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Abstract 

Type 2 diabetes (T2D) is a metabolic disorder characterised by the inability of β-cells to secrete enough insulin 

to maintain glucose homeostasis.  Pancreatic β-cells secrete insulin in a biphasic manner, first and second phase 

insulin secretion, and loss of first phase insulin secretion is an independent predictor of T2D onset.  Restoration 

of first phase insulin secretion has been shown to improve blood glucose in T2D by suppressing hepatic glucose 

production and priming insulin sensitive tissue to more readily take up glucose and has thus prompted numerous 

studies into its regulation.  First phase insulin secretion is initiated primarily by the classical triggering pathway, 

a complex system comprised of multiple stimulatory signals.  Recent studies have identified a number of novel 

regulatory factors that are crucial for first phase insulin secretion and glucose homeostasis.  These include, 

among others, hypoxia inducible factor 1α, von Hippel-Lindau, factor inhibiting HIF (FIH), nicotinamide 

phospho-ribosyl-transferase, and the sirtuin family.  Recent publications have described conflicting roles for 

some of these factors which will be discussed. This review will provide a broad overview of the many facets of 

first phase insulin secretion and some of the recent discoveries regarding its regulation.    
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Introduction 

Type 2 diabetes (T2D) is characterised by the inability of β-cells to secrete enough insulin to maintain glucose 

homeostasis, usually accompanied by insulin resistance: impaired action of insulin on target tissues.  T2D is a 

multi-factorial disease, the onset of which is likely to be environmental in a permissive genetic background.  

Thus, environmental influences such as increased caloric consumption and reduced physical activity are clearly 

involved [1, 2], and recent evidence from genome wide association studies (GWAS) have identified a number of 

susceptibility loci and polymorphisms which together increase the risk of developing T2D [3, 4].   

Pancreatic β-cells secrete insulin in a biphasic manner, defined as first and second phase (Figure 1).  It 

is thought that the initial insulin spike is crucial for glucose homeostasis. Studies have shown that loss of first 

phase insulin secretion is an independent predictor of T2D [5-9].  Disease states associated with impairment in 

first phase insulin secretion such as Huntington’s and Alzheimer’s diseases are also associated with increased 

risk of diabetes [10, 11].  Before the development of frank diabetes, people with fasting hyperglycaemia lack 

first phase insulin secretion [12] and people with impaired glucose tolerance (IGT) have reduced plasma insulin 

levels after a glucose load [13-15].  An increase in hepatic glucose production (HGP), normally suppressed by 

first phase insulin secretion, would compound the glucose load on β-cells, possibly leading to β-cell stress and 

failure observed in T2D.  This review will focus on first phase insulin secretion in T2D and recent advances on 

how it is regulated. 

First phase insulin secretion occurs very rapidly, with peak values achieved 1-2 minutes after glucose 

stimulation [16].   It is generally accepted to be initiated by an increase in the ATP:ADP ratio from glucose 

metabolism.  Quite differently, second phase insulin secretion is more gradual and long lasting, usually reaching 

a plateau 25-30 minutes after stimulation in people with normal glucose tolerance [16] (Figure 1).  While both 

phases of insulin secretion play an important role in glucose homeostasis, the relative importance of first phase 

insulin secretion appears to be greater.  Studies in humans where first phase but not second phase insulin 

secretion have been artificially blocked by an infusion of somatostatin had significantly worse glucose tolerance 

compared with control conditions [17].   

In addition to the biphasic manner of insulin secretion, effective control of glucose homeostasis 

requires secretion of insulin to be oscillatory [18].  It is important to note the difference in first phase insulin 

secretion and the oscillations in insulin secretion.  While first phase insulin secretion is the initial increase in 

insulin secretion, insulin secretion after this is oscillatory, similar to a “wave”.  These oscillations occur every 9 
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– 14 min in humans in vivo [19] while others have reported shorter time periods (5 – 8 min) in isolated rat islets 

[20].  The oscillatory nature of insulin secretion is due to oscillations in glycolysis and its regulatory enzymes 

[21, 22].   Subjects with T2D have abnormal oscillations in insulin secretion [23] and together with the fact that 

islets of T2D patients also have reduced glucose oxidation [24] could contribute to inhibited first phase insulin 

secretion.  Some first degree relatives of people with T2D also have abnormal oscillations [25] and thus would 

suggest some genetic and / or environmental regulation.  Insulin infused with an oscillatory pattern has a greater 

effect than continuous delivery for individuals with diabetes [18] and as such, the less common pulsatile 

intravenous insulin therapy (PIVIT) or chronic intermittent intravenous insulin infusion therapy (CIIIT) has 

been used to greater effect [26, 27].  The exact mechanism(s) as to why it is more effective remains to be 

elucidated but a proposed theory is that PIVIT allows greater expression of insulin receptors than continuously 

high insulin levels thus increasing sensitivity in peripheral tissues [27].   

 

Measurement of first phase insulin secretion 

In order to measure biphasic insulin secretion in vivo, the following three methods are commonly employed: a) 

the intravenous glucose tolerance test (IVGTT), b) the hyperglycaemic clamp [28, 29], and c) mixed meal 

tolerance tests (MMTT) [30, 31].  The IVGTT is relatively simpler to conduct compared with the 

hyperglycaemic clamp.  It involves a bolus of glucose injected intravenously over a short period (typically 1 

minute) and blood samples taken at many, specific time points to measure insulin secretion and/or C-peptide 

[28].  This method is well suited for testing first phase insulin secretion as after the initial glucose injection, no 

further glucose is introduced into the system.  According to measurements made by Polyzogopoulou and 

colleages [32], first phase insulin secretion as measured by IVGTT in individuals with normal glucose tolerance 

was 332.4±39.6 pmol/L compared to 24±22.7 pmol/L in people with T2D.  There are issues with variability in 

readings of the initial insulin spike as glucose decays differently in each subject depending on their glucose 

tolerance [33].  In normal individuals, approximately 50 % of secreted insulin is cleared by the liver in the first 

pass of metabolism.  So, if C-peptide is measured, deconvolution analysis can be used to estimate actual insulin 

secretion. 

 The hyperglycaemic clamp was first described in 1979 by Ralph DeFronzo and colleagues [34] and is a 

sophisticated technique which requires time and experienced labour.  During this procedure, the subject’s 

glucose level is raised to a pre-determined level, for example 125 mg/dl (7 mM/L) above basal levels by a 

priming dose of intravenous glucose.  The hyperglycaemic plateau is then maintained by a constant infusion of 



5 

 

glucose.  Insulin concentrations, C-peptide concentrations and the glucose infusion rate (GIR) are used as 

measures of insulin secretion and action [34].  As the β-cells are being exposed to glucose for a longer period of 

time, it is a more accurate measurement of both first and second phase insulin secretion and is considered the 

gold standard for the measurement of insulin secretion in vivo [33]. 

 The MMTT, also known as the Boost test, is a relatively simple test and is suitable when performing a 

hyperglycaemic clamp is not feasible, such as in epidemiologic studies or for following individual changes in 

insulin secretion [30].  In a MMTT, subjects fast overnight then ingest a liquid meal (e.g. Sustacal
TM

/Boost
TM

) 

with a known proportion of carbohydrates, protein, and fat.  Common values are 55 % carbohydrate, 25 % 

protein, and 20 % fat.  Blood samples are taken at specific time points to analyse glucose, insulin, and C-peptide 

levels [30, 31].  Although not considered the gold standard for the determination of insulin secretion, it 

represents a more physiological response as the stimulus is delivered orally, and induces the normal incretin 

response [31].  A recent study showed that MMTT provided comparable results at 15 min after intake to results 

from a hyperglycaemic clamp in children with normal glucose tolerance [30].  The MMTT is clearly 

physiologically relevant as the normal means of glucose exposure is oral, not intravenous.  

 

Regulation of first phase insulin secretion 

The triggering and amplifying pathways 

With the importance of first phase insulin secretion in glucose homeostasis, it is necessary to understand its 

regulation.  The classical triggering pathway of insulin secretion in the β-cell has been extensively studied and is 

reasonably well understood [35-37].  Circulating blood glucose is taken up into β-cells by a glucose transporter 

called GLUT2 and is metabolised by the glycolytic pathway in the cytosol (Figure 2).  The glucose sensing 

enzymatic step is catalysed by the hexokinase glucokinase.  Together with the tricarboxylic acid (TCA) cycle 

and the oxidative phosphorylation process located in the mitochondrion, ATP is formed resulting in an increase 

in the cellular ATP/ADP ratio and closing of the ATP-sensitive potassium channels (KATP channels) [35, 37, 

38].  The cell membrane then becomes depolarised, leading to the opening of the voltage dependent Ca
2+

 

channels (VDCC) [39, 40].  An increase in cytoplasmic Ca
2+

 concentration finally leads to the secretion of 

insulin [41] (Figure 3). 

 The amplifying pathway was identified in 1992 by two groups working independently of each other 

[42, 43].  These experiments showed that glucose stimulation of insulin secretion was still possible even when 

KATP channels were either closed (with KCl) or kept open (with diazoxide), indicating that another pathway 
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must exist.  The exact mechanisms of the amplifying pathway are still yet to be fully understood but insulin 

secretion via this pathway seems to involve signalling molecules other than ATP/ADP.  Excellent reviews 

regarding the amplification pathway of insulin secretion have been published [35, 36, 44].  Pyruvate from 

glucose metabolism can be shuttled off via pyruvate carboxylase to form other intermediates which can trigger 

insulin secretion without the need for closure of KATP channels.  These include NADPH from the malate-

pyruvate shuttle and lipid signalling molecules from the malonyl-CoA/LC-CoA pathway [35]. 

 The triggering and amplifying pathways of insulin secretion are not mutually exclusive but 

complement each other.  However, depending on which phase of insulin is occurring, one of the pathways may 

play a more significant role.  It is generally accepted that the first phase insulin secretion is initiated by the 

triggering pathway and this has much to do with the timing of the event.  As stated earlier, first phase insulin 

secretion occurs within a very short time in vivo.  It has been suggested that the signalling involved in the 

amplification pathway may be too slow for this time-frame and thus the triggering pathway is probably the 

major initiator of first phase insulin secretion [36, 37].  However, a previous study showed that both the 

triggering and amplifying pathways are involved [45].  This study examined the different signals in the 

triggering and amplification pathways of insulin secretion and showed that there are shifts in the cytosolic  

Ca
2+

concentration and insulin response curves in first phase insulin secretion, shifts normally associated with 

the amplification pathway  [45]. 

 

Insulin granule pools 

The insulin that is secreted to maintain glucose homeostasis exists as pre-formed insulin granules within the β-

cells.  Secretory granules reside in two main pools; the docked and reserve pools [46].  The docked pool can be 

further divided into granules that are immediately releasable and readily releasable, and whether they are primed 

or un-primed [37].  Estimates suggest approximately 13000 granules in the docked pool and 50 granules per β-

cell in the immediately releasable pool in normal mice [37, 47].  The 50 granules docked and immediately 

releasable are located in close proximity to the Ca
2+ 

channels and are utilised for first phase insulin secretion 

[47].  The second phase of insulin secretion is thought to be maintained by a subset of approximately 1000 

granules which are docked but un-primed [37].  In order for the granules to be primed and readily releasable, 

they must go through a series of reactions that involve ATP, calcium, and temperature [48, 49].   

The fusion of insulin granules to the cell membrane and subsequent exocytosis has been the subject of 

many excellent reviews [50, 51].  SNARE proteins (soluble-N-ethyl-maleimide sensitive factor attachment 
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protein receptor) form a crucial component of the membrane fusion process and together with other proteins 

including syntaxin, SNAP-25, and synaptobrevin (or VAMP), allow exocytosis of insulin granules in the 

immediately releasable pool.  In addition to this, SNARE proteins tether the insulin granules within close 

proximity of the calcium channels to ensure maximal response from minimal Ca
2+

 influx [47]. 

 

The role of glycolysis and mitochondrial oxidative phosphorylation 

Glycolysis occurs in the cell cytosol and is the process by which glucose is converted to pyruvate, yielding a net 

of two molecules of ATP per molecule of glucose (Figure 2).  The glycolytic pathway is nearly ubiquitous in 

cellular organisms and is an important process not only to provide a small amount of ATP but to provide 

precursor components for the TCA cycle and oxidative phosphorylation [52].   

Often referred to as the citric acid cycle or the Kreb’s cycle, the TCA cycle produces substrates that 

will be utilised in oxidative phosphorylation to produce ATP under aerobic conditions [52].  Oxidative 

phosphorylation occurs within the inner mitochondrial membrane and is the process by which ATP is generated 

by the transfer of electrons from NADH or FADH2 to oxygen by a series of electron transporters.  In essence, 

this is achieved by the generation of an electron-motive force, conversion into a proton-motive force and using 

this force to drive ATP synthesising assembly [52]. 

 Mitochondrial oxidative phosphorylation plays an important role for insulin secretion, as it provides 

much of the needed ATP to change the ATP/ADP ratio [53-55].  Additionally, mitochondrial second messengers 

such as 2-oxoglutarate are known to mediate insulin secretion via the ATP-independent pathway [56] and this 

has been the subject of many excellent reviews [57, 58].  It has been clearly established that mitochondrial 

dysfunctions can lead to diabetes [59-61].  Recent experiments have shown that mice deficient in the pancreatic 

duodenal homeobox 1 (PDX1), a β-cell master gene, displayed defective insulin secretion due in part to 

suppression of the mitochondrial transcription factor A (TFAM) [59].  TFAM is crucial for the stability and 

transcriptional activity of mitochondrial DNA [62]. 

However, the question of the relative contribution of mitochondrial oxidative phosphorylation versus 

other pathways in physiological insulin secretion remains controversial [63-67].  One such argument is in 

regards to reactive oxygen intermediates (ROI), which include hydroxyl radicals, hydrogen peroxide, 

superoxide, and singlet oxygen produced in the mitochondria [68], peroxisomes [69], and plasma membrane-

associated NAD(P)H oxidases [70].  Excess ROI levels lead to suppression of insulin secretion [71, 72], 
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however, absent or very low ROIs also inhibit insulin secretion.  Low but not excessive ROIs stimulate insulin 

secretion [71, 73].   

While the fact the mitochondrial derived ROI’s having a role in insulin secretion is not disputed, some 

researchers propose that other sources of ROI’s may contribute to a larger extent towards insulin secretion than 

previously thought.  Rotenone, an inhibitor of mitochondrial complex I, stimulates insulin secretion at basal 

glucose levels [74] and taken together with a previous study showing that rotenone inhibition of mitochondrial 

activity reduces mitochondrial ROI production in cardiac cells [75] may indicate that extra mitochondrial 

sources of ROI are responsible for the increased insulin secretion. 

 

Restoration of first phase insulin secretion 

First phase insulin secretion is crucial in maintaining glucose homeostasis and a reduction in this early phase 

may be the first detectable sign of β-cell dysfunction and increased risk of T2D.  Therefore, restoration of first 

phase insulin secretion may have a positive impact on disease development.  A study in dogs showed that 

restoration of first phase insulin secretion (even in the absence of second phase) reduced EGP [76].  Inadequate 

suppression of EGP can lead to IGT [76-78], so restoration of first phase insulin secretion could be an important 

first step in the treatment or prevention of type 2 diabetes. 

Advances in medical techniques have allowed individuals with morbid obesity and T2D to undergo 

various forms of bariatric surgery to reduce body weight.  In most cases, this either substantially improves or 

cures T2D [32, 79-81].  These types of surgery may involve a variety of procedures but the general premise is 

reducing the size of the stomach by using a medical device or removal of a portion of the stomach in morbidly 

obese patients.  This can be combined with a bypass procedure so that the stomach contents do not pass into the 

proximal small intestine.  While weight loss and the control of diabetes after these types of surgeries has been 

well established [32, 79-81], a surprising finding is that first phase insulin secretion is also restored, often soon 

after surgery [32, 79].  The exact mechanisms responsible for this are as yet unknown but it was thought that 

weight loss was not the mechanism due to the relatively short time frame for improvement in first phase insulin 

secretion (one month after surgery) [79].  “Normal” weight loss obtained through dieting was unable to restore 

first phase insulin secretion in T2D patients [82, 83].  Various factors including changes in gastrointestinal 

hormones, adipokines, gluco- and lipotoxicity have been proposed as mechanisms for the restoration of first 

phase insulin secretion post surgery [79].  However, a new study suggests that pronounced calorie restriction 

itself, and the associated decreased pancreatic fat content may be the cause [83].  Researchers in this study 
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showed that patients with T2D who went on a calorie restricted diet (total energy intake of 2.5 MJ (600 

kcal)/day)) showed that first phase insulin secretion was restored after 8 weeks on the diet [83].  This may have 

been due to the decrease in total pancreatic fat observed in the dieting patients and despite the small sample size 

(11 T2D patients and 9 matched control individuals), it provides fascinating insight into the potential 

mechanisms for the improvements seen in bariatric surgery patients. 

A number of important large scale clinical trials have also been also been performed, including the 

Diabetes Prevention Program (DPP) [84] and the Troglitazone In the Prevention Of Diabetes (TRIPOD) study 

[85], and the results of some of these studies are summarised in Table 1. 

 

 

Regulatory genes 

Identifying genes that play a role in insulin secretion is an important research area which has the potential to 

lead to targets for the treatment of diabetes.  A summary of some of these regulatory genes is outlined below. 

 

Genome wide association studies 

There is substantial evidence from studies both in families [86] and monozygotic twins [87] for a strong genetic 

component of type 2 diabetes.  Correspondingly, recent studies using large scale, genome wide association 

studies (GWAS) have identified ~40 susceptibility loci.  Polymorphisms within these loci increase the risk of 

T2D and, in the majority of cases; this is through changes in beta-cell function [3, 4, 88, 89].  The identification 

of such susceptibility loci has prompted a number of subsequent studies which have sought to explore the 

molecular mechanisms through which the implicated genes may impact on β-cell function or survival using 

rodent models and cellular systems [90-93].  It is unclear which of these genes have an impact on first phase 

insulin secretion yet but polymorphisms in the transcription factor 7-like 2 (TCF7L2) are associated with 

reduced first phase insulin secretion [94]. 

 

Glucose transporter 2 

To perform its biological function, glucose needs to be transported across the plasma membrane and this is 

facilitated by a family of glucose transporters; GLUT1-12.  The members of the GLUT family are highly related 

but they differ in their tissue specificity and function [95].  GLUT2 is highly expressed in the liver and 

pancreatic β-cells and is an important part of the glucose sensing mechanism necessary for insulin secretion due 
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to its low affinity and high Km for glucose [96].  Reduced expression of GLUT2 has been found in animal 

models of type 2 diabetes including the neonatal streptozotocin rat [97], the diabetic Zucker rat [98], and the 

db/db mouse [99].  Mice that have a homozygous deletion of GLUT2 display characteristics of type 2 diabetes, 

including a loss of first phase but preserved second phase insulin secretion [100].  The relative importance of 

GLUT2 in humans is less clear.  People with some mutations in GLUT2 develop Fanconi-Bickel syndrome, 

which is associated with glucose intolerance and diabetes [101].  A V197I mutation in human GLUT2 has been 

shown to abolish glucose transport [102] and thought to be associated with T2D [103].   However, in a small 

sample of human control and diabetic subjects, no change in GLUT2 mRNA or protein expression was observed 

[104, 105] and a recent study has suggested that GLUT1 and GLUT3 are the main glucose transporters in 

human pancreatic β-cells [106].  Indeed, GLUT1 expression in human islets was higher than GLUT2 [105].  

Therefore, despite the very clear effects of GLUT2 disruption in mice with regards to insulin secretion, human 

GLUT2 may not have the same roles as it does in rodents. 

 

Glucokinase 

β-cells secrete insulin in response to increases in blood glucose levels and thus they need to be able to sense 

changes in glucose concentrations.  Glucokinase (GK) is the initial rate determining step of the glycolytic 

pathway (Figure 2), phosphorylating glucose to glucose 6-phosphate.  Glucokinase is thought to be the main 

glucose sensor for β-cells due to its high Km of approximately 10 mM and high specificity for glucose [107].  

This is supported by the fact that heterozygous mutations in GK cause maturity onset diabetes of the young 

(MODY).  In humans, GK mutations account for 50 % of cases of MODY [108-110] and cause a right-shift in 

the GSIS curve. 

 A number of studies have been performed to identify the role of GK in β-cells [107, 111-115].  Mice 

with homozygous deletions of GK are born diabetic and die shortly after birth.  However, mice with one 

functioning allele of GK survive (GK
+/-

) but are hyperglycaemic and display impaired first and second phase 

glucose stimulated insulin secretion (GSIS) [107, 112].  This was shown to be caused by the inability of glucose 

to close the KATP channels and thus inadequate depolarisation of the β-cell [114].  Mice with targeted deletion of 

GK only in the β-cells display a very similar insulin secretory profile to that of the GK
+/-

 mice [111].  

Interestingly, as GK is only expressed in the liver and pancreatic β-cells, rescue of GK
-/- 

mice was possible by 

overexpressing GK in the β-cells only, suggesting that β-cell GK was more important than liver GK for glucose 

homeostasis and survival [107]. 
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KATP channels 

An important step in the triggering pathway of insulin secretion is the closure of the KATP channels, allowing for 

subsequent membrane depolarisation and insulin exocytosis.  The KATP channels in general are comprised of a 

K
+
 inward rectifier (Kir6.1 or Kir6.2) and a sulfonylurea receptor (SUR1 or SUR2), with SUR1 and Kir6.2 

making up the pancreatic β-cell KATP channels [116].  It has been shown that disruption of either of these 

subunits leads to impaired insulin secretion in mice [117, 118] but conversely leads to hypoglycaemia and 

increased insulin secretion in people [119-121].   

 Both SUR1
-/-

 and Kir6.2
-/-

 mice have been generated and display similar phenotypic changes [117, 118, 

122, 123].  Glucose stimulated insulin secretion, both first and second phase, was impaired in the SUR1
-/-

 and 

Kir6.2
-/-

 mice.  Interestingly, euglycaemia was maintained by these animals, as the Kir6.2
-/-

 mice had no 

deviations in their glucose tolerance compared to control littermates [118], and the SUR1
-/-

 had normal random 

fed glucose levels (albeit with slightly impaired glucose tolerance) [117].  This was achieved through different 

mechanisms.  The Kir6.2
-/-

 mice was able to maintain normal glucose tolerance in the face of reduced first and 

second phase GSIS due to an increased insulin sensitivity in peripheral tissue [118].  However, the SUR1
-/- 

mice 

did not display any changes to insulin sensitivity and the authors postulated that euglycaemia was maintained in 

a fed state by insulin release via KATP channel independent pathways [117]. 

 

Fructose-1,6-bisphosphatatase 

Fructose-1,6-bisphosphatase (FBPase) is a gluconeogenic enzyme that catalyses the conversion of fructose-1,6-

bisphosphate to fructose-6-phosphate.  The expression of FBPase has been shown to be increased in a number 

of diabetic mouse models including the New Zealand Obese (NZO) and the BTBR mice [124, 125] and this 

increase in expression may be induced by an increase in fatty acids [126, 127].  Insulin secretion was reduced in 

mice and the MIN6 cell model with an overexpression of FBPase and it is physiologically relevant to human 

T2D as human T2D islets have an increase in FBPase expression [127].  FBPase overexpressing MIN6 cells 

had reduced glucose utilisation and metabolism, resulting in a reduction in ATP generation, all of which 

contribute to the observed reductions in insulin secretion [127].   

 

Hypoxia inducible factor-1 
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We have identified a pair of transcription factors; hypoxia inducible factor-1α (HIF-1α) and the aryl 

hydrocarbon receptor nuclear translocator (ARNT), which play a role in first phase insulin secretion.  ARNT 

and HIF-1α forms the HIF-1 transcription factor, first identified by Semenza and Wang in 1992 [128].  It was 

first brought to attention as a regulator of insulin secretion by Gunton and colleagues [105] when it was 

described that ARNT was markedly reduced in islets of T2D patients.  Mice with β-cell specific knockout of 

ARNT had reduced glucose tolerance and absent first and impaired second phase GSIS both in vivo and in 

isolated islets.  This was supported by evidence in siRNA knock down of ARNT in the MIN6 cell culture line, 

which showed similar results.  The reduced insulin secretion was accompanied with decreased expression of 

glucose-6-phosphoisomerase (G6PI) and aldolase (ALDO), two key glycolytic genes [105].  ARNT was 

previously thought to be ubiquitously and constitutively expressed, but it has since been shown that the 

carbohydrate-responsive element-binding protein (ChREBP) is a negative regulator [129].   

Subsequent studies have shown that ARNT’s partner HIF-1α also plays an important role in insulin 

secretion.  HIF-1α protein is regulated post translationally in an oxygen dependent manner.  Under hypoxic 

conditions, HIF-1α is stable and can bind to ARNT to commence transcription of target genes.  However, at 

normoxia, HIF-1α is targeted for degradation via an oxygen sensitive ubiquitin-proteasome pathway and has a 

very short half-life [130].  Studies in our lab have shown that mice with β-cell specific knockout of HIF-1α and 

also siRNA knockdown of HIF-1α in MIN6 cells displayed many of the same phenotypic changes seen in the 

ARNT knockout/knockdown models described above.  Similar to the ARNT knockout mice, mice with β-cell 

specific knockout of HIF-1α also has decreased expressions of the key glycolytic genes G6PI and ALDO, but 

also of GK and phosphofructokinase [131].  Both ARNT and HIF-1α seem to be regulators of glycolysis, and 

taken together with that fact they have reduced GSIS, would further provide backing for the importance of 

glycolysis in insulin secretion. 

Interestingly, when HIF-1α protein is stabilised with an iron chelator, insulin secretion was improved 

and ARNT gene expression was restored in type 2 diabetic human islets [131].  As such, HIF-1 seems to be an 

important regulator of insulin secretion and a possible target for therapy. 

 

Von Hippel-Lindau and Factor Inhibiting HIF 

Von Hippel-Lindau protein (VHL) is a tumour suppressor and forms a part of the pVHL-elonginB-elonginC 

(VBC) complex.  Under normoxic conditions, the VBC complex binds to HIF-1α protein and targets it for 

proteosomal degradation [132].  Deletion of VHL stabilises HIF-1α protein under normoxic conditions.  A 
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number of studies have found that mice with homozygous pancreatic or β-cell specific knockout of VHL have 

impaired insulin secretion and significantly impaired glucose tolerance [133-136].  However, mice with β-cell 

specific knockout of both VHL and HIF-1α reversed the VHL knockout phenotype and had normal insulin 

secretion, showing that the massive increase in HIF-1α protein was responsible for the deleterious effects [133].   

This raises an interesting scenario in which both deletion of HIF-1α and increasing HIF-1α protein (by 

deleting VHL) in mice both impaired insulin secretion.  We believe this follows a “Goldilocks” paradigm 

analogous to the effect of reactive oxygen species (ROS), where too much and too little are both deleterious for 

β-cell function.  Interestingly, HIF-1α is both regulated by and regulates ROS [137-139].  Not enough HIF-1α is 

detrimental [133-136].  However, increasing HIF-1α protein by using an iron chelator to the point where it is 

“just right” [131], and not to the levels observed by deleting VHL, is beneficial for insulin secretion.   

This is supported by a study by Zhang et al investigating the effects of knocking out factor inhibiting 

HIF-1α (FIH) [140].  Under normoxic conditions, HIF-1α protein is highly regulated at the protein level by 

hydroxlases, with FIH being one of them.  Mice with FIH knocked out displayed none of the characteristics of a 

VHL knockout, instead these mice had improved insulin sensitivity and decreased weight, even under a high fat 

diet challenge [140].  These results are similar to those reported by our group using iron chelation to stabilise 

HIF-1α protein activity [131].  Additional circumstantial support is provided by the fact that people with VHL 

syndrome in whom there are heterozygous mutations in VHL appear to be protected from diabetes development, 

especially after pancreatic resections [141-144].  To our knowledge, glucose tolerance in mice with 

heterozygous VHL defects in the pancreas has not been reported, and would be of particular interest. 

 

Insulin receptor 

The insulin receptor (IR) is a ubiquitously expressed cell surface protein capable of binding insulin with high 

affinity, setting off a cascade of insulin signalling reactions in peripheral tissues necessary for glucose 

homeostasis [145].  In humans, heterozygous mutations in IR resulting in loss of function any of the 

heteroterameric receptors including a mutant allele results in leprechaunism, with traits including growth 

retardation and diabetes [146].  The phenotype is very severe in mice with homozygous IR deletion in that they 

die shortly after birth (48 – 72 hrs) due to diabetic ketoacidosis [147].  Tissue specific IR knockout mice have 

been made.  Muscle specific IR knockout mice display some of the characteristics of T2D, including increased 

triglyceride and serum free fatty acids but glucose tolerance remains normal without additional insults [148].  

More interestingly, mice with β-cell specific knockout of IR display many of the characteristics of T2D, 
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including a loss of first phase but retained second phase insulin secretion [149].  This is of particular importance 

as it provides a model for T2D development, whereby insulin resistance at the β-cell level (replicated in mice 

with a β-cell specific knockout of IR) leads to reduced first phase insulin secretion, a major characteristic of 

disease development [149]. 

 

Nicotinamide nucleotide transhydrogenase 

Nicotinamide nucleotide transhydrogenase (NNT) is a nuclear encoded mitochondrial protein responsible for the 

reduction of NADP
+
 by NADH and conversion of NADH to NAD

+
.  This makes it particularly important in 

terms of insulin secretion because it generates NADPH and thus affecting mitochondrial metabolism [150].  

First identified to have a role in insulin secretion by Toye et al [151], NNT expression was shown to be 

significantly lower in C57BL/6J mice, a strain of mice exhibiting impaired glucose homeostasis independent of 

obesity (including reduced first phase insulin secretion after feeding).  In addition, C57BL/6J mice display a 5-

exon deletion in NNT, which is not present in other strains of mice including the closely related C57BL/6N 

[151, 152].  This was subsequently validated by a study showing that mice with mutant forms of NNT have 

reduced glucose tolerance and first phase insulin secretion, with an accompanied increase in glucose utilisation 

and decreased ATP production [150].  This phenotype was attributed to ROS mediated activation of UCP2 and 

thus uncoupling of mitochondrial oxidative phosphorylation [150].  In addition to this, upregulation of NNT was 

shown to be a cause for insulin hypersecretion in the DBA/2 mice, a diabetes susceptibility mouse model [153]. 

 

Nicotinamide phospho-riboysl-transferase and the Sirtuin family 

Recent findings have implicated the enzyme nicotinamide phospho-ribosyl-transferase (NAMPT) and 

nicotinamide adenine dinucleotide (NAD) biosynthesis in insulin secretion and metabolism [154, 155].  The 

enzyme NAMPT is the rate limiting step in NAD biosynthesis. Mice with a heterozygous deletion of NAMPT 

have been shown to have impaired glucose tolerance. Isolated islets from NAMPT
+/-

 mice have reduced glucose 

stimulated insulin secretion at 15 min after stimulation, a time point representing first phase insulin secretion in 

in vitro studies [155].  The authors found that the deficiency in insulin secretion was due to the defects in 

nicotinamide mononucleotide (NMN) and nicotinamide adenine dinucleotide (NAD) biosynthesis, possibly 

altering glycolysis or lipid oxidation as a downstream consequence [155].  The deficiency in NAD would have 

downstream effects on NAD-dependent enzymes, in particular, the sirtuin family. 
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The sirtuins are a family of deactetylases and mono-ADP-ribosyltransferases, of which there are seven 

in mammals, that use NAD as a substrate [156].  It has been previously reported that Sirt1 regulates insulin 

secretion by repressing UCP2 in β-cells [157] and over expressing Sirt1 in β-cells improves first phase insulin 

secretion [158].  More recently, Sirt4 has also been implicated as having a role in metabolism.  Sirt4 is a 

mitochondrial protein that has been shown to regulate insulin secretion by repressing glutamate dehydrogenase 

activity, thereby reducing the ability of mitochondria to generate ATP from glutamate and glutamine [159, 160].  

The generation of ATP is vital for the triggering pathway of insulin secretion and thus Sirt4 could play an 

important role in first phase insulin secretion.  These are the only members of the sirtuin family which have 

been directly associated with insulin secretion although emerging evidence may shed some light on the role of 

Sirt3 in this respect.  Reduced expression of Sirt3 in streptozotocin induced diabetic mice has been reported 

[161].   

 

Uncoupling proteins 

The uncoupling proteins (UCP) function by dissipating the energy from glucose/lipid oxidation as heat rather 

than flowing through the electron transport chain to produce ATP [162].  The uncoupling protein UCP1 is the 

classic and most well known UCP out of five (UCP1 – UCP5) but is predominantly expressed in brown adipose 

tissue [163, 164].  Of the other UCP’s, UCP2 has a definite role in insulin secretion, however research has 

shown conflicting results.  On one side of the argument, UCP2 expression has been proposed to be a major 

factor in obesity, β-cell dysfunction, and T2D, negatively regulating insulin secretion [165].  In clear contrast to 

this, a more recent study reported that over-expressing UCP2 in mice had no effect on insulin secretion [166].  

Another study has shown that mice with homozygous knockout of UCP2 have impaired β-cell function, 

possibly due to increased oxidative stress [167].  Therefore, even though UCP2 may have a role in insulin 

secretion, there are both positive and negative impacts in the current literature. 

 

Interactions between regulatory genes 

The regulatory genes described above often have roles within the same metabolic pathway or interact with each 

other to regulate insulin secretion.  GK, HIF-1, NNT, NAMPT, UCPs, and some members of the sirtuin family 

have either direct or indirect roles in either glycolysis or mitochondrial oxidative phosphorylation, and thus 

affecting the ability of β-cell to generate ATP.  In addition to this, work from our lab has shown that HIF-1 

regulates a number of glycolytic and glucose transporter genes, including GK and GLUT2 [105, 131].  In turn, 
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VHL regulates the proteasomal degradation of HIF-1α [132].  ARNT regulates genes in the insulin signaling 

pathway, including IR and insulin receptor substrate 2.  Mice with deletion of IR in β-cells lose first phase 

insulin secretion.  There are many genes that regulate insulin secretion, shown in (Figure 3).  

 

Summary 

It is clear that first phase insulin secretion has an important role in maintaining glucose homeostasis.  The initial 

insulin response after glucose stimulus primes the system, suppressing HGP in the liver and readies insulin 

sensitive tissue to take up the incoming glucose.  Previous research has shown that loss of first phase insulin 

secretion is one of the earliest detectable symptoms for T2D onset and emerging research has identified 

restoration of this phase of insulin secretion may benefit disease sufferers, the most pronounced being post-

bariatric surgery.  Research has identified many factors that play a role in first phase insulin secretion, including 

ATP/ADP ratios, ROS, HIF-1, VHL, and members of the sirtuin family (Table 2).  Therapies which increase 

first phase insulin secretion include weight loss and GLP-1 receptor agonists. More research will uncover even 

more regulatory genes and therapies and increase our ability to treat type 2 diabetes. 
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Abbreviations 

ADP  Adenosine diphosphate 

ALDO  Aldolase 

ARNT  Aryl hydrocarbon receptor nuclear translocator 

ATP  Adenosine triphosphate 

ChREBP Carbohydrate-responsive element-binding protein 

CIIIT  Chronic intermittent intravenous insulin therapy 

FBPase  Fructose-1,6-bisphosphatase 

FIH  Factor inhibiting HIF 

G6PI  Glucose-6-phosphoisomerase 

GIR  Glucose infusion rate 

GK  Glucokinase 

GLP-1  Glucogon like peptide-1 

GLUT  Glucose transporter 

GSIS  Glucose stimulated insulin secretion 

GWAS  Genome wide association studies 

HGP  Hepatic glucose production 

HIF-1α  Hypoxia inducible factor-1α 

IGT  Impaired glucose tolerance 

IR  Insulin receptor 

IVGTT  Intravenous glucose tolerance test 

KATP  ATP-sensitive potassium channels 

Km  Michaelis constant 

MMTT  Mixed meal tolerance test 

NAD  Nicotinamide adenine dinucleotide  

NNT  Nicotinamide nucleotide transhydrogenase 

NAMPT  Nicotinamide phospho-ribosyl-transferase 

PIVIT  Pulsatile intravenous insulin therapy 

ROI  Reactive oxygen intermediates 

ROS  Reactive oxygen species 

siRNA  Short interfering RNA 

SNARE  Soluble-N-ethyl-maleimide sensitive factor attachment protein receptor 

T2D  Type 2 diabetes 

TCF7L2  Transcription factor 7-like 2 

TCA  Tricarboxylic acid 

UCP  Uncoupling protein 

VBC  pVHL-elonginB-elonginC 

VHL  von Hippel-Lindau 

VDCC  Voltage dependent calcium channel 
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Figure 1 First and second phase insulin secretion in the β-cell.  First phase insulin secretion occurs very 

rapidly, usually within 10 minutes of glucose stimulation.  Second phase insulin secretion is more gradual and 

long lasting, occurring 25 – 30 minutes after glucose stimulation. 
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Figure 2 The glycolysis pathway.  The glycolytic pathway consists of ten enzymatic reactions to metabolise 

glucose to pyruvate.  For every one molecule of glucose metabolised, one molecule of NADH and two 

molecules of ATP are produced. 
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Figure 3 Model of insulin secretion in the β-cell.  A) Glucose is taken up and broken down by glycolysis.  

This provides substrates for the tricarboxylic acid (TCA) cycle, which in turn provides substrates for the 

electron transport chain (ETC).  ATP generation for the ETC increases the ATP/ADP ratio leading to closure of 

the KATP channels.  Calcium channels open after membrane depolarisation leading to an increase in intracellular 

calcium and subsequent insulin exocytosis.  The amplification pathway of insulin secretion is less well 

understood but operates independent of changes in ATP/ADP and the KATP channels.  B) The regulatory genes 

as described in the text and points of interaction with the insulin secretory pathway. 
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Study Methods Overall results Effects on insulin 

secretion 

Acarbose for the Study 

To Prevent Non Insulin 

Dependent Diabetes 

Mellitus (STOP-NIDDM) 

[168] 

Patients with impaired 

glucose tolerance were 

placed on placebo or 

acarbose treatment 

Progression to diabetes 

was reduced by 25% in the 

acarbose treatment group.  

This was accompanied 

with improved glucose 

tolerance 

Unknown 

Diabetes Prevention 

Program (DPP) [84] 

3234 non-diabetic subjects 

with increased fasting and 

post-load plasma glucose 

were placed on a placebo, 

metformin, or lifestyle 

modification program 

Incidence of diabetes was 

11, 7.8, and 4.8 per 100 

persons in the placebo, 

metformin, and lifestyle 

groups respectively 

Unknown 

Exenatide [169-171] 13 T2D patients were 

placed on saline or 

exenatide treatment 

Exenatide restored both 

first and second phase 

insulin secretion in T2D 

patients 

Both first and second 

phase insulin 

secretion was restored 

in T2D patients 

Glucagon-like Peptide 1 

(GLP-1) [172] 

20 T2D patients were 

placed on saline or GLP-1 

treatment for six weeks 

T2D on GLP-1 treatment 

had decreased plasma 

glucose, HbA1C, free fatty 

acids, and improved 

insulin sensitivity 

First and second 

phase insulin 

secretion, as measured 

by C-peptide, was 

improved with GLP-1 

treatment in T2D 

patients 

Liraglutide [173, 174] 746 individuals with early 

T2D were placed on 

liraglutide or glimepiride 

treatment for 52 weeks 

Liraglutide was shown to 

be a better treatment than 

glimepiride, with 

improved HbA1C and 

blood pressure 

Insulin secretion, as 

measured by C-

peptide deconvolution 

analysis was 

increased in T2D 

patients with 

liraglutide treatment  

Troglitazone In the 

Prevention Of Diabetes 

(TRIPOD) [85, 175] 

Latina women that fit the 

selection criteria, including 

prior gestational diabetes, 

were placed on 

troglitazone or placebo 

treatment 

Troglitazone reduced 

incidence of diabetes in 

test subjects by >50% 

while preserving β-cell 

function 

First phase insulin 

secretion was reduced 

in the placebo group 

but remained the same 

in the troglitazone 

group 

 

Table 1.  A summary of some clinical studies regarding T2D prevention and treatment. 
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Genotype Effect on first phase insulin 

secretion 

Effect on second phase insulin 

secretion 

β-cell specific knockout of 

ARNT [105] 

Absent  Absent 

FBPase transgenic [127] Decreased  Decreased 

GLUT2
-/-

 [100] Absent  Unchanged 

GK
+/-

 [107] Decreased  Decreased 

β-cell specific knockout of 

HIF-1α [131] 

Decreased  Unchanged 

β-cell specific knockout of 

IR [149] 

Absent  Unchanged 

Kir6.2
-/-

 [118] Decreased  Absent 

NAMPT
+/- 

[155] Decreased  Decreased 

Mutant NNT [150] Decreased  Decreased 

Sirt1
-/-

 [157] Absent Absent 

Sirt1 transgenic [158] Increased  Unchanged 

SUR1
-/-

[117] Decreased  Absent 

Polymorphisms in human 

TCF7L2 [94] 

Decreased  Unknown 

UCP2
-/-

[165, 167] Both increased and decreased  Both increased and decreased 

β-cell  and pancreas 

specific knockout of VHL 

[133-136] 

Decreased  Decreased 

 

Table 2.  A summary of the genes described in the text and its effects on insulin secretion. 
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