.4	 sp|Q56A27|NCBP1_RAT	 1	 1.1376	 0.7464	 1.2823	 0.6939	 0.7798	 0.4077	
890	 1.5	 sp|P54275|MSH2_RAT	 1	 1.977	 0.3278	 3.1046	 0.2112	 2.3768	 0.2667	
891	 3.4	 sp|P19814|TGON3_RAT	 1	 0.4169	 0.3004	 0.4018	 0.306	 0.3192	 0.2144	
892	 1.1	 sp|Q6UE39|GLT13_RAT	 1	 0.3076	 0.5136	 0.8091	 0.9365	 0.207	 0.4645	
893	 7.2	 sp|P0C2C4|RM10_RAT	 1	 	 	 	 	 	 	
894	 1.1	 sp|Q9Z2Q1|SC31A_RAT	 1	 0.2858	 0.4404	 0.413	 0.7592	 0.879	 0.4811	
895	 1.6	 sp|P52631|STAT3_RAT	 1	 1	 0.607	 1.1376	 0.6915	 1.2474	 0.5819	
896	 1.6	 sp|Q66HR0|S12A9_RAT	 1	 0.8318	 0.739	 0.5702	 0.3783	 0.955	 0.9416	
897	 2.6	 sp|Q9JM53|AIFM1_RAT	 2	 1.0666	 0.7985	 1.028	 0.6973	 1.1066	 0.716	
898	 3.9	 sp|Q68FS2|CSN4_RAT	 1	 1.2134	 0.7186	 1.1588	 0.633	 1.0965	 0.8545	
899	 3	 sp|Q64591|DECR_RAT	 2	 0.6918	 0.9366	 0.2291	 0.8117	 0.6546	 0.957	
900	 5.6	 sp|Q63797|PSME1_RAT	 1	 0.8472	 0.7044	 1	 0.9853	 0.8395	 0.6663	
901	 2.9	 sp|Q63692|CDC37_RAT	 1	 0.9817	 0.8911	 1.2474	 0.576	 1.0765	 0.8859	
902	 6.8	 sp|Q63690|BAX_RAT	 2	 1.7378	 0.386	 1.4454	 0.5106	 1.977	 0.3272	
903	 5.1	 sp|Q5I0L7|KTI12_RAT	 1	 	 	 	 	 	 	
904	 7.4	 sp|Q5I0H4|TMCO1_RAT	 1	 1.2823	 0.7446	 0.6982	 0.615	 0.8241	 0.9549	
905	 3.2	 sp|Q5HZE2|T120A_RAT	 1	 1.1695	 0.5074	 1.1272	 0.5172	 1.1803	 0.5904	
906	 5.1	 sp|Q4KM73|KCY_RAT	 1	 	 	 	 	 	 	
907	 0.8	 sp|G3V735|AMOL2_RAT	 1	 1.8535	 0.7088	 0.1871	 0.6333	 0.7447	 0.8602	
908	 3.9	 sp|Q8CHJ1|PIGU_RAT	 1	 0.871	 0.9999	 0.4093	 0.2392	 1.0186	 0.909	
909	 9.5	 sp|Q6PCT5|PQBP1_RAT	 1	 	 	 	 	 	 	
910	 3.6	 sp|Q6AYU3|DNJB6_RAT	 1	 0.787	 0.7057	 0.6607	 0.5318	 0.4446	 0.6348	
911	 4.7	 sp|P43138|APEX1_RAT	 1	 1.3552	 0.5681	 1.977	 0.3272	 2.208	 0.2899	
912	 2.2	 sp|Q68FX7|THOC5_RAT	 1	 1.0375	 0.921	 0.9908	 0.9985	 0.6252	 0.4484	
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913	 2.5	 sp|Q5PPG7|EIF2D_RAT	 1	 1.0965	 0.3292	 0.9817	 0.8643	 1.1169	 0.3925	
914	 1.4	 sp|P23347|B3A2_RAT	 1	 	 	 	 	 	 	
915	 2.5	 sp|Q5QJC9|BAG5_RAT	 1	 	 	 	 	 	 	
916	 3.4	 sp|Q3B7D0|HEM6_RAT	 1	 0.8872	 0.7987	 0.8395	 0.8851	 0.8091	 0.9666	
917	 3.6	 sp|Q6AYK5|LYAR_RAT	 1	 1.7701	 0.3781	 0.6138	 0.4376	 0.9462	 0.9271	
918	 2.3	 sp|Q68FS4|AMPL_RAT	 1	 1.0186	 0.9139	 0.6982	 0.5284	 0.6918	 0.7573	
919	 1.2	 sp|Q62640|GRID1_RAT	 2	 	 	 	 	 	 	
920	 1.5	 sp|Q4FZV0|MANBA_RAT	 1	 1.1272	 0.8019	 1.1695	 0.7465	 1.1912	 0.7213	
921	 2.7	 sp|P38652|PGM1_RAT	 1	 0.9727	 0.745	 0.8241	 0.6017	 0.955	 0.922	
922	 2.4	 sp|P10354|CMGA_RAT	 1	 0.9376	 0.7848	 1.0471	 0.8126	 1.0765	 0.8312	
923	 27	 sp|Q9R1T1|BAF_RAT	 2	 1.0765	 0.8713	 1	 0.9894	 0.9462	 0.9289	
924	 5	 sp|Q9ERE4|GOLP3_RAT	 1	 1.7061	 0.4264	 1.2359	 0.6149	 1.8707	 0.3735	
925	 6.6	 sp|Q9EQX9|UBE2N_RAT	 1	 0.9727	 0.8549	 0.8241	 0.6061	 1.0093	 0.8766	
926	 0.7	 sp|Q75WE7|VWA5A_RAT	 1	 3.0761	 0.609	 3.4995	 0.4937	 2.8054	 0.4788	
927	 2.5	 sp|Q6AYU1|MO4L1_RAT	 1	 0.7586	 0.6062	 0.8241	 0.708	 0.8954	 0.8487	
928	 3.7	 sp|Q6AY86|VP26A_RAT	 1	 	 	 	 	 	 	
929	 2.2	 sp|Q63598|PLST_RAT	 1	 1.1169	 0.602	 0.8954	 0.9287	 1.0093	 0.7697	
930	 4.6	 sp|Q63159|COQ3_RAT	 1	 1.1695	 0.7765	 0.4966	 0.3227	 1.0471	 0.9359	
931	 1.9	 sp|Q5XI63|KIFC1_RAT	 1	 0.955	 0.6682	 0.955	 0.8197	 1.0375	 0.8653	
932	 2.6	 sp|Q5RJR2|TWF1_RAT	 1	 1.1695	 0.8624	 1.3183	 0.5263	 1.5996	 0.4627	
933	 7.4	 sp|Q5FVR7|CPSF4_RAT	 1	 	 	 	 	 	 	
934	 4.3	 sp|Q5BK32|FAF2_RAT	 1	 0.955	 0.9418	 1.7378	 0.439	 1.2942	 0.5853	
935	 6.9	 sp|Q499V6|ZCRB1_RAT	 1	 	 	 	 	 	 	
936	 2.6	 sp|Q0ZHH6|ATLA3_RAT	 1	 1.2589	 0.5422	 1.2246	 0.593	 1.3932	 0.434	
937	 2.6	 sp|P53987|MOT1_RAT	 1	 1.6596	 0.4135	 1.3305	 0.5917	 1.4859	 0.4912	
938	 18.8	 sp|P47198|RL22_RAT	 2	 0.5105	 0.6862	 0.9817	 0.7678	 0.9817	 0.8526	
939	 0.9	 sp|P28840|NEC1_RAT	 1	 0.8091	 0.6937	 0.8091	 0.699	 1.0965	 0.8424	
940	 3.5	 sp|P18665|RM03_RAT	 1	 1.1066	 0.8514	 1.0186	 0.9455	 1.0765	 0.9271	
941	 16.7	 sp|P18437|HMGN2_RAT	 1	 1.7219	 0.3946	 0.9376	 0.9302	 1.5417	 0.4499	
942	 6.9	 sp|P00763|TRY2_RAT	 4	 0.7178	 0.7838	 0.7656	 0.8252	 0.631	 0.7823	
943	 3.1	 sp|O35217|MINP1_RAT	 1	 1.1272	 0.796	 0.9638	 0.9544	 0.7112	 0.5531	
944	 2.4	 sp|O08839|BIN1_RAT	 1	 	 	 	 	 	 	
945	 5.1	 sp|A6YP92|ARX_RAT	 1	 	 	 	 	 	 	
946	 4.5	 sp|Q9QZP1|GEMI2_RAT	 1	 	 	 	 	 	 	
947	 5.5	 sp|Q9EPJ3|RT26_RAT	 1	 	 	 	 	 	 	
948	 2.6	 sp|Q6P9U8|EIF3H_RAT	 1	 0.5495	 0.3753	 0.6855	 0.517	 0.7311	 0.5835	
949	 2.1	 sp|Q6P752|TOIP2_RAT	 1	 	 	 	 	 	 	
950	 4.1	 sp|Q6EV70|OFUT1_RAT	 1	 2.421	 0.2622	 1.888	 0.3491	 2.2491	 0.2848	
951	 2.7	 sp|Q6AYR2|NDRG3_RAT	 1	 1.0186	 0.914	 0.9727	 0.6719	 1.0568	 0.9248	
952	 7.3	 sp|Q6AY87|THOC6_RAT	 1	 0.7244	 0.5697	 0.8472	 0.7537	 0.5808	 0.4045	
953	 2.5	 sp|Q66HG8|RED_RAT	 1	 0.9376	 0.7814	 0.879	 0.7786	 0.8954	 0.9059	
954	 3.7	 sp|Q5XI79|NDUF7_RAT	 1	 0.8954	 0.804	 1.4322	 0.5428	 1.4588	 0.5149	
955	 2.9	 sp|Q5M9G9|TBRG4_RAT	 1	 0.9376	 0.9529	 0.6855	 0.36	 0.6252	 0.4108	
956	 4.8	 sp|Q5FVN2|TM41B_RAT	 1	 	 	 	 	 	 	
957	 2.2	 sp|Q5BJP6|RRF2M_RAT	 1	 	 	 	 	 	 	
958	 10.3	 sp|Q505I4|CO040_RAT	 1	 2.421	 0.263	 1.0765	 0.872	 0.7379	 0.5905	
959	 3.6	 sp|Q01714|SP1_RAT	 1	 0.52	 0.3481	 1.0471	 0.9057	 0.879	 0.811	
960	 2.5	 sp|P97546|NPTN_RAT	 1	 0.6026	 0.4231	 1	 0.9899	 0.3192	 0.2118	
961	 13.3	 sp|P55053|FABP5_RAT	 1	 0.8318	 0.7295	 1.3428	 0.5789	 0.879	 0.8053	
962	 6.3	 sp|P07895|SODM_RAT	 2	 1.0965	 0.9081	 1.0765	 0.8512	 1.1066	 0.8025	
963	 2	 sp|O35567|PUR9_RAT	 1	 1.0375	 0.8508	 1.1272	 0.7314	 1.0666	 0.7398	
964	 1.8	 sp|D4ABY2|COPG2_RAT	 1	 1.0965	 0.6045	 0.9204	 0.7844	 0.929	 0.7746	
965	 14.2	 sp|Q9Z336|DYLT1_RAT	 2	 0.8954	 0.8397	 0.863	 0.7805	 0.6918	 0.5301	
966	 7.8	 sp|Q9JKW1|TIM22_RAT	 1	 0.8241	 0.7064	 0.2208	 0.3858	 0.8872	 0.7538	
967	 2.6	 sp|Q8CHM7|HACL1_RAT	 1	 0.7244	 0.5092	 1.1482	 0.8388	 0.9462	 0.8843	
968	 6.2	 sp|Q7M767|UB2V2_RAT	 1	 0.8017	 0.3479	 1.4997	 0.747	 1.1482	 0.6659	
969	 8.1	 sp|Q6P791|LTOR1_RAT	 1	 2.6792	 0.4605	 1.6749	 0.7167	 3.4356	 0.4892	
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970	 4.3	 sp|Q6JE36|NDRG1_RAT	 3	 1.2359	 0.678	 0.8318	 0.7295	 1.2134	 0.6962	
971	 7.3	 sp|Q6IMX7|HPBP1_RAT	 1	 1.7378	 0.388	 1.7378	 0.3894	 2.8576	 0.2258	
972	 5.9	 sp|Q6AXT7|RBM42_RAT	 1	 0.9817	 0.9627	 1.0375	 0.9396	 0.7047	 0.531	
973	 6.5	 sp|Q66H47|RM24_RAT	 1	 0.8017	 0.5093	 0.7943	 0.604	 0.5916	 0.2949	
974	 5.5	 sp|Q642A4|CH082_RAT	 1	 3.0761	 0.2113	 1.977	 0.3279	 4.4463	 0.1627	
975	 5.1	 sp|Q63486|RRAGA_RAT	 1	 2.0137	 0.3205	 0.0929	 0.1051	 0.3221	 0.2138	
976	 5.1	 sp|Q62876|SNG1_RAT	 1	 	 	 	 	 	 	
977	 1.3	 sp|Q62786|FPRP_RAT	 1	 1.4322	 0.516	 1.888	 0.3461	 1.8197	 0.3622	
978	 10.9	 sp|Q5XIF4|SUMO3_RAT	 1	 1.8535	 0.7672	 1.4191	 0.8548	 1.1912	 0.9207	
979	 7.1	 sp|Q5XFW8|SEC13_RAT	 1	 3.3113	 0.1991	 2.704	 0.2364	 2.2699	 0.282	
980	 5.2	 sp|Q4V7A0|WDR61_RAT	 1	 	 	 	 	 	 	
981	 5.3	 sp|Q498E0|TXD12_RAT	 1	 2.0137	 0.3224	 0.0603	 0.0887	 1.3183	 0.5965	
982	 10.4	 sp|Q3SWT1|SOSB1_RAT	 1	 	 	 	 	 	 	
983	 2.5	 sp|Q3KRF1|SP110_RAT	 1	 1.9231	 0.3276	 0.9204	 0.7632	 1.888	 0.3313	
984	 6.3	 sp|P63140|NFYB_RAT	 1	 0.2228	 0.1629	 1.2023	 0.7071	 0.5495	 0.3723	
985	 5.6	 sp|P61751|ARF4_RAT	 1	 0.7656	 0.7222	 0.9727	 0.9733	 0.9036	 0.785	
986	 9.2	 sp|P50408|VATF_RAT	 1	 0.912	 0.7678	 1.0568	 0.7716	 1.0666	 0.8944	
987	 8.4	 sp|P08011|MGST1_RAT	 1	 	 	 	 	 	 	
988	 13	 sp|P05506|NU3M_RAT	 1	 0.8166	 0.7663	 0.8551	 0.644	 0.8551	 0.6763	
989	 4.4	 sp|P00406|COX2_RAT	 2	 1.1912	 0.9594	 0.7178	 0.7022	 1.1272	 0.9264	
990	 3.5	 sp|B4F777|HMGN5_RAT	 1	 	 	 	 	 	 	
991	 0.5	 sp|P04937|FINC_RAT	 1	 0.8872	 0.4976	 0.9462	 0.785	 1	 0.9444	
992	 3.2	 sp|Q9EQV6|TPP1_RAT	 2	 1.0093	 0.8335	 0.9638	 0.6929	 1	 0.545	
993	 3.7	 sp|B0LT89|STK24_RAT	 1	 	 	 	 	 	 	
994	 3.2	 sp|Q62825|EXOC3_RAT	 2	 1.2359	 0.587	 0.929	 0.9447	 1.6904	 0.2919	
995	 1.6	 sp|Q10473|GALT1_RAT	 1	 0.7379	 0.5852	 0.1722	 0.1404	 1.0666	 0.8779	
996	 4.2	 sp|Q8VHK7|HDGF_RAT	 1	 0.9727	 0.9816	 0.9817	 0.9643	 1.0093	 0.963	
997	 1.3	 sp|Q9JHY8|DNLI1_RAT	 1	 0.7379	 0.3653	 0.9036	 0.7449	 0.8318	 0.5532	
998	 3.8	 sp|Q5XIP9|TMM43_RAT	 1	 	 	 	 	 	 	
999	 0.9	 sp|Q91Z79|LIPA3_RAT	 1	 1.4454	 0.2264	 1.1066	 0.6594	 1.1588	 0.6785	

1000	 4.5	 sp|P56700|RGS16_RAT	 1	 3.0761	 0.2321	 1.7061	 0.4789	 1.4322	 0.6431	
1001	 21.7	 sp|P35704|PRDX2_RAT	 4	 0.6918	 0.7382	 0.4966	 0.5452	 0.955	 0.9468	
1002	 7.4	 sp|Q76MX4|MAFG_RAT	 1	 0.8091	 0.7251	 0.7798	 0.6672	 0.871	 0.8573	
1003	 2.1	 sp|P07154|CATL1_RAT	 1	 0.9727	 0.861	 1.2823	 0.6151	 0.9727	 0.9981	
1004	 4.5	 sp|B2RZ55|SIR7_RAT	 1	 0.597	 0.419	 0.3499	 0.2282	 0.4018	 0.2602	
1005	 1.5	 sp|Q8R4E1|TIP_RAT	 1	 1.0375	 0.9535	 1.2134	 0.6782	 0.9908	 0.9815	
1006	 9.5	 sp|Q5RK03|C2AIL_RAT	 1	 	 	 	 	 	 	
1007	 32.7	 sp|Q6AYZ1|TBA1C_RAT	 17	 0.9462	 0.7464	 1.028	 0.8795	 0.879	 0.6981	
1008	 27.9	 sp|Q5XIF6|TBA4A_RAT	 17	 0.6607	 0.491	 0.2333	 0.1684	 0.4571	 0.2997	
1009	 14.4	 sp|P62775|MTPN_RAT	 1	 1.2134	 0.6985	 1.0471	 0.9061	 0.5445	 0.367	
1010	 2.2	 sp|Q68H95|REPI1_RAT	 1	 1.0186	 0.9499	 0.492	 0.3256	 1.1272	 0.8039	
1011	 3.2	 sp|Q642G4|PEX14_RAT	 1	 	 	 	 	 	 	
1012	 10	 sp|P37397|CNN3_RAT	 2	 0.9817	 0.9329	 1	 0.9427	 0.9817	 0.9236	
1013	 0.9	 sp|P97874|GAK_RAT	 1	 0.5346	 0.3619	 0.4365	 0.2846	 0.6026	 0.4241	
1014	 2	 sp|Q99MZ4|GGT7_RAT	 1	 1.1588	 0.3181	 1.2134	 0.2644	 1.0186	 0.898	
1015	 2.7	 sp|Q6P6V0|G6PI_RAT	 1	 0.038	 0.2946	 0.673	 0.5894	 0.5546	 0.4213	
1016	 1.9	 sp|O55165|KIF3C_RAT	 1	 0.871	 0.582	 0.871	 0.5297	 0.9204	 0.6057	
1017	 8.1	 sp|O35394|PRAF1_RAT	 1	 0.6546	 0.4004	 0.7379	 0.4776	 0.8241	 0.6783	
1018	 4.9	 sp|Q5XII0|EPDR1_RAT	 1	 1.1482	 0.2387	 1.1272	 0.5495	 0.9638	 0.276	
1019	 7.3	 sp|Q6AYT7|ABD12_RAT	 2	 1.6444	 0.4086	 0.8395	 0.8966	 1.0965	 0.797	
1020	 9.6	 sp|B5DFN3|UQCC2_RAT	 1	 1	 0.9659	 1.3804	 0.5311	 1.3677	 0.5585	
1021	 6.9	 sp|Q7TP40|PCNP_RAT	 1	 1.4859	 0.512	 0.8954	 0.8233	 1.0864	 0.856	
1022	 2.7	 sp|Q99M64|P4K2A_RAT	 1	 1.4723	 0.9234	 0.6194	 0.292	 3.1623	 0.1213	
1023	 7.7	 sp|P24528|MGMT_RAT	 1	 0.6855	 0.5162	 1.1803	 0.7271	 1.1066	 0.8268	
1024	 27.7	 sp|P62836|RAP1A_RAT	 5	 0.7798	 0.6504	 0.3873	 0.2516	 0.166	 0.1373	
1025	 4.1	 sp|Q3KRD8|IF6_RAT	 1	 1.3428	 0.5453	 1.2823	 0.6566	 1.1482	 0.7986	
1026	 18.4	 sp|P68255|1433T_RAT	 7	 	 	 	 	 	 	
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N	
%	Cov	
(95)	 Accession	#	

Pep	
95%	 115:114	

PVal		
115:114	 116:114	

PVal		
116:114	 117:114	

PVal		
117:114	

1027	 2.2	 sp|Q9WU61|CLCC1_RAT	 1	 1.2942	 0.5996	 1.0765	 0.8454	 1.0471	 0.9245	
1028	 3.8	 sp|Q9HB97|PARVA_RAT	 1	 1.4454	 0.3249	 1.0568	 0.7824	 1.406	 0.3383	
1029	 0.9	 sp|Q63623|SCAF8_RAT	 1	 1.1695	 0.1321	 1.1588	 0.0903	 1.1588	 0.1271	
1030	 3.3	 sp|Q32Q06|AP1M1_RAT	 1	 0.8017	 0.9085	 1.6293	 0.1014	 0.8017	 0.9724	
1031	 5.1	 sp|Q5M9G1|HEXI1_RAT	 1	 0.863	 0.3979	 0.7178	 0.1403	 0.8395	 0.3426	
1032	 5.3	 sp|B5DEQ3|XPP3_RAT	 2	 0.955	 0.6328	 1.1272	 0.9612	 1.2942	 0.3685	
1033	 4.8	 sp|Q5FVL2|EMC8_RAT	 1	 1.1482	 0.7932	 1.2023	 0.7681	 0.8395	 0.6833	
1034	 6	 sp|P57113|MAAI_RAT	 1	 0.6668	 0.498	 1.0471	 0.9113	 0.879	 0.8136	
1035	 2.3	 sp|Q3MJK5|CDK12_RAT	 2	 1.2359	 0.6266	 1.1376	 0.5232	 0.9638	 0.9304	
1036	 2.6	 sp|Q5BJM8|ZNT7_RAT	 1	 0.9376	 0.8404	 1.2023	 0.4186	 1.2589	 0.3739	
1037	 4.5	 sp|Q9JJP9|UBQL1_RAT	 2	 1.3932	 0.5468	 0.6546	 0.4822	 0.3467	 0.2276	
1038	 2.7	 sp|Q9JJK4|PEX3_RAT	 1	 1.028	 0.829	 0.6855	 0.0872	 1.1272	 0.5926	
1039	 10.6	 sp|Q5EGY4|YKT6_RAT	 2	 1.3804	 0.4079	 1.1272	 0.6626	 0.8395	 0.5538	
1040	 13.8	 sp|Q9WVJ4|SYJ2B_RAT	 2	 1.3183	 0.2872	 1.0965	 0.5271	 1.4322	 0.2198	
1041	 2.2	 sp|Q9R066|CXAR_RAT	 1	 0.7047	 0.2429	 1	 0.9685	 0.8017	 0.4201	
1042	 1.8	 sp|Q63801|TAF6_RAT	 1	 1.1588	 0.3154	 1.2134	 0.2354	 1.0864	 0.682	
1043	 2.8	 sp|Q9R050|SSBP3_RAT	 1	 	 	 	 	 	 	
1044	 7.9	 sp|Q4KLF8|ARPC5_RAT	 1	 0.871	 0.8079	 0.8241	 0.6412	 0.8017	 0.5749	
1045	 2.8	 sp|B1WBU8|PLHD1_RAT	 2	 1.0375	 0.9747	 0.8954	 0.9434	 0.8954	 0.985	
1046	 5.3	 sp|Q810F4|FAM3C_RAT	 1	 1.2823	 0.6088	 1	 0.689	 1.0375	 0.9992	
1047	 0.9	 sp|P97603|NEO1_RAT	 1	 1.1066	 0.8294	 0.7447	 0.6005	 0.7516	 0.6044	
1048	 2.3	 sp|Q5XI01|LARP7_RAT	 1	 0.8395	 0.7435	 0.863	 0.7519	 0.6427	 0.4404	
1049	 7.7	 sp|Q5PPM8|TM55B_RAT	 2	 1.1482	 0.7805	 1.028	 0.961	 1.0965	 0.9108	
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Appendix C Diet Description 

Information supplied by Specialty Feeds 
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