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2. SUMMARY 

Hyperglucagonemia, caused by dysregulated glucagon secretion, is a hallmark 

of diabetes mellitus. Understanding the molecular mechanisms underlying 

hyperglucagonemia will unravel new targets for diabetes treatment. Insulin-

degrading enzyme (IDE) gene is in one of the genetic locus related to diabetes 

susceptibility. This study investigates the role of IDE in the regulation of glucagon 

secretion by pancreatic α-cells. 

In this study, we have observed a decrease in IDE protein levels under inhibitory 

conditions of glucagon secretion, by high glucose levels. Additionally, we have 

found that genetic inhibition of Ide levels in α-cells resulted in impaired glucagon 

secretion. 

We have proposed several potential mechanisms to explain the inhibitory effect 

of reduced IDE on glucagon secretion. First, we observed reduced levels of 

SNARE proteins involved in glucagon exocytosis by                                                                                                                                                                                                                                                                                                                                              

α-cells. Second, we found increased levels of α-synuclein in α-cells, which has 

been related to disruption of SNARE protein function and impaired exocytosis. 

Third, IDE was also found to be involved in the regulation of tubulin cytoskeleton 

in α-cells. Disruption of microtubule dynamics can hinder the intracellular 

transport of secretory granules and fusion with the plasma membrane during 

exocytosis, thereby affecting glucagon secretion. Fourth, IDE was found to be 

involved in primary cilia formation, its absence led to impaired ciliogenesis with 

decreased cilia length and number. Impaired ciliogenesis led to poor cell 

differentiation and increased α-cell proliferation.  

In conclusion, this study provides evidence for the involvement of IDE in the 

regulation of glucagon secretion in pancreatic α-cells. IDE appears to play a key 

role in the function of SNARE proteins, α-synuclein regulation, cytoskeleton 

dynamics, and ciliogenesis, all these factors could contribute to proper glucagon 

secretion in physiological conditions. On the other hand, sustained loss of IDE 

expression leads to α-cell mass expansion and dysregulated glucagon secretion 

leading to hyperglucagonemia. 
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3. INTRODUCTION 

3.1. ENDOCRINE PANCREAS 

The human pancreas, located in the upper abdomen behind the stomach, is a 

mixed gland divided into head, body, and tail. It is composed of small lobules 

ranging from 1 to 10 mm diameter, which consist of ducts, acini, and highly 

vascularized endocrine cell clusters. 

These structures reflect the two primary functions of the pancreas, which are 

related to digestion and glucose regulation in the body. The majority of the 

pancreas (98% of the organ) is made up of exocrine cells that secrete digestive 

enzymes and bicarbonate into the duodenum through acini that open into 

intercalated ducts, which connect to centro-acinar cells (Figure 1).  

 

Figure 1. Overview of the anatomy and localization of the human pancreas. Taken from [1]. 

 

In contrast, pancreatic hormones are released in an endocrine manner, directly 

into the portal vein. Endocrine cells are clustered together, thereby forming the 

islets of Langerhans, which are small, island-like structures within the exocrine 

pancreatic tissue that account for only 1–2% of the entire organ.  

Although the exocrine pancreas constitutes the major part of the organ, the 

endocrine pancreas plays a crucial role in metabolic regulation by secreting 
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various hormones into the bloodstream. These hormones are responsible for 

glucose control, metabolism and feeding behaviour. 

3.1.1. Islets of Langerhans 

The pancreatic islets, discovered by Paul Langerhans in 1869 [2], are 

characterized by a dense network of capillaries that pervade the islet [3], while a 

thin collagen capsule [4] and glial sheet [5] separate the endocrine cells from the 

exocrine component. Islets can vary significantly in size, ranging from small 

clusters consisting of only a few cells to large aggregates containing thousands 

of cells. It has been estimated that there are 3.2 to 14.8 million islets in an adult 

human pancreas, with a total islet volume of 0.5 to 2.0 cm3 [6]. The architecture 

and cellular composition of pancreatic islets can vary both within and between 

species [7, 8].  

The close arrangement of islet endocrine cells and blood vessels allows for the 

establishment of a paracrine signaling network that operates through various 

mechanisms, including proximity, cell-to-cell contact via gap junctions, and local 

blood flow. This tightly packed organization enables efficient communication 

between cells and plays a crucial role in maintaining proper physiological function 

within the islet. [9] 

The paracrine islet signaling network is a complex system of communication 

between the five endocrine cell types within pancreatic islets: 

 α-cells: They produce glucagon. In rodents, α-cells constitute 

approximately 20%, whereas in humans they represent about 35% of the 

endocrine islet cells and are distributed randomly throughout the islet [10, 

11]. Glucagon stimulates both, insulin and somatostatin secretion. 

 β-cells: They produce insulin, amylin and C-peptide. In rodents, they 

make up to 80% of the islet cells whereas in humans they account for up 

to 50-70% of the islet cells [12]. Insulin inhibits glucagon secretion. 

 δ-cells: They produce somatostatin and make up to 3-10% of the total 

islet cells both in humans and rodents [12]. Somatostatin inhibits both 

glucagon and insulin release [13]. 
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 γ-cells: They produce pancreatic polypeptide (PP) and comprise 3-5% of 

the total islet cells both in humans and rodents [14]. PP regulates the 

exocrine and endocrine secretion activity of the pancreas [15]. 

 ε-cells: They produce ghrelin and represent less than 1% of the total islet 

cells both in humans and rodents [16]. 

The hormones secreted by the different cell types work together to regulate 

glucose uptake and utilization in various tissues, preventing both hyperglycemia 

and hypoglycemia. 

Although the islets have a similar cellular composition among different species, 

interspecies differences in the islet microanatomy, particularly between rodents 

and humans, are noteworthy [7, 17], as shown in Figure 2. 

 

Figure 2. Differences between human and mouse pancreatic islets. Modified from [18]. 
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While rodent islets are dominated by β-cells at the core, surrounded by α-cells in 

the mantle, human islets are a more heterogeneous mix of endocrine cells with 

varying proportions between individual islets [12, 19, 20]. This diversity in cell 

types and ratios can have significant implications for paracrine signaling, allowing 

islet endocrine cells to influence nearby cells through the release of various 

factors such as hormones, peptides, neurotransmitters, metabolites, and 

extracellular vesicles. However, when the islet organization becomes altered, it 

can substantially contribute to impaired glucose regulation, insulin resistance, 

and diabetes [18, 21–25]. 

3.1.2. Glucose homeostasis control by pancreatic hormones 

The pancreas regulates blood glucose levels within a narrow range of 4-6 mM 

through the action of its hormones, primarily insulin and glucagon. This process 

is known as glucose homeostasis and it is achieved through the balanced actions 

of insulin and glucagon [26], as shown in Figure 3.  

When blood glucose levels are low during sleep or between meals, the pancreas 

releases glucagon from α-cells to promote hepatic glycogenolysis and increase 

endogenous blood glucose levels through hepatic gluconeogenesis during 

prolonged fasting [27].  
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Figure 3. Glucose homeostasis regulation by insulin and glucagon. Taken from [28]. 

 

On the other hand, when there is a rise of exogenous glucose levels, such as 

postprandial conditions, insulin secretion from β-cells is stimulated [29]. Insulin 

binds to its receptor in various tissues, including muscle, adipose tissue, and the 

liver, enabling insulin-dependent glucose uptake into these tissues, which 

removes exogenous glucose from the bloodstream [30–32], and thereby lowering 

blood glucose levels. Insulin also promotes glycogenesis [33], lipogenesis [34, 

35], and the incorporation of amino acids into proteins [36].  

Disruptions in this balance can lead to metabolic disorders such as diabetes 

mellitus. Factors such as sedentary lifestyle, poor dietary habits, obesity, and 

genetic predisposition contribute to the rising incidence of diabetes. It is crucial 

to promote awareness, early diagnosis, and effective management of diabetes to 

mitigate its impact on individuals and public health. 
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3.2. PANCREATIC α-CELL AND GLUCAGON 

3.2.1. Pancreatic α-cell development 

Pancreas is originated from the endodermal gut tube epithelium, and during 

development, a subset of epithelial cells starts to express the pro-endocrine 

progenitor factor Ngn3+, which gives rise to all types of pancreatic endocrine cells. 

Different patterns of transcription factors are then activated, leading to the 

differentiation of distinct endocrine pancreas lineages. In humans, insulin can be 

detected as early as gestational week 8, while glucagon positive cells emerge 1 

week later [37].  

During pancreas development, the differentiation of α-cells is dependent on the 

presence of several transcription factors as shown in Figure 4 including Prox1, 

Pax6, Arx, Nkx2.2, NeuroD1/β2, Isl1, Sox4, and Foxa2 have been shown to 

regulate this process [38–41]. 

Arx, FoxA2 and Pax6 are particularly essential for α-cell development, as mice 

lacking any of these factors cannot produce functional α-cells [38, 40, 41]. 

Moreover, in vivo and in vitro studies have shown that proglucagon transcription, 

and therefore the maintenance of α-cell function is regulated by several factors, 

including Foxa1, Pax6, MafB, Brn4 and Isl1 [42].  

 

  

 

Figure 4. Embryonic development of pancreatic α- and β-cells. Taken from [40]. 
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3.2.2. Glucagon biosynthesis 

Glucagon is encoded by proglucagon, a 160-amino acid protein that is derived 

from the proglucagon (Gcg) gene. The preproglucagon is cleaved in the 

endoplasmic reticulum to form proglucagon, which gives rise to different peptide 

hormones including glicentin, glicentin-related pancreatic polypeptide (GRPP), 

oxyntomodulin (OXM), and the glucagon-like peptide 1 (GLP-1) and glucagon-

like peptide 2 (GLP-2) [41, 43, 44].  

Glucagon is predominantly produced in the pancreatic α-cells, but small amounts 

are also synthesized in enteroendocrine L-cells of the intestinal mucosa [45], as 

well as in a subset of neurons in the nucleus tractus solitarius (NTS) of the brain 

stem [46–48]. As shown Figure 5, the tissue-specificity of proglucagon cleavage 

is achieved by the selective expression of prohormone convertase enzymes. 

Glucagon is cleaved from proglucagon by the prohormone convertase 2 (PC2; 

also called PCSK2), whereas GLP-1, GLP-2, OXM, and glicentin are derived from 

proglucagon through prohormone convertase 1 (PC1; also called PCSK1)-

mediated cleavage in the brain and the intestine [46, 49–51].  

Proglucagon is transported to the Golgi apparatus, where it is further processed 

by the PC2 to form glucagon. After processing, glucagon is stored in secretory 

granules in the α-cells of the pancreas until it is released [52]. 

 

Figure 5. Glucagon biosynthesis. Taken from [53]. 
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a. Transcriptional regulation of preproglucagon 

The tissue-specific expression of preproglucagon gene (Gcg) is regulated by the 

binding of different transcription factors to specific DNA control elements in the 

Gcg promoter region [39, 41]. Accordingly, the rat Gcg promoter comprises at 

least six DNA control elements (G1-G5 and a cAMP response element; CRE [41, 

54]. As shown in Figure 6, the control elements can be divided into an essential 

promoter (TATA box, G1 and G4 elements), which is crucial for α-cell specific 

expression of Gcg and enhancer elements (G5, G2, G3, and CRE) [41, 44, 55, 

56].  

 

Figure 6. Transcriptional regulation of preproglucagon. Taken from [52]. 

 

Homeodomain proteins, including Pax6, cMaf, MafB, Pdx1, Pax4, Nkx6.1, Foxa1, 

and Foxa2, bind to these elements to either activate or inhibit Gcg expression 

[41, 52].  

3.2.3. Glucagon secretion by pancreatic α-cells 

Agents inhibiting glucagon production, secretion or action have been proposed 

as treatment for diabetes [57].  

In T1D the islets contain mostly hyperplastic α-cells that produce an uncontrolled 

and inappropriate amount of glucagon. Without the opposing action of insulin, this 
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leads to unrestricted hepatic gluconeogenesis and glycogenolysis, resulting in 

high blood glucose levels and contributing to diabetic ketoacidosis.  

In T2D, inappropriately high glucagon release and insufficient suppression of 

glucagon action by insulin contribute to fasting and postprandial hyperglycemia, 

respectively. The mechanisms underlying how glucose regulates glucagon 

secretion at the islet level remain unclear, specifically whether glucose controls 

glucagon secretion by a direct action on α-cells, or indirectly via β- and/or δ-cells. 

a. Direct regulation by glucose 

Glucose is taken up by the α-cells through the glucose transporter 1 (GLUT-1), 

which is encoded by the SLC2A1 gene [58, 59]. GLUT1 has a Km value of ~ 1 

mM, this low Km value of GLUT1 ensures a high affinity for glucose and its rapid 

uptake [58].  

As shown in Figure 7, these cells contain a series of ion channels, including ATP-

sensitive potassium (KATP) that modulate the membrane potential in a glucose-

dependent manner [60]. After uptake, glucose is metabolized by mitochondria 

leading to changes in intracellular ATP levels. Increased ATP levels make KATP 

channels to partly open, resulting in depolarization of the cell membrane [61]. As 

result of depolarization of the cell membrane, Na+ and voltage-gated calcium 

channels (VGCCs) open. The resulting influx of Na+ and Ca2+ triggers the 

exocytosis of secretory granules containing glucagon [62]. In the α-cells, the 

Ca2+ influx is mediated through a specific set of voltage-dependent Ca2+ channels 

(L-, N-, T-, or R-type Ca2+ channels) depending on the species. These channels 

differ from one another in the membrane potential required to open and cause 

Ca2+ influx [54, 63–66]. For instance, the L- and N-type Ca2+ channels open at a 

relatively high voltage of approximately −40 to −30 mV, while the T-type channels 

open at −60 mV [60].  

In electrically excitable cells, regulated exocytosis is a complex process that 

involves trafficking and docking of the secretory vesicles to the plasma 

membrane, leading to the release of their content [67].  
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Figure 7. Mechanism of glucose-stimulated glucagon secretion in pancreatic α-cell. 

Modified from [61]. 

 

This process is initiated by the interaction of exocytotic Soluble N-ethylmaleimide-

sensitive factor attachment protein receptors (SNARE) proteins with the secretory 

vesicles and with the Ca2+ sensor synaptogtamin [67]. The SNARE complex is 

composed of synaptosomal-associated protein 25 kDa (SNAP-25), syntaxin-1A 

(STX1A), and vesicle-associated membrane protein 2 (VAMP2) [68–70]. It is 

thought that the formation of the SNARE complex brings the granules close to 

the plasma membrane, followed by docking, priming, and fusion of the granules 

to the membrane. The opening of the fusion pore seems to be triggered by Ca2+-

induced interaction of synaptotagmin with the SNARE complex, although the 

mechanism is not yet fully understood. 

Under conditions of high glucose concentrations, glucose metabolism is 

stimulated via high-Km glucokinase (GCK), leading to a further elevation of the 

ATP/ADP ratio and the complete inhibition of KATP channel activity as shown in 
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Figure 7. This leads to stronger membrane depolarization with results in a 

inactivation of the Na+ channels, less activation of the Ca2+
P/Q channel, a smaller 

increase in Ca2+ intracellular concentrations and suppression of glucagon 

exocytosis [65].  

The spatial distribution of α-cells and the vascular organization within the islet 

sustain an important intercellular communication through autocrine and paracrine 

mechanisms. 

b. Paracrine regulation of glucagon secretion 

The paracrine regulation of glucagon secretion in the endocrine pancreas 

involves a complex interplay of various factors including insulin, GABA, amylin 

and Zn2+ secreted by β-cells and somatostatin secreted by δ-cells, as shown in 

Figure 8. 

Insulin: It is secreted by β-cells, several studies have shown that insulin inhibits 

glucagon secretion [18] acting through its receptor present in α-cells [71]. Ablation 

of insulin receptors in mice induces hyperglucagonemia and hyperglycemia in the 

fed state [23]. Insulin inhibits glucagon release through several pathways, 

including activation of the IR-PIK3 signaling pathway [72], modification of the 

sensitivity of KATP channels to ATP [73], increasing KATP channel activity [71], and 

translocation of A-type GABA receptors to the cell membrane [74]. Insulin also 

inhibits Ca2+ signals induced by low-glucose concentrations, mainly by altering α-

cell membrane potential [75]. 

Amylin: It is a peptide hormone that is also co-secreted with insulin by β-cells in 

response to nutrients, especially glucose [52]. In rats, infusion of amylin 

supresses arginine-induced glucagon release [76] and amylin receptor blockage 

increases glucagon secretion [77], indicating that amylin can regulate glucagon 

secretion. The exact mechanism by which amylin regulates glucagon secretion 

is not fully understood. 

GABA: It is a neurotransmitter secreted from β-cells that inhibits glucagon 

release. However, α-cells do not express functional GABA receptors or have low 

expression levels of these receptors [78]. Despite this, studies suggest that GABA 

inhibits glucagon release [78–81], possibly by facilitating glucose-mediated 

inhibition of glucagon secretion [82]. Moreover, some studies have not found 
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effects of GABA on Ca2+ concentrations [83, 84] or electrical membrane 

potentials of α-cells [85, 86]. 

 

Figure 8. Paracrine regulation of glucagon secretion in pancreatic α-cells. Taken from [18]. 

 

Somatostatin: It is secreted from pancreatic δ-cells, it strongly inhibits glucagon 

secretion [13, 40, 78]. There are three known mechanisms by which somatostatin 

inhibits glucagon secretion: 1) membrane hyperpolarization of α-cells by 

activating G protein-gated K+ channels and inhibiting electrical activity [87], 2) 

inhibition of adenylate cyclase activity and reduction of intracellular cyclic 

adenosine monophosphate (cAMP) in α-cells [88], and 3) inhibition of exocytosis 

in α-cells through activation of calcineurin [87]. 

GLP-1: It is an incretin hormone secreted by the L-cells of the small intestine after 

food intake, stimulating insulin production and inhibiting glucagon release. 

However, the suppressive effect of GLP-1 on glucagon secretion in vivo and in 

perfused pancreas contrasts with the effects found in single α-cells [89]. 

In isolated rat α-cells, GLP-1 stimulates glucagon secretion by interacting with 

specific receptors coupled to G-proteins that activate adenylate cyclase, thereby 

increasing cAMP levels [90, 91]. Thus, paracrine mechanisms may be 

responsible for the GLP-1 suppressing action [89]. These findings have been 
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supported by experiments using β-cell-specific knock-out mice for the 

transcription factor Pdx1, where the lack of effect of GLP-1 on β-cells was 

accompanied by its inability to induce an inhibitory action on glucagon plasma 

levels [92].  

c. Autocrine regulation of glucagon secretion 

Glucagon can act as a positive autocrine signal for its own secretion in α-cells 

through binding to glucagon receptors (a Gs-coupled receptor) and increasing 

intracellular cAMP levels [91]. In αTC1.9 cells and mouse islets, exogenous 

administration of glucagon, as well as secreted glucagon stimulated by 1 mM 

glucose, can increase glucagon secretion and proglucagon gene transcription. 

This effect appears to be mediated by the protein kinase A (PKA)-cAMP-cAMP 

response element-binding (CREB) signaling pathway and requires activation of 

the glucagon receptor [93]. Interestingly, it appears to be a positive feedback loop 

between glucagon and its receptor on the α-cell, which is controlled by the 

pulsatile nature of glucagon secretion. This mechanism can be particularly 

important in response to hypoglycemia when a large amount of glucagon needs 

to be secreted quickly. 

3.2.4. Glucagon action 

a. Glucagon signaling 

Glucagon exerts its activity by binding to the glucagon receptor, which belongs to 

the class B of G protein-coupled receptor (GPCR) superfamily [94, 95]. It is 

composed of seven transmembrane domains and is found on its main target cells 

including hepatocytes, adipocytes, pancreatic β-cells, some hypothalamus 

neurons, the gastrointestinal tract, the heart, and the kidney [96]. 

Upon activation, the glucagon receptor initiates intracellular signaling cascades 

that involve the activation of Gs and Gq. Gs activation, in turn, stimulates adenylyl 

cyclase to generate cAMP, leading to the activation of PKA. The activated PKA 

migrates to the nucleus, where it phosphorylates transcription factors such as 

CREB. Ser 133 phosphorylation enables CREB to bind to response elements 

(CRE) of target genes, facilitating the recruitment of coactivators and ultimately 

promoting gene expression. Some target genes of CREB in the liver include 
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Glucose-6-phosphatase (G6pc) and Phosphoenolpyruvate carboxykinase 

(Pepck), which are key enzymes in gluconeogenesis. 

On the other hand, activation of Gq by glucagon induces the activation of 

phospholipase C (PLC) leading to an increase in inositol 1,4,5-triphosphate (IP3), 

which signals to enhance release of Ca2+ from the endoplasmic reticulum. This, 

in turn, triggers downstream signaling cascades, including the activation of 

CREB-regulated transcription co-activator (CRTC2), which enhances CREB-

dependent genes expression [52, 97].  

b. Glucagon action on its target tissues 

Glucagon has specific actions on its target tissues to regulate glucose 

homeostasis, as shown in Figure 9. Its primary target tissue is the liver, where it 

stimulates two key processes: gluconeogenesis and glycogenolysis. 

Gluconeogenesis involves the production of glucose from non-carbohydrate 

sources, such as amino acids and glycerol. Glycogenolysis, on the other hand, 

promotes the breakdown of stored glycogen into glucose. These actions increase 

blood glucose levels, providing an essential energy source during fasting or 

periods of low glucose availability. 

In addition to the liver, glucagon also acts on adipose tissue. It promotes lipolysis, 

the breakdown of stored triglycerides into free fatty acids, which are released into 

the bloodstream. This mobilization of fatty acids serves as an alternative energy 

source when glucose levels are low. In addition, glucagon increases insulin 

secretion from pancreatic β-cells, which helps to prevent hypoglycemia.  

Although the direct effects of glucagon on skeletal muscle are minimal, it indirectly 

influences muscle metabolism. Glucagon promotes the breakdown of muscle 

protein, leading to the release of amino acids. These amino acids can be utilized 

by the liver for gluconeogenesis or other tissues for energy production. 

The specific actions of glucagon in the brain are not as well understood as its 

actions on other target tissues. Research suggests that glucagon may play a role 

in regulating appetite, food intake and satiety. Activation of glucagon receptors in 

the brain has been shown to reduce food intake and contribute to satiety, which 

helps in controlling body weight and energy balance [98]. 
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Glucagon actions on its target tissues are summarized in Figure 9. 

 

Figure 9. Glucagon actions on its target tissues. Taken from [99]. 

  

c. Glucagon receptor recycling 

After glucagon binds to its receptor, the receptor undergoes internalization. This 

process is initiated by the formation of a clathrin-coated pit, which invaginates 

and engulfs the receptor, forming an endocytic vesicle. The receptor is then 

transported to the endosome, a compartment inside the cell. In the endosome, 

the receptor can either be recycled back to the cell surface or degraded in the 

lysosome. The recycling of the GCGR back to the cell surface is an important 

process, as it enables the cell to respond to future glucagon signals. The recycling 

process involves the sorting of the receptor in the endosome and its transport to 

the recycling endosome. From there, the receptor is transported to the cell 

surface by vesicles. 

The recycling of the GCGR is regulated by several proteins, including RAB4, 

RAB5, RAB11, and RCP. These proteins are involved in the sorting and transport 

of the receptor in the endosome and recycling endosome. 
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d. Degradation and elimination of glucagon 

The degradation of glucagon mainly occurs via receptor-mediated endocytosis 

and proteolysis by the ubiquitous enzyme dipeptidyl peptidase 4 (DPP4). 

Consistent with the relative receptor expression, the liver and kidneys seem to 

represent the two main organs clearing glucagon from the circulation. The half-

life of glucagon in plasma is reported to be approximately 4-7 min in humans [45, 

100].  

3.2.5. Role of glucagon in diabetes 

Diabetes mellitus (DM) is a metabolic disorder characterized by hyperglycemia 

resulting from defects in insulin secretion, insulin action, or both [101].  

The hyperglycemia in diabetes mellitus can lead to long-term damage to many of 

the body’s organs, leading to disabling and life-threatening health complications 

such as cardiovascular disease, kidney disease, and nerve damage. However, if 

appropriate management of diabetes is achieved, these serious complications 

can be delayed or prevented [101].  

In 2021, the global death toll directly attributed to diabetes mellitus or its related 

complications reached a staggering 6.7 million, positioning the disease among 

the top 10 causes of mortality worldwide. The premature mortality and 

comorbidities stemming from diabetes represent a substantial economic burden 

on the healthcare systems of nations. Today, more than half a billion people are 

living with diabetes worldwide. It is projected that the number of people with 

diabetes will continue to rise in the coming years. According to the IDF Diabetes 

Atlas in 2021 (Figure 10), approximately 537 million adults aged 20-79 years are 

currently living with diabetes, which represents 10.5% of the world’s population 

in this age group. The total number is expected to reach 643 million (11.3%) by 

2030 and 783 million (12.2%) by 2045 [102].  

Spain has nearly doubled its number of people with diabetes in the last decade. 

In 2011, there were 2.8 million diabetics in Spain, but by 2021, this number had 

increased to 5.1 million [102].  

It is also important to highlight that an estimated 240 million people are living with 

undiagnosed diabetes worldwide, meaning almost one-in-two adults with 
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diabetes are unaware they have the condition. This highlights the importance of 

screening and early diagnosis of diabetes, as early detection can lead to better 

management of the condition and prevent, or delay complications associated with 

diabetes [102]. 

 

Figure 10. Diabetes prevalence in 2021 by International Diabetes Federation. Regions and 

projections for 2030 and 2045. Taken from [102]. 

 



  

48 
 

The classification of diabetes mellitus is complex and includes various subtypes 

with distinct underlying causes and clinical presentations. The most common 

types of diabetes are type 1 (T1D) and type 2 (T2D). 

In both T1D and T2D, the glucagon response to hypoglycemia is impaired [103]. 

As a result, hyperglucagonemia is observed in both the fasted and postprandial 

states, significantly contributing to hyperglycemia. Several factors could 

contribute to the underlying causes of these defects, including but not limited to 

altered control of α-cell secretion, dysregulated liver-α-cell axis [104], and 

irregular production of glucagon by the gut [105, 106]. 

a. Type 1 diabetes mellitus 

T1D, that represent about 10% of all diabetes cases, is caused by an autoimmune 

process disease characterized by selective destruction of the pancreatic β-cells. 

As a result, the body produces very little or no insulin [102]. The causes of this 

destructive process are not fully understood but a likely explanation is that the 

combination of genetic susceptibility (conferred by a large number of genes) and 

an environmental trigger such as a viral infection, initiate the autoimmune reaction 

[107].  

In T1D, the glucagon response to hypoglycemia is impaired. As a result, 

hyperglucagonemia is observed in both the fasted and postprandial states, 

significantly contributing to hyperglycemia. This type is diagnosed in children and 

young adults. It is one of the most common chronic diseases in childhood. People 

with T1D require daily insulin therapy to maintain a healthy blood glucose level 

[102]. 

b. Type 2 diabetes mellitus 

T2D is the most prevalent type of diabetes, representing about 90% of all cases 

worldwide. It is characterized by insulin resistance which refers to an inadequate 

response of insulin by peripheral tissues such as muscle, liver, and adipose tissue 

to insulin. This condition leads to impaired management of blood glucose and 

intermediary metabolism. The exact causes of T2D are not fully understood, but 

it is strongly associated with factors such as overweight or obesity, advancing 

age, and family history. 
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Patients with T2D exhibit both fasting and postprandial hyperglucagonemia and 

dysregulation of glucagon secretion from pancreatic α-cells, which stimulate 

hepatic glucose production and, thus, contribute to the hyperglycemia 

characterizing these patients [108]. The root cause of hyperglucagonemia in T2D 

is attributed to α-cell resistance to the suppressive effects of insulin and 

hyperglycemia, as well as dysregulated incretin levels (such as glucagon-like 

peptide 1; GLP-1 and gastric inhibitory polypeptide; GIP) that can alter glucagon 

release [108]. 

Although this has been known for years, research on α-cell pathophysiology has 

historically been overshadowed by research on β-cells and insulin. Today the 

mechanisms underlying T2D hyperglucagonemia are still poorly understood.  

c. Other types of diabetes 

There are also some less common types of diabetes mellitus, each with their 

specific characteristics and etiology.  

These include gestational diabetes, which refers to any degree of glucose 

intolerance first recognized during pregnancy, regardless of its pre-existence or 

persistence after pregnancy [109]. 

Another type is latent autoimmune diabetes of adults (LADA), which is a slow 

progressive insulin-dependent form of diabetes similar to T1D, that develops later 

in adulthood [110]. 

Maturity-onset diabetes of the young (MODY) is an inherited form of diabetes 

caused by a single genetic mutation in an autosomal dominant gene. At least 13 

genes are involved in MODY, with the most common forms involving mutations 

in the glucokinase gene (MODY2) and transcription factors HNF1A (MODY3) and 

HNF4A (MODY1) [110, 111]. 

Neonatal diabetes is a monogenic form of diabetes that occurs before 6 months 

of age and can be either transient or permanent. Transient neonatal diabetes is 

most often due to overexpression of genes on chromosome 6q24, while 

permanent neonatal diabetes is commonly caused by autosomal dominant 

mutations in the genes encoding the Kir6.2 subunit (KCNJ11) and SUR1 subunit 

(ABCC8) of the β-cell KATP channel [111, 112]. 
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Lastly, diabetes can also arises as a complication of other diseases such as 

hormone disturbances, diseases of the pancreas, or as a result of some drugs 

treatment [102]. 

 

3.3. INSULIN DEGRADING-ENZYME 

Insulin-degrading enzyme (IDE) is a neutral Zn2+ metallo-endopeptidase that is 

ubiquitously expressed in both insulin-responsive and non-responsible cells. IDE 

is classified as an "inverzincin," a member of the M16 superfamily of zinc-

metalloproteases, due to its inverted zinc-binding consensus sequence (HxxEH) 

compared to conventional metalloproteases (HExxH) [113, 114].  

 

Figure 11. Insulin-degrading enzyme structure. IDE-N (cyan) and IDE-C (green) terminal units 

of IDE form two halves of a catalytic chamber (grey), including the catalytic zinc ion and the door 

subdomain (red) Taken from [115]. 

 

IDE was first identified by Mirsky and Broh–Kahn due to its ability to degrade 

insulin (Km ~0.1 μM) in vitro into several fragments, but also degrades with lower 

affinity other hormones released in the pancreatic islet like glucagon, 

somatostatin and amylin. However, IDE can also degrade several other 

substrates including Aβ, amyloid precursor protein intracellular domain, amyloid 

Bri and amyloid Dan, atrial natriuretic peptide, bradykinin and kallidin, calcitonin 
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and β-endorphin, growth hormone-release factor, chemokine ligand 3 and 4 

(CCL3 and CCL4) and HIV-p6 protein [113, 114]. 

a. Non-proteolytic functions of IDE 

In addition to its proteolytic function, other non-proteolytic functions have been 

proposed due to its interaction with sorting nexin-5 (SNX5), sirtuin-4 (SIRT4), α-

synuclein, retinoblastoma protein (pRb), phosphatase and tensin homolog 

(PTEN) and others [113, 114]. 

IDE binds to α-synuclein oligomers forming stable and irreversible complexes, 

preventing amyloid formation [116, 117]. α-synuclein is a synaptic signaling 

protein with three domains: 1) the N-terminus, which interacts with membranes, 

2) the amyloidogenic domain and 3) the C-terminus, which is involved in the 

development of Parkinson’s disease [118]. The interaction between these two 

proteins seem to require electrostatic attraction, which involves the positively 

charged exosite region of IDE and the negatively charged amino acids in the C-

terminus of α-synuclein [117]. 

Steneberg and colleagues demonstrated in the IDE-KO mouse, that the genetic 

deletion of IDE led to the accumulation of α-synuclein oligomers and fibrils, 

resulting in impaired insulin secretion and reduced insulin granule turnover [119]. 

b. Role of IDE on insulin resistance, glucose homeostasis and 

T2D 

Genetic polymorphisms within the Ide locus have been linked to increased risk of 

T2D in humans and impaired insulin metabolism (i.e., decreased insulin 

secretion, insulin sensitivity and hepatic insulin degradation). Compiling evidence 

has demonstrated an association between reduced hepatic IDE levels and 

activity, and lower insulin clearance in T2D patients [120].  

In the Goto–Kakizaki rat model, a preclinical model of T2D, Ide mutation causes 

altered cellular insulin degradation and hallmarks of T2D [121]. On the other 

hand, pancellular genetic ablation of Ide (IDE-KO mouse) leads to 

hyperinsulinemia, hepatic insulin resistance, and glucose intolerance, but 

isolated islets exhibit reduced insulin secretion, supporting the notion of a 

physiologic role for IDE in insulin and glucose metabolism [119]. 
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Genetic deletion of Ide in pancreatic β-cells (B-IDE-KO mice) is associated with 

elevated plasma C-peptide levels, most likely due to constitutive insulin secretion, 

leading to hepatic insulin resistance, albeit normal glucose tolerance [122]. 

Furthermore, genetic deletion of Ide in hepatocytes (L-IDE-KO mice) results in 

hepatic insulin resistance and glucose intolerance, without altering insulin 

secretion and clearance. Conversely, IDE overexpression in liver improves 

hepatic insulin resistance and glucose intolerance, without altering insulin 

clearance in diet-induced obese mice. Finally, IDE levels are reduced in 

pancreatic β-cells and the liver of obese patients, which associates with 

hyperinsulinemia, reduced hepatic insulin clearance, hepatic insulin resistance 

and glucose intolerance. Each one of the IDE mouse models display hallmarks 

of the metabolic alterations seen in the setting of obesity and T2D. These data 

elucidate the importance of the role of IDE in the pathogenesis of diabetes, and 

its therapeutic potential [113].  

The role of IDE in different tissues of diabetic patients remain controversial, 

possibly due to varying inclusion criteria, disease types, and stages of disease 

development in different studies [123]. For example, IDE activity was found to 

increase in human erythrocytes of T2D patients taking sulfonylureas, but 

remained unchanged in T1D patients with good glycemic control [124]. In another 

study, both insulin-dependent and non-insulin-dependent diabetic patients 

showed an increase in IDE activity in plasma and erythrocytes [125]. Sofer et al. 

found higher levels of IDE in the serum of subjects with metabolic syndrome 

compared to control subjects [126]. Pivovarova et al. used gene expression 

profiling by microarrays to show decreased hepatic Ide expression in subjects 

with T2D [127]. Interestingly, Fawcett et al. demonstrated lower insulin 

degradation, potentially due to IDE, in adipocytes isolated from visceral fat of 

diabetic patients compared to non-diabetic subjects [128]. Notably, insulin 

treatment leads to an increase in IDE activity in HepG2 cells, but this effect is 

abolished under conditions of high glucose levels, suggesting that insulin and 

glucose levels may contribute to disturbances in IDE activity in T2D [129]. These 

controversial findings support the notion that IDE is a multifunctional enzyme with 

tissue-specific functions, underscoring the importance of understanding the 

specific role of IDE. 
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To investigate IDE's role in insulin metabolism in vivo, some labs have generated 

mice with pancellular IDE deletion (IDE-KO), which displayed age-dependent 

hyperinsulinemia and glucose intolerance [130, 131]. Steneberg and colleagues 

further examined IDE's role in pancreatic β-cells and reported deficient insulin 

secretion from islets isolated from IDE-KO mice [119].  

They have also showed that IDE levels were reduced by 40% in whole islets from 

T2D donors compared to controls [119], a finding later confirmed by Fernández–

Díaz and colleagues through immunostaining [132]. Notably, T2D patients 

treated with oral hypoglycemic agents had lower IDE levels in pancreatic β-cells 

when compared to control pancreatic β-cells in healthy pancreas, while insulin-

treated patients had higher IDE levels in β-cells compared to those treated with 

oral hypoglycemic agents [132]. 

Fernández–Díaz and colleagues showed that islets from B-IDE-KO mice (Ide-

deficient β-cells) displayed constitutive insulin secretion (independently of 

glucose), along with an impairment in GSIS [122].  

Additionally, these researchers showed that IDE plays a critical role in regulating 

insulin secretion in mouse β-cells. Silencing of Ide in the INS1E cell line using 

shRNA (INS1E-shRNA-IDE cells) resulted in decreased insulin secretion in 

response to glucose. Similarly, transient inhibition of IDE using the specific 

inhibitor NTE-2 [133] in rat and human islets led to the abolishment of GSIS. Both 

the decrease in IDE protein activity and the quantity of protein led to an 

impairment of GSIS, either through the same or different mechanisms. 

Furthermore, Fernández–Díaz and colleagues showed that IDE is expressed at 

higher levels in pancreatic α-cells compared to β-cells and other islet cell types 

[132]. This finding highlights the importance of investigating the function of IDE in 

glucagon-producing cells to better understand the molecular mechanisms 

underlying glucagon secretion. 
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3.4. PRIMARY CILIA AND TYPE 2 DIABETES 

3.4.1. Primary cilium structure 

 

Figure 12. Structure of primary cilium. Schematic diagram of a typical non-motile primary 

cilium. Taken from [134]. 

 

Primary cilia are microtubule-based organelles present in most mammalian cells, 

working as the "cell's antenna" and playing a critical role in normal cell signaling 

during development and homeostasis. They are divided into subdomains, 

including the ciliary pocket, the basal body, the transition fibers (TFs), and the 

transition zone (Figure 12). The TFs are the site of vesicle docking and 

intraflagellar transport (IFT) particle docking, which carry protein and other cargos 

into the ciliary compartment. Primary cilia are involved in numerous signaling 

pathways, including Hedgehog, Wnt, Notch, Hippo, GPCR, PDGF, mTOR, and 

TGF-β, and defects in primary cilia have been associated with a broad range of 

inherited developmental and degenerative conditions affecting multiple organs, 

collectively known as ciliopathies.  
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Figure 13. Visualization of a primary cilium using transmission electron microscopy (A) 

and immunofluorescence staining with IFT20, and (B) α-tubulin with centrin (arrow). Adapted 

from reference [135]. 

 

Structurally, the primary cilium (Figure 13) is a thin, elongated organelle that 

protrudes from the apical surface of most cell types, including endocrine cells. It 

is formed during the G0/G1 phase of the cell cycle. The timing of cilium formation, 

ciliogenesis, is restricted to these stages of the cell cycle because the cilium is 

rooted at its base by the basal body, which is derived from the mother centriole 

of the centrosome [136]. The centrosome has an essential function in nucleating 

the mitotic spindle during cell division, so prior to mitosis the cilium is resorbed to 

release the centrioles, and ciliogenesis commences again shortly after 

cytokinesis is completed [137].  

On the other hand, the midbody (Figure 14) is a transient bridge-like structure 

that connects two daughter cells at the end of cytokinesis. Its primary role is to 

mark the precise location for the physical separation, called abscission, of the two 

newly formed daughter cells [138]. This is the reason why the quantification of 

midbodies serves as a method to assess cell proliferation. 
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Figure 14. Visualization of a midbody transmission electron microscopy (A) and (B) 

immunofluorescence staining with α-tubulin and IFT20 taken from reference [135]. 

 

The basal body consists of a ring of 9 triplets of gamma tubulin and docks at the 

apical surface of the cell to define cell polarity and initiate ciliogenesis. The 

axoneme, which is the main body of the cilium, is a microtubule structure of α-

and β-tubulin, post-translationally modified to stabilize microtubules. Some of the 

known modifications for microtubules stabilization are acetylation, glutamylation, 

glycation, and detyrosination [139]. In this study we will use α-acetylation as a 

marker of stable microtubules and primary cilium.  

These microtubules form a radial array of 9 doublets. The absence of a central 

pair of microtubules distinguishes the primary cilia from motile cilia. The motile 

cilia have typically a “9+2” structure, with dynein arms moving against the central 

pair to initiate ciliary movement. Non-motile primary cilia lack this central pair and 

dynein arms, they have a “9+0” structure and therefore lack motility. The entire 

axoneme is encased by membrane continuous with the plasma membrane of the 

cell. 

3.4.2. Primary cilia and the cell cycle 

The coordinated regulation of cilia and the cell cycle has been observed in many 

cell types. The presence of the cilium is associated with the establishment of cell 

polarity and differentiation during the G0/G1 phase, while ciliated cells undergo 

cilium resorption just before entering the S phase of cell division (Figure 15). This 

interplay between primary cilium and the cell cycle is an emerging area of 

research, and it is still unclear how extracellular mitogens and ciliary regulatory 

proteins contribute to ciliary dynamics and control of cell cycle progression [140]. 
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Studies using different cell lines have shown that serum starvation synchronizes 

cell cultures in the G0/G1 phase, leading to ciliary assembly. In contrast, serum-

supplemented medium triggers two waves of ciliary disassembly, the first 

between 1-2 h and the second between 18-24 h after treatment [141, 142].  

 

Figure 15. Primary cilia presence during the cycle phases. Adapted from [143]. 

 

Cell cycle-associated ciliary disassembly seems to occur through resorption, 

where the axoneme is depolymerized and its constituents are incorporated into 

the cell body. However, ciliary disassembly in response to stress or 

pharmacological induction is mediated by whole cilium shedding, a process 

where the ciliary membrane and axoneme are excised near the base and 

released from the cell [142, 144]. 

3.4.3. Primary cilia functions in endocrine pancreas 

The primary cilium can be found in both the endocrine pancreas (α-, β-, and δ-

cells) [145–148] and some exocrine pancreas cells (ductal cells of the Chinese 

Hamster and centroacinar cells of bat) [148, 149]. Studies on several animal 

models of T2D have suggested connection between primary cilium and the 
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pathophysiology of the disease. In the diabetes model of Goto-Kakizaki rat, a 3-

fold decrease in primary cilia in β-cells was observed, which was linked to the 

misexpression of several ciliary/basal body genes [150]. Similarly, several 

ciliary/basal body genes are dysregulated in pancreatic islets of the obesity and 

diabetes model ob/ob [151]. 

Ciliary dysfunction can lead to a group of genetic disorders known as ciliopathies, 

which are characterized by abnormalities in the structure or function of cilia. 

Bardet-Biedl syndrome (BBS) and Alstrom syndrome (AMSL) are two examples 

of ciliopathies that can be inherited in an autosomal recessive manner. Both BBS 

and AMSL are associated with obesity, insulin resistance, and T2D, probably due 

to the role of cilia in regulating signaling pathways that control metabolism and 

energy balance [134]. 

In healthy cells, cilia act as antennas that sense changes in the extracellular 

environment and transmit signals to the cell body, where they modulate 

intracellular signaling pathways. When cilia are dysfunctional, these signaling 

pathways can be disrupted, leading to metabolic abnormalities and other health 

problems. The primary cilium is itself an important site for cellular signaling, 

because of the high and differential expression of numerous receptors, ion 

channels, and signaling molecules. 

Emerging evidence suggest that primary cilia play an important role in regulating 

metabolism, particularly in glucose homeostasis and insulin secretion. In 

pancreatic β-cells, primary cilia are involved in intercellular communication within 

the islet and with other metabolic tissues. Studies have shown that depletion of 

cilia in β-cells (using the Cre/IFT88F/F mouse model) can impair glucose 

homeostasis, dysregulating normal circulating hormone levels, and leading to the 

development of diabetes [152]. 

A recent study demonstrates that primary cilia in human and mouse pancreatic 

islets exhibit movement, and this movement is crucial for glucose-dependent 

insulin secretion [153]. The primary cilia in islets contain motor proteins similar to 

those found in motile cilia, and their motion is driven by dynein and relies on 

adenosine 5'-triphosphate (ATP) and glucose metabolism [153]. When the motion 

of the cilia is inhibited, there is a blockade in calcium influx in β-cells and a 
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subsequent impairment in insulin secretion. Notably, human β-cells show an 

enriched expression of genes related to cilia, and the expression of motile cilia 

genes is altered in T2D [153]. These findings redefine primary cilia as dynamic 

structures with both sensory and motile functions, and establish the regulatory 

role of pancreatic islet cilia movement in insulin secretion [153].  

Other evidence that points to the relevance of primary cilium in the regulation of 

insulin secretion was found by Granot and colleagues. It is known that the tumour 

suppressor liver kinase B1 (LKB1) activates AMP-activated protein kinase 

(AMPK) [154, 155] and, in humans, its mutation is associated with Peutz-Jeghers 

syndrome, a condition characterized by high risk of pancreatic cancer and 

predisposition to gastrointestinal neoplasms [156]. LKB1 is expressed in both 

acinar and islet cells, but in adults, is primarily expressed in islets. Depletion of 

LKB1 in mice (Pdx1-Cre; Lkb1L/L), resulted in pancreatitis, ductal cyst formation, 

abnormal cytoskeleton organization, defective acinar cell polarization, loss of 

tight junctions, and inactivated AMPK/MARK/SAD kinase family [157]. Lkb1-null 

mice showed an exocrine phenotype resembling the defect seen in mice lacking 

Kif3a and IFT88/Polaris [158, 159], and an endocrine phenotype with an overall 

decrease in insulin-positive, glucagon-positive, and somatostatin-positive cells 

[157]. 

The primary cilia in β-cells are typically located on the lateral surfaces of islets 

arranged in rosettes around capillaries, crucial for insulin secretion as exocytosis 

occurs near capillary beds [160]. Lkb1-null β-cells exhibit altered cilia position, 

located opposite to the blood vessels, resulting in increased insulin secretion in 

vivo and hyperactivation of the mTOR pathway leading to a 65% increase in β-

cell volume [154]. LKB1 regulates cilia position rather than ciliogenesis and 

controls β-cell size independently of cilia polarity, as rapamycin treatment 

restored normal β-cell size but did not reverse cilia polarity defects. Additionally, 

Lkb1-deficient mice exhibit faster glucose clearance, probably due to insulin 

hypersecretion [154, 157].  

Interestingly, there is no data available for primary cilium role in α-cell function. 
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4. HYPOTHES AND AIMS 

4.1. HYPOTHESES 

Because it has been shown that IDE is highly expressed in pancreatic α-cells and 

Ide gene locus has been shown as a susceptibility locus for type 2 diabetes we 

have reached to the following general hypothesis. 

IDE has a fundamental role in autocrine and paracrine regulation of pancreatic α-

cells.  

Specific hypotheses 

1) IDE is involved in autocrine and paracrine mechanisms controlling 

glucagon secretion by α-cells. 

a. IDE regulates the intracellular signaling of glucagon in pancreatic α-cells.  

b. IDE regulates the intracellular signaling of insulin in pancreatic α-cells. 

2) IDE dysregulation is involved in pancreatic α-cell dysfunction in 

pathophysiological conditions.  

 

4.2. AIMS 

The main aim of this study is to understand the role of IDE on glucagon secretion 

regulation in physiological and pathophysiological conditions. The specific 

objectives are: 

1. To study the autocrine and paracrine regulation mechanisms of pancreatic 

α-cells under physiological conditions.  

2. To study the role of IDE on the insulin and glucagon signaling pathways in 

pancreatic α-cells.  

3. To study the expression and regulation of IDE under pathophysiological 

conditions. 
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5. MATERIAL AND METHODS 

5.1. CELL CULTURES 

5.1.1. αTC1.9 cell culture 

αTC1 cell line, Clone 9 (CRL-2350) has been obtained from the American Type 

Culture Collection (ATCC, USA). It is an immortalized cell line of epithelial 

morphology, adherent, obtained from a mouse pancreatic adenoma. This cell 

type has the ability to secrete glucagon in response to low glucose 

concentrations. Cells were grown at 37°C in a 5% CO2 incubator in Dubelcco 

Modified Eagle Medium (DMEM) (Gibco, USA) containing 16 mM glucose, 10% 

heat-inactivated fetal bovine serum (FBS) (Gibco, USA), 15 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Invitrogen Ltd, Europe), 

0.1 mM non-essential amino acids (Invitrogen Ltd, Europe), and 10 IU/mL 

penicillin and 10 ug/mL streptomycin (Invitrogen Ltd, Europe). 

The handling of this cell line has been carried out under sterile conditions in 

laminar flow hood, using solutions at 37°C and sterile material.  

5.1.2. IDE knock-down in αTC1.9 cells 

For Ide knock-down, αTC1.9 cells were plated at a density of 106 cells per well in 

a 6-well plate, without antibiotic and they were incubated for 24 h. Afterwards, 

and once cell viability was assured, the following complexes were prepared: 

 siRNA-CTL: ON-TARGET plus® non-Targeting pool (D-001810-10-05) 

(Thermo Scientific Dharmacon, USA).  

 siRNA-Ide: ON-TARGETplus Mouse Ide (15925) siRNA-SMARTpool (L-

040080-01-0005) (Thermo Scientific Dharmacon, USA).  

Conditions per reaction were as follow: 100 ng plasmid DNA, 500 µL opti-MEM I 

(Gibco, USA), 10 µL Lipofectamine 2000 (Invitrogen, USA). The complexes were 

preincubated for 20 min at R.T. to induce complex formation and then, they were 

dropped on the cells. Thereafter, cells were incubated at 37°C for 6 h. 

Transfection was stopped by adding up to 1.5 mL of complete medium to each 
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well. Transfected cells were incubated in a humidified incubator with 95% air and 

5% CO2 at 37°C for 48 h. 

Gene knock-down efficiency was assessed by RT-qPCR and WB. 

5.1.3. Arl13b knock-down in αTC1.9 cells 

For Arl13b knock-down, αTC1.9 cells were plated at a density of 106 cells per well 

in a 6-well plate without antibiotic and incubated for 24 h. Afterwards, and once 

cell viability was assured, the following complexes were prepared:  

 siRNA-CTL: ON-TARGET plus® non-Targeting pool (D-001810-10-05) 

(Thermo Scientific Dharmacon, USA).  

 siRNA-Arl13b: ON-TARGET plus® Mouse Arl13b (68146) siRNA-

SMARTpool (L-042588-01-0005) (Thermo Scientific Dharmacon, USA).  

Conditions per reaction were as follow: 100 ng plasmid DNA, 500 µL opti-MEM I 

(Gibco, USA), 10 µL Lipofectamine 2000 (Invitrogen, USA). The complexes were 

preincubated for 20 min at R.T. to induce complex formation and then, they were 

dropped on the cells. Thereafter, cells were incubated at 37°C for 6 h. 

Transfection was stopped by adding up to 1.5 mL of complete medium to each 

well. Transfected cells were incubated in a humidified incubator with 95% air and 

5% CO2 at 37°C for 48 h. 

Gene knock-down efficiency was assessed by WB. 

5.1.4. αTC1.9 CELL TREATMENTS 

a. Glucose 

αTC1.9 cells were seeded at a confluence of 5x105 cells per well in 6-well plates. 

A 2 h pretreatment with 5 mM glucose was performed, then cells were treated for 

1, 4 and 24 h in the following glucose concentrations: 2.2, 5 or 22 mM glucose. 

Proteins were obtained to study glucose effects. 

b. Glucagon 

αTC1.9 cells were seeded at a confluence of 5x105 cells per well in 6-well plates. 

Then cells were fasted of Fetal Bovine Serum (FBS) for 24 h, to be subsequently 
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treated with 14 nM glucagon for 1, 2 and 4 h. 3 mM glucose medium was used 

for this experiment. Proteins were obtained to study glucagon effects. 

c. Insulin 

αTC1.9 cells were seeded at a confluence of 5x105 cells per well in 6-well plates. 

Then cells were fasted of FBS for 24 h, to be subsequently treated with 100 nM 

of insulin for 5, 15, 30 min or 1, 2, 4 and 24 h. 3 mM glucose medium was used 

for this experiment. Proteins were obtained to study insulin effects. 

 

5.2. EXPERIMENTAL ANIMALS 

5.2.1. Animal facilities 

Experimental procedures were approved by University of Valladolid Research 

Animal Ethical Committee and JCyL authorities (project #8608731) in accordance 

with the European Guidelines for Care and Use of Mammals in Research 

(European Commission Directive 86/609/CEE and Spanish Royal Decree 

1201/2005).  

Mice were housed in ventilated cages enriched with cotton bedding on a cycle of 

12-h of light, 12-h of darkness cycle at the animal facility of the University of 

Valladolid (UVa, Spain). Mice were fed standard rodent chow diet and water ad 

libitum. 

5.2.2. Rodent models 

a. Pancellular and constitutive IDE knockout mouse (IDE-KO) 

Breeding strategies of IDE knockout mice 

IDE-KO mice (Idetm1a(EUCOMM)Wtsi) is a constitutive Ide knockout mouse on a 

C57BL/6J background. This mouse has LoxP sites flanking exon 3 of the Ide 

gene [130]. Exon 3 contains the catalytic site sequence, critical for the proteolytic 

activity of the enzyme. Cre-LoxP recombination results in the deletion of exon 3 

of the Ide gene, causing a frameshift with two stop codons in exon 4 and 

therefore, an early termination of translation.  
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The IDE-KO mouse was kindly provided by Dr. Malcom Leissring from University 

of California (Irvine, USA). 

IDE heterozygous founder mice were created at Lexicon Genetics (The 

Woodlands, TX, USA) by using a gene-trapping method. WT and IDE-KO 

(homozygous deletion) mice were derived by breeding heterozygous mice, which 

are in a C57BL/6 background (Figure 16). 

 

Figure 16. Breading strategy for generating IDE-KO mice colony.  

 

Mouse genotyping 

To genotype IDE-KO mice, PCRs were performed with genomic DNA extracted 

from mice tail snips of ~2 mm using QuickExtract™ DNA Extraction Solution 

(Epicentre, USA). Tails were incubated in 50 μL of QuickExtract™ solution at 

65ºC for 8 min, followed by 2 min incubation at 98ºC in a thermoblock. For the 

PCR reaction master mix, we use the following components: Buffer Reaction Mix 

(Bioline, UK), Primer Forward (Metabion, Germany), Primer Reverse (Metabion, 

Germany), My Taq DNA Polymerase (Bioline, UK) and nuclease free water. 

Genes analyzed by PCR were: GAPDH, used as control for the quality of DNA 

extraction, Ide and CasR1.  

Primer sequences were detailed in Table 1. 
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Primer/Target gene Sequence (5’-3’) 

Gapdh_R GATG GCAT GGA CTG TGG TCA T 

Gapdh_F CGT GGA GTC TAC TGG TGT CTT 

Flox_Ide_F AAC TGC CAC CTG TCC AAT CC 

Flox_Ide_R  CTC AGG GAT ACA ATG CGT GC 

Cas R1 TCG TGG TAT CGT TAT GCG CC 

Table 1. Primer sequences used for IDE-KO mice genotyping. 

 

PCR products were mixed with loading buffer for DNA (Bioline, UK), loaded on 

2% agarose gel and electrophoresed in TBE buffer (89 mM Tris-HCl, pH 7.6, 89 

mM boric acid and 2 mM EDTA). The gel was stained with SYBRTH Safe DNA 

Gel Stain (Invitrogen, USA) and the bands were visualized by an ultraviolet 

transilluminator showing the three kinds of genotypes obtained in our mouse 

colony (Figure 17). 

 

Figure 17. Representative image of PCRs results for mice genotyping. WT (wild type); IDE-
HT (IDE-heterozygous); IDE-KO (IDE-knockout).  

 

b. α-cell specific IDE knockout mice (A-IDE-KO) 

Breeding strategies of α-cell specific IDE knockout mice  

A-IDE-KO (Gcg-CreERT2; Idef/f) mice are a tamoxifen inducible model that has a 

specific deletion of Ide in the pancreatic α-cells. To generate this model, a 

tamoxifen-inducible glucagon-Cre mice (Gcg-CreERT2) was bred to Idef/f mice. 

The Cre/LoxP system was used for generating α-cell specific IDE knockout mice. 

Mice homozygous for a “floxed” Ide gene were crossed to the Gcg-CreERT2 mouse 

line, kindly provided by Dr. K.H. Kaestner (University of Pennsylvania, USA). This 

mouse expresses Cre recombinase (Cre) fused to a mutant estrogen ligand-

binding domain (ERT2), which requires the presence of tamoxifen for activity in 

pancreatic α-cells without disrupting proglucagon gene expression. Both mouse 

lines are in the C57BL/6J background. The two lines were bred to obtain mice 
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with two copies of the floxed Ide allele together with a single copy of Gcg-CreERT2. 

To achieve α-cell-specific, Cre-mediated deletion of Ide, 5- to 8-week-old Gcg-

CreERT2; Idef/f mice were injected intraperitoneally with 100 μg/g body weight of 

tamoxifen (Sigma, USA) in 20 mg/mL corn oil (Sigma, USA) once daily for 3 

consecutive days, in order to induce Ide silencing. The resulting tamoxifen-

injected Gcg-CreERT2; Idef/f mice are named as A-IDE-KO; Idef/f and Idef/+ lines 

were used as controls (Figure 18).  

 

Figure 18. Breading strategy for generating A-IDE-KO mice colony.  

 

Mouse genotyping 

To genotype A-IDE-KO mice colony, PCRs were performed with genomic DNA 

extracted from mice tail snips of ~0.2 cm using QuickExtract™ DNA Extraction 

Solution (Epicentre, EEUU). Tails were incubated in 50 μL of QuickExtract™ 

solution at 65ºC for 8 min, followed by 2 min incubation at 98 ºC in a thermoblock. 

For the PCR reaction master mix, we use the following components: Buffer 

Reaction Mix (Bioline, UK), Primer Forward (Metabion, Germany), Primer 

Reverse (Metabion, Germany), My Taq DNA Polymerase (Bioline, UK) and 

nuclease free water. Genes analyzed by PCR were: GAPDH, used as control for 

the quality of DNA extraction, Ide and GcgCreER.  
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Primer/Target gene Sequence (5’-3’) 

Gapdh_R GATG GCAT GGA CTG TGG TCA T 

Gapdh_F CGT GGA GTC TAC TGG TGT CTT 

Flox_Ide_F AAC TGC CAC CTG TCC AAT CC 

Flox_Ide_R CTC AGG GAT ACA ATG CGT GC 

GcgCreER_F GCC AGT CAC TTG GGA TGT ACA 

GcgCreER_KI_R AGC CCC TTG AAT ACG CT 

GcgCreER_WT_R CCA GGT CAT GTC TTC TGT 

Table 2. Primer sequences used for A-IDE-KO mice genotyping. 

PCR products were mixed with loading buffer for DNA (Bioline, UK), loaded on 

2% agarose gel and electrophoresed in TBE buffer (89 mM Tris-HCl, pH 7.6, 89 

mM boric acid and 2 mM EDTA). The gel was stained with SYBRTH Safe DNA 

Gel Stain (Invitrogen, USA) and the bands were visualized by an ultraviolet 

transilluminator showing the three kinds of genotypes obtained in our mouse 

colony (Figure 19). 

 

Figure 19. Representative image of PCRs results for mice genotyping. WT (wild type); A-
IDE-HT (heterozygous); A-IDE-KO (α-cell specific IDE-knockout mouse).  

 

5.3. RODENT PANCREATIC ISLETS ISOLATION  

IDE-KO and A-IDE-KO islets were isolated by pancreatic duct perfusion with 3 

mL per mouse of a solution of Collagenase V (1,000U/mL) (Sigma, USA) in 

“isolation buffer” (115 mM NaCl; 10 mM NaHCO3; 5 mM KCl; 1.1 mM MgCl2; 25 

mM HEPES; 1.2 mM NaH2PO4; 2.5 mM CaCl2; 5.5 mM Glucose; 0.1% BSA; pH 

7.4).  

Once perfused, the pancreas was digested in a 50 mL tube in a stationary bath 

at 37ºC for 14 min. The digestion process was stopped by the addition of 10 mL 
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of isolation buffer and keeping it cold until collection. Islets were collected by 

hand-picking under a stereo microscope. Freshly isolated islets were left to 

recover in isolation buffer for 2 h at 37°C in an incubator. 

5.4. GLUCOSE-STIMULATED GLUCAGON SECRETION 

αTC1.9 cells were seeded on cell culture 24-well plates at a density of 2x105 cells 

per well for 48 h. Cells were changed to 5 mM glucose culture medium for 2 h 

before glucose challenge. Then, cells were washed twice and preincubated for 

30 min at 37ºC in HEPES balanced salt solution (HBSS) (140 mM NaCl; 4.5 mM 

KCl; 1 mM MgCl2; 20 mM HEPES; 2.5 mM CaCl2; 5.5 mM; 0.1% BSA; pH 7.4). 

Next, cells were washed once with 5 mM glucose HBSS and then, glucagon 

secretion was stimulated by using, first a static incubation for 30 min period in 

500μL of the HBSS solution containing 1 mM glucose, and afterwards a 16 mM 

glucose secretion buffer for 30 min. These experiments were always performed 

in triplicates. Secreted glucagon was measured by Glucagon enzyme-linked 

immunosorbent assay (ELISA) – 10 μL (Mercodia AB, Sweden). 

To determine DNA amount in treated cells, after the glucagon secretion, cells 

were incubated with 1.5% acid-ethanol buffer (1,5% HCl in 70% EtOH), O/N and 

DNA was measured on a NanoDrop® ND-1000 full spectrum spectrophotometer 

(Marshall Scientific, USA). Glucagon secretion was normalized by DNA amount. 

 

5.5. CELL PROLIFERATION 

To evaluate cell proliferation rates within our experimental context, we employed 

the following techniques.  

Cell Counting  

To quantify proliferation rates, after 48h of transfection in siRNA-Ide αTC1.9 and 

siRNA-Arl13b αTC1.9 cells we enumerated the total number of cells in each 

respective condition using the software tool Image J (NIH, USA). 
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Midbody Counting 

Since midbodies are only present during the process of cell division, quantifying 

the number of midbodies provides a direct indicator of the frequency of cell 

divisions taking place. More midbodies imply a higher rate of recent cell divisions, 

while fewer midbodies suggest a slower rate.  

To detect the presence of midbodies in siRNA-Ide αTC1.9 and siRNA-Arl13b 

αTC1.9 cells, they were seeded on coverslips (at least 100,000 cells/coverslip). 

Subsequently, the staining procedure employed to detect ciliated cells, as 

outlined in section 5.11 "CELL IMMUNOSTAINING," was followed. Midbodies 

were quantified using the Image J software (NIH, USA).  

 

5.6. GLUCAGON ENZYME-LINKED IMMUNOSORBENT ASSAY 

Secreted glucagon was measured by enzyme-linked immunosorbent assay 

(ELISA). In this study we have used the Glucagon ELISA -10 μL (Mercodia AB, 

Sweden). As shown in Figure 20, this is “sandwich” type ELISA kit, which means 

that the assay is composed by two highly specific antibodies that recognize two 

different epitopes in the same protein, providing high efficiency and sensitivity in 

the recognition of the desired protein. Wells are pre-coated with a first anti-

antigen antibody. The sample containing the antigen is deposited into these wells 

along with the peroxidase-conjugated antibody and incubated for 18 to 22 h. 

Thus, each antigen molecule will bind to a retaining base antibody and a second 

labelling antibody. After that, wells are washed 6 times to remove the unbound 

sample and enzyme-labelled antibody. Then, the bound conjugate is detected by 

reaction with 3,3'-5,5'-tetramethylbenzidine (TMB) (incubation for 30 min). The 

reaction is finally stopped by the addition of an acidic stop solution, giving a 

colorimetric endpoint which is read spectrophotometrically at 450 nm (HEALES 

microplate reader, China). 
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Figure 20. Illustration of an ELISA sandwich technique.  

 

5.7. IDE CATALITIC ACTIVITY ASSAY 

To measure glucagon effect on IDE activity, αTC1.9 cells were fasted from Fetal 

Bovine Serum for 24 h, to be subsequently stimulated with 14 nM glucagon for 2 

and 4 h. Before and after stimulation, IDE activity has been measured with the 

SensoLyte® 520 fluorometric IDE activity assay kit (AnaSpec, Inc., CA, USA) 

according to the manufacturer's instructions.  

The assay uses a fluorescence resonance energy transfer (FRET) substrate 

derived from an amyloid precursor protein (APP) sequence designed to reduce 

cross-reactivity with other peptidases. In presence of FRET substrate, active IDE 

cleaves the substrate resulting in increased 5-FAM fluorescence, which is 

monitored at excitation/emission = 490 nm/520 nm. 

To prepare homogenate of cell samples, αTC1.9 cells were homogenized in 100 

μL of cold assay buffer (AnaSpec, Inc., USA) in the presence of protease 

inhibitors (Protease Inhibitor Cocktail, Merck Life Science, USA) plus 1 mM 

Phenylmethylsulfonyl fluoride (PMSF, a protease inhibitorMerck Life Science). 

Homogenates were incubated on ice for 15 min, followed by centrifugation at 

10,000 RCF for 10 min at 4°C to separate and discard insoluble materials. 
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Supernatants (lysates) were kept, and an aliquot was used to quantify protein 

content using the Pierce BCA protein assay kit (Thermo-Fisher, USA). Then, 50 

μL of cell lysates were added to each reaction well in a 96-well plate.  

The enzymatic reaction was initiated by adding 50 μL of IDE FRET substrate 

solution to each well. The plate was shaken for 30 sec, and the fluorescence of 

the sample (5-FAM) was monitored on the GENios Pro TECAN multi-plate reader 

(TECAN, Switzerland) every 5 min for 100 min at 37°C. Reactions were 

performed in duplicates per sample.  

Purified human IDE enzyme (provided by the kit) was added to the reaction 

mixture as positive control. Lysates of liver from IDE-KO mice were added to the 

reaction mixture as negative control. Wells containing the reaction mixture 

without cell lysates were used as blank, which was used as background 

fluorescence and subtracted from the readings of the other wells containing cell 

lysates.  

For kinetic analyses, fluorescence readings have been expressed in relative 

fluorescence units (RFU). The RFU data were plotted as a function of time for 

each sample. Afterwards, we calculated the initial reaction rate in RFU/min by 

determining the slope of the linear portion of the data plot. The specific activity of 

IDE is expressed as RFU/μg total protein/min. The assay can detect as little as 

0.8 ng/mL of active IDE. 

 

5.8. cAMP ASSAY 

The cyclic AMP Competitive ELISA Kit (InvitrogenTM, EMSCAMPL, USA) was 

used to quantify cAMP levels in cell lysates. This assay recognizes both natural 

and recombinant cAMP. 

This cAMP solid-phase competitive sandwich ELISA is designed to measure the 

amount of the target bound between a matched antibody pair. A target-specific 

antibody was pre-coated in the wells of the microplate.  

Samples, standards, and controls were added into these wells and bind to the 

immobilized (capture) antibody. The sandwich is formed by the addition of the 
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second (detector) antibody, binding to the target on a different epitope from the 

capture antibody. Then, a conjugated enzyme is incorporated into the assay. 

After incubation and washing steps to rid the microplate of unbound substances, 

a substrate solution was added that reacted with the enzyme-antibody-target 

complex to produce measurable signal. The intensity of this signal is inversely 

proportional to the concentration of target present in the original specimen. 

 

5.9. WESTERN BLOT  

5.9.1. Protein extraction and quantification 

From cells: once the treatment or the transfection time was finished, αTC1.9 cells 

were washed three times with PBS. Then cells were homogenized in 100 μL of 

cold assay buffer [125 mM Tris-HCl pH 6.8, 2% (m/v) sodium dodecyl sulfate 

(SDS) and 1 mM dithiothreitol (DTT)] supplemented with protease and 

phosphatase inhibitor cocktails (Sigma, USA) and 1 mM phenylmethylsulphonyl 

fluoride (PMSF; Merck Life Science, Spain). 

From rodent islets: After recovery, all the islets were transferred to an eppendorf, 

followed by a centrifugation at 1200 RCF for 5 min. The medium was removed, 

and the islets were washed with 500 µL of PBS. This process was repeated 3 

times. Dry islet pellet was resuspended in cold assay buffer described previously. 

Cells and islets lysates were briefly sonicated, and protein content was quantified 

by the Micro BCA Kit (Thermo Scientific, USA). Protein extracts were mixed with 

LSB (Laemmli Sample Buffer: 60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% 

β-mercaptoethanol, 0.01% bromophenol blue) and heated at 100°C for 5 min to 

complete protein denaturation. 

 

5.9.2. Protein electrophoresis and western blot 

20 μg of solubilized proteins were separated by their molecular weight using 10% 

polyacrylamide gels under denaturing conditions (SDS-PAGE). Gel 

electrophoresis was carried out at 150 V in electrophoresis buffer (Biorad 

Laboratories, USA) and then transferred to PDVF (Polyvinylidene fluoride) 
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Immobilon-P membranes (Millipore, USA) at 30 V O/N in transfer buffer (Biorad 

Laboratories, USA) at 4°C. Transferred membranes were incubated for 1 h at 

R.T. with blocking solution (PBS-0.1% Tween 20 and 5% not-fat dry milk). Blots 

were incubated subsequently for 1 h at R.T. for the appropriate antibody in 10% 

blocking solution. Primary antibodies used and blot conditions are summarized in 

Table 3. 

Antibody Supplier Reference Dilution 

Incubation 

time and 

°C 

Specie 
Molecular 

weight 

αβTubulin Cell Signaling 2148 1:5000 1 h; R. T Rabbit 52 kDa 

αTubulin 
Santa Cruz 

Biotechnology 

DM1A sc-

32293 
1:5000 1 h; R. T Mouse 50 kDa 

Acetylated 

tubulin 
SIGMA T6793 1:10000 1 h; R. T Mouse 55 kDa 

α-synuclein 
Santa Cruz 

Biotechnology 
Sc-7011-R 1:5000 O/N; 4°C Rabbit 

Monomers 

(15 kDa) 

Oligomers 

(50-70 

kDa) 

Actin 
BD 

Bioscience 
612656 1:40000 1 h; R. T Mouse 42 kDa 

Akt1 Cell Signaling 9272 1:1000 O/N; 4°C Rabbit 60 kDa 

Akt2 Cell Signaling 3063 1:1000 O/N; 4°C Rabbit 60 kDa 

Arl13b Neuromab N295C166 1:2000 O/N; 4°C Mouse 60 kDa 

CREB Cell Signaling 9197 1:1000 O/N; 4°C Rabbit 43 kDa 

GAPDH Millipore MAB374 1:40000 1 h; R. T Mouse 37 kDa 

GLP-1 

Receptor 

Santa Cruz 

Biotechnology 
Sc-390774 1:500 O/N; 4°C Mouse 56 kDa 

Glucagon 

(For 

proglucagon 

detection) 

Abcam ab92517 1:5000 1 h; R. T Mouse 21 kDa 

Glucagon 

Receptor 
Abcam Ab75240 1:5000 1 h; R. T Rabbit 54 kDa 

IDE Millipore 9210 1:20.000 1 h; R. T Rabbit 110 kDa 

Insulin 

Receptor β 
Cell Signaling 3025 1:1000 O/N; 4°C Rabbit 95 kDa 

p84 Abcam 5E10 1:1000 O/N; 4°C Mouse 80 kDa 
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Antibody Supplier Reference Dilution 

Incubation 

time and 

°C 

Specie 
Molecular 

weight 

p-PKA 

Substrate 

(RRXS*/T*) 

Cell Signaling 9624 1:1000 O/N; 4°C Rabbit Smears 

p-Akt1 

(Ser473) 
Cell Signaling 9271 1:1000 O/N; 4°C Rabbit 60 kDa 

p-AKT1 

(Thr450) 
Cell Signaling 9267 1:1000 O/N; 4°C Rabbit 60 kDa 

p-Akt2 

(Ser474) 
Cell Signaling 8599 1:1000 O/N; 4°C Rabbit 60 kDa 

p-CREB 

(Ser133) 
Cell Signaling 9198S 1:1000 O/N; 4°C Rabbit 43 kDa 

p-IGF-IR B 

(Tyr1135/1136) 
Cell Signaling 3024 1:1000 O/N; 4°C Rabbit 95 kDa 

Table 3. List of primary antibodies used for Western-Blot. 

 

Afterwards, membranes were washed 3 times for 10 min with PBS-0.1% Tween 

20 and incubated with the corresponding secondary antibodies conjugated with 

peroxidase in 10% blocking solution for 30 min at R.T. Secondary antibodies are 

summarized in Table 4. 

Antibody Supplier Reference Dilution 
Incubation time 

and °C 
Specie 

Anti-Rabbit Ig-G-

HRP 

Jackson 

Immuno 

711-035-

152 
1:20000 30 min; R. T Rabbit 

Anti-Mouse Ig-G-

HRP 

GE 

Healthcare 
A9310 1:5000 30 min; R. T Mouse 

Table 4. List of secondary antibodies for Western-Blot. 

 

Membranes were washed 3 times with PBS-0.1% Tween 20, and peroxidase 

activity was visualized by the enhanced chemiluminescence kit Immun-Star 

WesternC (Bio-Rad, USA). Signals were detected by exposure to X-ray film to 

produce bands within the linear range. Developed films were scanned at 600 

pixels per inch with HP Scanjet G4010 (Hewlett-Packard, Spain) using HP 

Photosmart Premier 6.5 software (Hewlett Packard, Spain). The obtained images 

(negative) were converted to 32-bit format and inverted to generate an image with 
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detectable bands. Band intensity was quantified with ImageJ software (NIH, 

USA). Each band was individually selected with a rectangular ROI selection, 

followed by quantification of the peak area of the histograms obtained. Results 

were normalized to control values on each membrane. 

 

5.10. GENE EXPRESSION ASSAYS BY REAL-TIME 

QUANTITATIVE PCR 

5.10.1. RNA purification 

For total RNA isolation, αTC1.9 cells were homogenized in TrizolTM reagent 

(Invitrogen Life Technologies, USA) and centrifuged 10 min at 2800 RCF to 

remove undissolved samples. Next, chloroform (PanReac AppliChem, Germany) 

was added to the supernatant to extract RNA and centrifuged for 15 min at 2800 

RCF, which causes the formation of two phases by density difference: an organic 

phenolic phase containing DNA and denatured protein residues (lower phase), 

and the upper aqueous phase containing RNA. Phase containing RNA was 

transferred to a new tube and isopropanol (PanReac AppliChem, Germany) was 

added and centrifuged 10 min at 2800 RCF to precipitate the RNA. After that, 

isopropanol was discarded, and the pellet was washed in 75% ethanol and 

allowed to dry. Finally, the pellet containing RNA was resuspended in 

DNAse/RNAse free H2O, and mRNA levels were measured with NanoDrop™ 

ND-1000 fill spectrophotometer (Marshall Scientific, USA).  

Once RNA isolation was completed, DNA residues were removed by RapidOut 

DNA removal kit (Thermo Scientific, USA) to avoid amplification of genomic DNA.  

5.10.2. cDNA synthesis 

First strand of complementary DNA (cDNA) was synthesized using the iScriptTM 

cDNA Synthesis Kit (Bio Rad, USA), which is a highly sensitive reagent optimized 

for reliable cDNA synthesis for gene expression analysis using real-time reverse 

transcription quantitative PCR (RT-qPCR). The reverse transcription reaction 

was incubated in a thermal cycler (Thermo ScientificTM, USA). 
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5.10.3. RT-PCR 

Target gene mRNA and housekeeping mRNA levels were determined by real-

time quantitative PCR (qPCR) with TaqManTM or SYBRTM Green assays on a 

LightCyclerTM 480 system. The qPCRs were performed on equal amounts of 

cDNA in triplicates for each biological sample, using Maxima Probe qPCR Master 

Mix (Thermo ScientificTM, USA) for TaqManTM assays and Maxima SYBR Green 

qPCR Master Mix (Thermo ScientificTM, USA) for SYBRTM Green assays. These 

two techniques use different detection systems to perform a quantitative 

measurement of the gene expression (Figure 21). 

 

Figure 21. Comparation of detection workflows based on TaqMan and SYBR Green.  

 

Data were analyzed using the 2 fit point absolute quantification protocol and 

setting the fluorescence threshold at 1.00. Target mRNA expression levels were 

normalized using the 2-ΔΔCt relative quantification method [161] to the mRNA 

levels of the housekeeping gene for ribosomal protein L18 (Rpl18) as reported 

by our laboratory in previous studies [122, 162–164]. 

Primers and TaqManTM probe sequences for Rpl18 were: 

Gene ID Description TaqMan® Probe 

Rpl18 
Ribosomal 

protein L18 

F: 5′-AAGACTGCCGTGGTTGTGTGG-3’; 

R: 5'-AGCCTTGAGGAGGATGCGACTC-3'; 

Probe: 5′-FAM TTCCCAAGCTGAAGGTGTGTGTGTGCA-BHQ1-3′. 

Table 5. Primers and TaqManTM probe for gene expression assay for mouse Rpl18. 
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The references of TaqMan® gene expression assays (Thermo ScientificTM, USA) 

are indicated in Table 6. 

Gene ID Description TaqMan® Probe 

Ide Insulin-degrading enzyme Mm00473077_m1 

Insr Insulin receptor Mm01211875_m1 

Gcgr Glucagon receptor Mm00433546_m1 

Gcg Proglucagon Mm00801714_m1 

Table 6. List of TaqMan probes used in this study. 

 

The references of SYBR Green (Thermo ScientificTM, USA) gene expression 

assays are indicated in Table 7. 

Table 7. List of SYBR Green assays used in this study. 

 

5.11. CELL IMMUNOSTAINING  

To detect the presence of primary cilia in siRNA-Ide αTC1.9 and siRNA-Arl13b 

αTC1.9 cells, they were seeded on coverslips (at least 100,000 cells/coverslip). 

Cells were fixed with 10% formalin for 5 min, washed with PBS, immersed in 70% 

EtOH at 4°C for 30 min; then, cells were immersed in 1 N HCl for 20 min, followed 

by a washing step with PBS. To prevent non-specific binding, the cells were 

incubated for 1 h in “blocking solution” (1% BSA, 0.2% NGS in PBS) at R.T. After 

blocking step, cells were treated with anti-α-acetylated α-tubulin antibody (Sigma, 

USA) at 4°C O/N. The next day, the samples were washed with PBS to remove 

excess primary antibody and incubated with the appropriate Alexa-fluor 

secondary antibody (Thermofisher, USA) for 30 min at R.T. Finally, they were 

mounted with Fluoroshield with DAPI mounting medium (Sigma-Aldrich, USA) for 

photographing and subsequent analysis. Ciliated and non-ciliated proliferating 

cells were quantified using the free software Image J software (NIH, USA).  

Gene ID Description SYBR Green assay 

Pcsk1/3 
Proprotein convertase 

subtilisin/kexin type 1 

F: 5’-CTGGCCAATGGGTCGTACTC-3’ 

R: 5’-TGGAGGCAAACCCAAATCTTAC- 3’ 

Pcsk2 
Proprotein convertase 

subtilisin/kexin type 2 

F: 5’-AGGCAGCTGGCGTGTTTG-3’ 

R: 5’-GAAGCTGGTTCCGCTTGGA-3’ 

Ide-15a 
Canonical (exon 15a) Ide 

spliceoform 

F: 5'-CAGCCATGAGTAAGCTGTGG-3' 

R: 5'-TCCCATAGATAGATGGTATTTTGG-3' 

Ide-15b 
Alternative (exon 15b) Ide 

spliceoform 

F: 5'-CAGCCATGAGTAAGCTGTGG-3' 

R: 5'-TCAATAACCTGATAAACAGG-3' 
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Antibody Supplier Reference Dilution 
Incubation time and 

°C 
Specie 

α-acetylated α-

tubulin 
SIGMA T6793 1:1000 4°C; O/N Mouse 

Table 8. Primary antibody used for immunofluorescence. 

 

Antibody Supplier Reference Dilution 
Incubation time and 

°C 
Specie 

Alexa fluor 488 

goat 
Invitrogen A28175 1:1000 30 min; R. T Mouse 

Table 9. Secondary antibody used for immunofluorescence. 

 

5.12. STATISTICAL ANALYSIS 

Statistical analysis of data was performed using GraphPad Prism Software 6.0 

(CA, USA). Data are represented as the mean +/- the standard error of the media. 

To check the normality of distributions, we used Kolmogorov-Smirnov test. To 

analyze statistical differences between two sets of data, we used Student's t-test 

(parametric data) or Mann–Whitney U test (non-parametric data). Comparisons 

between more than two sets of data were done using one-way ANOVA or two-

way ANOVA (two independent variables) for parametric data and Kruskal-Wallis 

test or Friedman´s test (two independent variables) for non-parametric data. Post-

hoc analyses were done using Bonferroni test (parametric data) or Durnett 

(nonparametric data). Statistically differences were considered significant at 

p<0.05. 

  



 
 

85 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS 



  

86 
 

  



  

87 
 

6. RESULTS 

6.1. IDE AND CYTOSKELETON PROTEINS EXPRESSION 

DURING GLUCAGON SECRETION IN PANCREATIC α-CELLS 

6.1.1. IDE-cytoskeleton dynamics in secretory versus basal 

conditions in α-cells 

Our group has previously described that IDE is expressed in all islet cells, but 

mostly in α-cells [132]. We have also shown that IDE has an important role in 

insulin secretion [122]. 

Thus, to investigate the role of IDE in pancreatic α-cell function, we performed a 

glucagon secretion assay, and we measured protein levels in both low (1 mM) 

(glucagon secretion stimulation) and high (16 mM) (glucagon secretion inhibition) 

glucose conditions (Figure 22 A). Interestingly, at 16 mM glucose we found 

∼30% decrease in IDE protein levels (Figure 22 B-C).  

Because actin cytoskeleton has been implicated in the regulation of insulin 

secretion in pancreatic β-cells [165], we decided to explore whether cytoskeleton 

proteins could provide important insights into the molecular mechanisms 

underlying glucagon secretion. 

In order to clarify the role of cytoskeleton in α-cells function we measured actin, 

α-synuclein, α-tubulin, tubulin acetylation and a marker of primary cilium called 

Arl13b. 

At 16 mM glucose, when glucagon secretion is being repressed by high glucose, 

we found a reduction of ∼40% in Arl13b levels (Figure 22 B, D), a small GTPase 

that is localized within cilia. Additionally, we observed a decrease of ∼40% in 

actin (Figure 22 B, E), a decrease of ∼60% in acetylated α-tubulin (Figure 22 B, 

F), a marker of tubulin polymerization that is required for cilia formation and 

microtubules stability, and a decrease of ∼30% in α-tubulin levels (Figure 22 B, 

G).  



  

88 
 

 

Figure 22. Protein levels of IDE and cytoskeleton in secretory versus basal condition in 

αTC1.9 cells. A: Glucagon secretion from αTC1.9 cells after 30 min of 1 mM glucose or 16 mM 

glucose after. B: Representative WB panel of proteins assessed. C: Quantification of IDE by WB. 

D: Quantification of Arl13b by WB. E: Quantification of actin by WB. F: Quantification of acetylated 

tubulin by WB. G: Quantification of α-tubulin by WB. (N=3, performed in triplicates). H: 

Quantification of α-synuclein monomers by WB. I: Quantification of α-synuclein oligomers by WB. 

(N=4). *p<0.05. Data are presented as means ± SEM. 
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Our previous data [164] and Steneberg et al [119] have shown a relationship 

between α-synuclein and IDE protein levels in β-cells.  

Recent studies have shown that α-synuclein can regulate the cytoskeleton in 

different secretory cell types [166]. IDE plays a role in controlling intracellular 

levels of α-synuclein and its aggregation through a non-proteolytic interaction, 

where α-synuclein monomers form an essentially irreversible bond with IDE 

[119]. 

In our study, we observed a significant decrease of ∼70% in both α-synuclein 

monomers (Figure 22 B, H) and oligomers (Figure 22 B, I) in pancreatic α-cells 

when glucagon secretion was suppressed by high glucose concentrations. 

In summary, the decrease in IDE protein levels at high glucose inhibitory 

conditions, as well as the reduction in several cytoskeletal proteins under the 

same conditions, led us to investigate the potential link between IDE and the 

cytoskeleton in the regulation of α-cell glucagon secretion. 

6.1.2. Insulin, glucagon, and somatostatin receptor levels in secretory 

versus basal conditions 

The deletion of IDE in the liver led to decreased levels of insulin receptor (IR) 

protein and phosphorylation, resulting in compromised intracellular insulin 

signaling [162]. In mice fed a high-fat diet, the deletion of IDE in the liver resulted 

in lower levels of hepatic IR protein and reduced AKT1 protein levels in response 

to insulin stimulation. Furthermore, IDE co-immunoprecipitated with IR in 

response to insulin stimulation in mice with adenoviral-mediated liver 

overexpression of IDE [163]. These findings suggest a role of IDE in regulating 

insulin signaling. 

In addition, presence of β-cell primary cilium is necessary for glucose sensing, 

calcium influx, insulin secretion, and the crossregulation of α-, β- and δ-cells. This 

demonstrates that impaired ciliogenesis has an impact on paracrine regulation of 

islet cells [152]. 

In pancreatic α-cells, high glucose-induced repression of glucagon secretion 

corresponded with a ∼30% decrease in IR protein levels (Figure 23 A, B), ∼40% 
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in glucagon receptor (GcgR) protein levels (Figure 23 A, C), and ∼50% decrease 

in somatostatin receptor (SSTR) protein levels (Figure 23 A, D). 

 

Figure 23: Insulin, glucagon, and somatostatin receptor protein levels in response to low 

versus high glucose exposure in αTC1.9 cells. A: Representative WB panel of proteins 

assessed. B: Quantification of IR by WB. C: Quantification of GcgR by WB. D: Quantification of 

SSTR by WB. (N=3, performed triplicates). *p<0.05. Data are presented as means ± SEM. 

 

Insulin and somatostatin are known to have paracrine inhibitory effects on 

glucagon secretion, thus the decrease in their respective receptors in pancreatic 

α-cells could lead to glucagon secretion dysregulation. 

In summary, at high glucose concentration, when glucagon secretion is 

repressed, a decrease in IDE protein levels was observed. Additionally, 

reductions in various cytoskeletal proteins, including α-synuclein, Arl13b, actin, 

acetylated α-tubulin, and α-tubulin were found. Furthermore, the study found a 

decrease in glucagon, insulin, and somatostatin receptor protein levels in 

response to high glucose concentration in pancreatic α-cells, which points to the 

relevance of paracrine signals on glucagon secretion. 
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6.2. IDE-KNOCKDOWN IN αTC1.9 CELLS 

6.2.1. Generation and analysis of IDE knockdown in the α-cell line 

αTC1.9 

In order to further elucidate the role of IDE in pancreatic α-cells, we generated 

αTC1.9 cells lacking Ide expression using siRNA technology as described in the 

Materials and Methods section. By observing the effects of transient ablation of 

IDE, we could assess its role on α-cell function. 

We performed quantitative RT-QPCR to confirm IDE knockdown and observed a 

significant reduction of ∼70% in Ide mRNA levels in IDE-knocked down αTC1.9 

cells (siRNA-Ide) compared to control cells (siRNA-CTL) (Figure 24 A). 

In the same way, we have also measured IDE protein levels by WB to verify IDE 

decrease in these cells. There was a ~30% IDE protein reduction in siRNA-Ide 

cells compared to siRNA-CTL cells (Figure 24 B, C). These results indicate that 

IDE knockdown was effective. 

 

 

Figure 24: mRNA and protein levels of Ide in siRNA-Ide αTC1.9 cells. A: Results of RT-

quantitative PCR measurements of Ide expression in siRNA-Ide and siRNA-CTL αTC1.9 cells. B: 

Representative WB of IDE levels in siRNA-Ide and siRNA-CTL αTC1.9 cells. C: Quantification of 

IDE by WB. (N=3, in triplicates). *p<0.05. Data are presented as means ± SEM. 



  

92 
 

6.2.2. Glucose-stimulated glucagon secretion in siRNA-Ide αTC1.9 

cells 

To explore the role of IDE on glucagon secretion, we measured glucose-

stimulated glucagon secretion in siRNA-Ide and siRNA-CTL αTC1.9 cells. We 

have found a decrease of glucagon secretion in siRNA-Ide αTC1.9 cells under 

low glucose conditions (Figure 25). 

 

Figure 25: Glucagon secretion in response to glucose challenge (1 mM glucose versus 16 

mM glucose) in siRNA-Ide and siRNA-CTL αTC1.9 cells. (N=3, in triplicates). *p<0.05 vs. 

siRNA-CTL, 1 mM glucose. Data are presented as means ± SEM. 

 

This result provides a potential link for the data shown in Figure 22 where IDE 

levels were reduced at 16 mM glucose, when glucagon secretion is repressed. 

These findings suggest that IDE is required for normal glucagon secretion. 

 

6.2.3. Study of cytoskeletal dynamics and primary cilium markers in 

siRNA-Ide αTC1.9 cells 

siRNA-Ide αTC1.9 cells showed a ~30% decrease in acetylated α-tubulin (Figure 

26 A, B), a decrease up to 60% of α/β-tubulin (Figure 26 A, C), and a ~50% 

decrease in Arl13b (Figure 26 A, D) protein levels compared with control cells. 
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Figure 26: Cytoskeleton protein levels in siRNA-Ide αTC1.9 cells. A: Representative WB of 

protein assessed in siRNA-Ide and siRNA-CTL αTC1.9 cells. B: Quantification of acetylated α-

tubulin by WB. C: Quantification of α/β-tubulin levels by WB. D: Quantification of Arl13b by WB. 

(N=3, in triplicates). *p<0.05. Data are presented as means ± SEM. 

 

The observed reduction in cytoskeletal proteins in siRNA-Ide αTC1.9 cells 

suggests that IDE plays an important role in the regulation of cytoskeleton 

dynamics, which in turn, could have an impact on glucagon secretion. Arl13b, a 

protein involved in the regulation of ciliary function, was decreased in siRNA-Ide 

αTC1.9 cells, indicating a disruption in ciliogenesis in these cells. 

6.2.4. Study of ciliogenesis in siRNA-Ide αTC1.9 cells 

To investigate the potential role of IDE in ciliogenesis, a process that involves the 

organization and function of the cytoskeleton, we quantified ciliogenesis by 

counting cilia labelled with anti-acetylated-tubulin (Figure 27) in siRNA-Ide cells. 

We found a decreased number of cilia in siRNA-Ide cells compared to its control. 

In addition, we observed that the average length of primary cilia was significantly 

shorter in siRNA-Ide αTC1.9 cells compared to control cells, indicating that the 

knockdown of Ide affects correct ciliogenesis.  
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Figure 27: Study of ciliogenesis in siRNA-Ide αTC1.9 cells. A: Representative images of 

ciliated α-cells stained for acetylated α-tubulin in siRNA-Ide and siRNA-CTL αTC1.9 cells. Scale 

bar, 10 μm. B: Quantification of ciliated cells by immunostaining. C: Quantification of cilium length 

by immunostaining. (N=3, in triplicates) *p<0.05. Data are presented as means ± SEM. 

 

6.2.5. α-synuclein protein levels in siRNA-Ide αTC1.9 cells 

In connection to this, we have also found an upregulation up to 30-35% in α-

synuclein monomers (Figure 28 A, B) and α-synuclein oligomers (Figure 28 A, 

C) respectively, in siRNA-Ide αTC1.9 cells. 
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Figure 28: α-synuclein levels in siRNA-Ide αTC1.9 cells. A: Representative WB of α-synuclein 

monomers and oligomers in siRNA-Ide and siRNA-CTL αTC1.9 cells. B, C: Quantification of α-

synuclein by WB, showing monomers (B) and oligomers (C) (n=4). *p<0.05. Data are presented 

as means ± SEM. 

 

The upregulation of α-synuclein could be linked to the observed decrease in 

cytoskeletal proteins in siRNA-Ide αTC1.9 cells. Previous studies have also 

suggested that α-synuclein may play a role in the regulation of cytoskeletal 

function [119], thus, it could contribute to the observed disruption in cytoskeletal 

proteins, leading to impaired glucagon secretion. 

6.2.6. Study of proliferation markers in siRNA-Ide αTC1.9 cells 

To investigate the effect of reduced IDE and impaired ciliogenesis on cell 

proliferation, we performed counting cells and midbodies assays in siRNA-Ide 

αTC1.9 cells. Our results indicate that reduced IDE and ciliogenesis lead to 

increased proliferation markers in these cells. 
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Figure 29. Deletion of IDE triggers α-cell proliferation. A: Representative images of midbodies 

staining in siRNA-Ide and siRNA-CTL αTC1.9 cells. Scale bar, 10 μm. B: Quantification of number 

of cells in siRNA-CTL versus siRNA-Ide αTC19 cells. C: Quantification of number of 

midbodies/cells in siRNA-CTL versus siRNA-Ide αTC19 cells. (N=3, triplicates). *p<0.05. Data are 

presented as means ± SEM. 

 

The observed 50% increase in proliferation in siRNA-Ide αTC1.9 cells indicates 

that the reduction of IDE and impaired ciliogenesis can lead to an increase in cell 

proliferation (Figure 29). This supports the idea of a potential link between IDE, 

ciliogenesis, and pancreatic α-cell proliferation. These results indicate that a 

decrease in ciliogenesis induces increased cell proliferation. 

6.2.7. Study of SNAREs protein levels in siRNA-Ide αTC1.9 cells 

In pancreatic α-cells, membrane trafficking plays a crucial role in the regulation 

of glucagon secretion. The release of glucagon is tightly controlled by the 

exocytosis of secretory granules containing glucagon, which involves the fusion 

of these granules with the plasma membrane. This process requires the presence 

and proper function of proteins known as SNAREs (Soluble NSF Attachment 

Protein Receptors) that facilitate the fusion of the granule membrane with the 
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plasma membrane, the most important ones in α-cells are SNAP-25, Syntaxin 1A 

(STX1A), synaptobrevin, and vesicle-associated membrane protein 2 (VAMP2) 

[68–70].  

Because we observed a phenotype on glucagon secretion, we wanted to test if 

SNAREs proteins were involved in this process. siRNA-Ide αTC1.9 cells showed 

a 25% and 30% decrease in the protein levels of Syntaxin 1A (Figure 30 A, B) 

and SNAP25 (Figure 30 A, C), respectively, compared with control cells.  

 

Figure 30: IDE and SNARE protein levels in siRNA-Ide αTC1.9 cells. A: Representative WB 

of assessed proteins in siRNA-Ide and siRNA-CTL αTC1.9 cells. B: Quantification of IDE by WB. 

C: Quantification of Syntaxin 1A protein levels by WB. D: Quantification of SNAP25 by WB. (N=3, 

in triplicates) *p<0.05. Data are presented as means ± SEM. 

 

In conclusion, the absence of IDE and the dysregulation of the cytoskeleton lead 

to a failure in the SNARE-mediated secretory machinery. This is evidenced by 

the reduced protein levels of key SNAREs involved in glucagon secretion in 

siRNA-Ide αTC1.9 cells. These findings highlight the importance of IDE and the 

cytoskeleton in the regulation of pancreatic α-cell function and provide insight into 

potential mechanisms underlying the pathophysiology of diabetes. 

6.2.8. Study of paracrine regulation of siRNA-Ide αTC1.9 cells 

Our published results showing that the deletion of IDE in the liver led to decreased 

levels of IR and compromised insulin signaling [162], and the fact that impaired 
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ciliogenesis has an impact on paracrine regulation of islet cells [152] further 

support the importance of investigating the effect of impaired ciliogenesis on islet 

hormone’s receptor levels in α-cells. 

Based on this, we investigated the effect of IDE knockdown on IR, GcgR and 

SSTR in pancreatic α-cells. Our results showed a significant reduction of up to 

25-30% in IR (Figure 31 A, F), GcgR (Figure 31 B, F) and SSTR (Figure 31 C, 

F) protein levels in siRNA-Ide αTC1.9 cells. We found no differences in Insr 

mRNA levels (Figure 31 D) in IDE-knockdown αTC1.9 cells. However, we 

observed a significant upregulation of ~50% in Gcgr mRNA levels (Figure 31 E). 

 

Figure 31: Receptors levels in siRNA-Ide αTC1.9 cells. A: Quantification of IR by WB. B: 

Quantification of GcgR by WB. C: Quantification of SSTR by WB. (N=3, triplicates). D: Results of 

quantitative PCR measurements of Insr expression. E: Results of quantitative PCR 

measurements of Gcgr expression. F: Representative WB of IR, GcgR and SSTR levels in siRNA-

Ide and siRNA-CTL αTC1.9 cells. (N=3, in triplicates) *p<0.05. Data are presented as means ± 

SEM. 
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These findings suggest that altered cytoskeletal organization and impaired 

SNARE complex assembly caused by IDE knockdown could affect receptor 

expression.  

Insulin is a hormone that plays a crucial role in regulating glucose metabolism, 

one of its local actions at the islet level is to inhibit glucagon secretion[167, 168]. 

The reduction in IR levels observed in siRNA-Ide αTC1.9 cells may be impairing 

insulin signaling and its ability to suppress glucagon secretion. To investigate this, 

we performed a glucose-stimulated glucagon secretion in the presence of insulin 

(Figure 32).  

The results showed that insulin was not able to suppress glucagon secretion in 

siRNA-Ide αTC1.9 cells, suggesting that the reduction in IR levels could indeed 

affect insulin signaling and its regulation of glucagon secretion. 

 

Figure 32: Glucagon secretion in response to insulin at low glucose levels in siRNA-Ide 

αTC1.9 cells. (N=3, triplicates). *p<0.05 versus siRNA-CTL (1mM). $ p<0.05 versus siRNA-CTL 

(1mM + 100 nM insulin). Data are presented as means ± SEM. 

 

6.3. IDE-TUBULIN-PRIMARY CILIUM AXIS IN IDE-KO AND A-

IDE-KO MOUSE ISLETS 

In order to study the impact of IDE-tubulin-primary cilium axis in a more 

physiological model, we used IDE-KO and A-IDE-KO mice. Specifically, we 

analyzed the levels of Arl13b, α-tubulin, and acetylated tubulin proteins in isolated 

islets of these two models. 
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6.3.1. Study of primary cilium markers in IDE-KO islets 

Our results indicate that there were no significant changes in the protein levels of 

α-tubulin (Figure 33 A, C), acetylated tubulin (Figure 33 A, D), or Arl13b (Figure 

33 E, F) in IDE-KO islets, suggesting that the absence of IDE did not significantly 

affect the expression of these cytoskeletal proteins in the islet cells of this mouse 

model.  

 

 

Figure 33. Cytoskeleton protein levels in IDE-KO mouse islets. A: Representative WB of IDE, 

α-tubulin and acetylated tubulin in WT and IDE-KO mouse islets. B: Quantification of IDE by WB. 

C: Quantification of α-tubulin by WB. D: Quantification of acetylated tubulin by WB. E: 

Representative WB of Arl13b in WT and KO IDE-KO mouse islets. F: Quantification of Arl13b by 

WB. (n=9 WT; 10 KO). *p<0.05. Data are presented as means ± SEM. 

 

It is important to note that the IDE-KO mouse model used in our study has a 

constitutive IDE deletion since embryogenesis which can lead to some 

phenotypic variations and potential compensatory mechanisms. While our results 
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suggest that the absence of IDE did not significantly affect the expression of the 

cytoskeletal proteins analyzed, it is possible that compensatory mechanisms 

could be at play, allowing the mouse to survive despite the deletion. 

Further studies are needed to fully elucidate the potential compensatory 

mechanisms that may be present in IDE-KO islets and their impact on function 

and cytoskeleton regulation.  

6.3.2. Study of primary cilium markers in A-IDE-KO islets 

In a step towards more specificity in the study of IDE in α-cells, we investigated 

the protein levels of Arl13b, α-tubulin, and acetylated tubulin in A-IDE-KO islets. 

Our results indicate that there was a significant reduction of up to 40% in Arl13b 

protein levels (Figure 34 A, B), 40% in acetylated tubulin (Figure 34 A, C), and 

50% in α-tubulin protein levels (Figure 34 A, D) in A-IDE-KO compared to control 

islets.  

 

 
Figure 34. Cytoskeleton protein levels in A-IDE-KO mouse islets. A: Representative WB of 

Arl13b, α-tubulin and acetylated tubulin in WT and A-IDE-KO mouse islets. B: Quantification of 

Arl13b by WB C: Quantification of acetylated tubulin levels by WB. D: Quantification of α-tubulin 

by WB. (n=8 WT; 10 KO). *p<0.05. Data are presented as means ± SEM. 
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These findings suggest that IDE may play a role in the regulation of the 

cytoskeleton in α-cells, and that the absence of IDE may lead to cytoskeletal 

dynamics dysregulation. 

 

6.4. ARL13B-KNOCKDOWN IN αTC1.9 CELLS 

To further explore the relationship between cytoskeleton, glucagon secretion, -

cell proliferation and ciliogenesis (and by extrapolation with IDE), we have 

generated a model of impaired ciliogenesis targeting Arl13b. This model has 

allowed us to investigate the involvement of cilia in glucagon secretion. 

6.4.1. Generation and analysis of Arl13b knockdown α-cell line: 

siRNA-Arl13b αTC1.9 cells 

We knocked-down Arl13b using siRNA-Arl13b and used scrambled siRNA as 

control. We first checked the decrease in Arl13b protein levels (Figure 35 A, B) 

and quantified ciliogenesis by counting cilia labelled with anti-acetylated tubulin. 

The decrease in the number of cilia/cells (Figure 35 C, D) demonstrates the 

effectiveness of the Arl13b knockdown. In addition, we observed that the average 

length of primary cilia was significantly shorter (Figure 35 E) in siRNA-Arl13b 

αTC1.9 cells compared to control cells, indicating that the knockdown of Arl13b 

affect correct ciliogenesis.  
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Figure 35: Analysis of Arl13b knockdown α-cell line: siRNA-Arl13b αTC1.9 cells. A: 

Representative WB of Arl13b levels in siRNA-Arl13b and siRNA-CTL αTC1.9 cells. Scale bar, 10 

μm. B: Quantification of Arl13b by WB. C: Representative images of ciliated α-cells stained for 

acetylated α-tubulin in siRNA-Arl13b and siRNA-CTL αTC1.9 cells. D: Quantification of ciliated 

cells by immunostaining. E: Quantification of cilia length by immunostaining (µm). (N=3, 

triplicates). *p<0.05. Data are presented as means ± SEM. 

 

6.4.2. Study of proliferation markers in siRNA-Arl13b αTC1.9 cells 

To further characterize the phenotype of the siRNA-Arl13b αTC1.9 cell line, we 

assessed the effect of reduced Arl13b expression on α-cell proliferation. We 

found that knockdown of Arl13b led to a 50% significant increase in α-cell 

proliferation, as measured by cell and midbodies counting assays (Figure 36).  
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Figure 36. Study of proliferation in siRNA-Arl13b αTC1.9 cells. A: Representative images of 

midbodies staining in siRNA-Arl13b and siRNA-CTL αTC1.9 cells. Scale bar, 10 μm. B: 

Quantification of number of cells. C: Quantification of number of midbodies/number of cells. (N=3, 

triplicates). *p<0.05. Data are presented as means ± SEM. 

 

These results indicate that decreased Arl13b expression in α-cells leads to 

increased cell proliferation. These findings suggest that Arl13b may play a role in 

regulating cell proliferation in αTC1.9 cells, highlighting its potential as a 

therapeutic target for diseases involving dysregulated cell proliferation and 

ciliopathies.  

6.4.3. Glucose-stimulated glucagon secretion in siRNA-Arl13b αTC1.9 

To characterize this cell line, we analyzed α-cell function by testing glucagon 

secretion after glucose challenge (Figure 37). Our findings indicate an 

impairment in glucagon secretion when Arl13b is abolished. 
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Figure 37: Glucagon secretion in response to glucose exposure (1 mM glucose or 16 mM 

glucose) in siRNA-Arl13b αTC1.9 cells. (N=3, triplicates). *p<0.05 versus siRNA-CTL (1mM). 

$ p<0.05 versus siRNA-CTL (16 mM). # p<0.05 versus siRNA-Ide (1 mM). Data are presented 

as means ± SEM. 

 

Therefore, the observed dysregulation in glucagon secretion suggests that Arl13b 

and / or the primary cilium may play a role in the normal function of α-cells. This 

further supports the idea that the cytoskeleton and the primary cilium play 

important roles in the regulation of glucagon secretion and glucose homeostasis. 

6.4.4. Study of IDE protein levels in siRNA-Arl13b αTC1.9 

There was not a significant change in IDE levels in siRNA-Arl13b αTC1.9 cells 

when compared to the control (Figure 38 A, B). 

Figure 38: IDE protein levels in siRNA-Arl13b αTC1.9 cells. A: Representative WB of IDE in 

siRNA-Arl13b and siRNA-CTL αTC1.9 cells. B: Quantification of IDE by WB. (N=3, triplicates). 

*p<0.05. Data are presented as means ± SEM. 

 

The lack of change in IDE levels in siRNA-Arl13b αTC1.9 cells suggests that IDE 

is not downstream of the ciliogenesis impairment initiated by Arl13b lost. 
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6.4.5. Study of primary cilium markers in siRNA-Arl13b αTC1.9 

siRNA-Arl13b αTC1.9 cells showed a decreased up to 50% in α-tubulin protein 

levels (Figure 39 A, B). Surprisingly, tubulin acetylation (Figure 39 A, D) did not 

change. 

 

Figure 39: α-tubulin and acetylated α-tubulin protein levels in Arl13b-knockdown αTC1.9 

cells. A: Representative WB of αTubulin in siRNA-Arl13b and siRNA-CTL αTC1.9 cells. B: 

Quantification of acetylated α-tubulin by WB. C: Representative WB of acetylated α-tubulin in 

siRNA-Arl13b and siRNA-CTL αTC1.9 cells. D: Quantification of acetylated α-tubulin by WB. 

(N=3, triplicates). *p<0.05. Data are presented as means ± SEM. 

 

This suggests that Arl13b may play a role in the regulation of α-tubulin levels in 

the cell, but not in its posttranslational modifications, at least in acetylation.  

Arl13b is known to play a crucial role in cilia formation and maintenance, and cilia 

are microtubule-based organelles. α-tubulin is one of the major components of 

microtubules, so it is plausible that Arl13b plays a role in the regulation of α-

tubulin levels in the pancreatic α-cell. However, tubulin acetylation has been 

reported to be required for microtubules stabilization to form the primary cilium, 

and it is often used as a marker of primary cilium. Thus, it is possible that the 

regulation of tubulin acetylation in the siRNA-Ide model is not directly dependent 

on Arl13b but may be influenced by other factors.  
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6.4.6. Study of IR protein levels in siRNA-Arl13b αTC1.9 cells 

In addition, we observed a reduction of ∼30% in the IR protein levels in siRNA-

Arl13b αTC1.9 cells (Figure 40).  

 

Figure 40: IR levels in siRNA-Arl13b αTC1.9 cells. A: Representative WB of IR in siRNA-Arl13b 

and siRNA-CTL αTC1.9 cells. B: Quantification of IR by WB. (N=3, triplicates). *p<0.05. Data are 

presented as means ± SEM. 

 

The reduction in insulin receptor protein levels in siRNA-Arl13b αTC1.9 cells may 

be due to the disrupted cytoskeleton and altered cellular processes caused by 

the absence of Arl13b. The cytoskeleton plays a critical role in the trafficking and 

localization of proteins within the cell, including the insulin receptor. Without 

proper regulation of the cytoskeleton, IR may not be able to reach its proper 

location on the cell surface or may be targeted for degradation. This could lead 

to a decrease in insulin receptor protein levels and impaired insulin signaling in 

the cell. 

As insulin is known to have an inhibitory effect on glucagon secretion [167, 168], 

the decrease in IR protein levels in siRNA-Arl13b αTC1.9 cells may affect the 

insulin signaling pathway. To investigate this, we have performed a glucagon 

secretion assay in the presence of insulin. 

As shown in Figure 41, there were no significant differences in glucagon 

secretion between siRNA-Arl13b αTC1.9 cells with or without insulin treatment at 

low glucose conditions. This finding suggests that inhibition of glucagon secretion 

after Arl13b knock-down reaches maximum levels of inhibition, thus, insulin was 

not able to perform a further effect. 
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Figure 41. Glucagon secretion in response to insulin at low glucose levels in siRNA-Arl13b 

αTC1.9 cells. *p<0.05. (N=3, in triplicates). Data are presented as means ± SEM. 

 

6.5. AUTOCRINE AND PARACRINE REGULATORY 

MECHANISMS OF PANCREATIC α-CELLS UNDER HIGH 

GLUCAGON CONDITIONS 

It has been shown in the first part of the results that IDE plays a critical role in the 

regulation of glucagon secretion, which is the mainly function of pancreatic α-cells 

in the pancreas. By understanding how hyperglucagonemia affects IDE levels, 

we can gain insight into the mechanisms that regulate blood glucose homeostasis 

dysregulation in T2D. 

6.5.1. Glucagon signalling activation in αTC1.9 cells 

Glucagon signaling in pancreatic α-cells involves the binding of glucagon to its 

receptor (GcgR) which is a G protein-coupled receptor, which leads to the 

activation of adenylyl cyclase and the subsequent production of cAMP. Increased 

cAMP levels activate PKA, which in turn phosphorylates downstream targets, 

including ion channels, enzymes, and transcription factors like CREB.  

Additionally, PKA phosphorylation of transcription factors can modulate gene 

expression and protein synthesis, affecting the function and/or survival of α-cells. 

Overall, glucagon signaling is a complex and tightly regulated process that plays 

a critical role in the maintenance of glucose homeostasis in the body. 
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To investigate glucagon effects on α-cells, first, we tested that αTC1.9 were able 

to respond to glucagon stimulation. After 200 nM glucagon exposure for 10 min 

we found an upregulation of cAMP levels (Figure 42 A), as well as in phospho-

PKA (pPKA) substrate levels (Figure 42 B, C), an indirect way of measure PKA 

activation. After 30 min of glucagon exposition, cAMP levels and pPKA substrate 

levels went back to basal levels.  

 

Figure 42: Glucagon signaling in αTC1.9 cells. A: cAMP levels after 200 nM glucagon 

exposure. B: Representative WB of pPKA-substrates in glucagon-stimulated αTC1.9 cells. C: 

Quantification of pPKA-substrates protein levels by WB after 200 nM glucagon exposure. (N=3, 

duplicates); *p<0.05. Data are presented as means ± SEM. 

 

The increase in cAMP levels and PKA activity (as shown in Figure 42) indicates 

that α-cells are indeed responding to glucagon.  

6.5.2. IDE expression levels under hyperglucagonemia 

After stimulating αTC1.9 cells with 14 nM glucagon at 3 mM glucose for 4 h, an 

increase of ∼20% has been observed in IDE mRNA levels (Figure 43 A), 

including both the 15a (Figure 43 B) and 15b (Figure 43 C) splice isoforms. It is 

important to note that the basal expression of the 15a splice isoform is higher 

than the 15b isoform, suggesting that the 15a isoform may play a more significant 

role in IDE function in pancreatic α-cells. 
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Interestingly, we have also observed a decrease of ∼20% in IDE protein levels at 

4 h after glucagon stimulation (Figure 43 D, E).  

To study if IDE activity is implicated in pancreatic α-cell autocrine and paracrine 

regulation, we stimulated αTC1.9 cells with 14 nM for 2 and 4 h of glucagon and 

we measured IDE activity. We did not observe any significant difference in IDE 

activity between control and glucagon-stimulated cells (Figure 43 F).  

 

Figure 43: Glucagon effect on IDE protein levels after 14 nM glucagon during 2 and 4 h in 

αTC1.9 cells. A: Ide mRNA levels after 14 nM glucagon exposure (N=3, triplicates). B: 15a Ide 

mRNA levels after 14 nM glucagon exposure (N=3, triplicates). C: 15b Ide mRNA levels after 14 

nM glucagon exposure (N=3, triplicates). D: Representative WB of IDE in glucagon stimulated 

αTC1.9 cells. (N=6 duplicates). E: Quantification of IDE by WB. F: IDE catalytic activity after 

glucagon exposure. (N=6 duplicates) *p<0.05. 
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These findings suggest that IDE protein levels, but not its activity, may be 

regulated in the pathogenesis of hyperglucagonemia present in T2D. Thus, 

studying more deeply these mechanisms could shed light on the effects of 

hyperglucagonemia on α-cell function. 

6.5.3. Glucagon signaling after 2 and 4 h in αTC1.9 cells 

After stimulating αTC1.9 cells with 14 nM glucagon at 3 mM glucose for 2 and 4 

h, a decrease of ∼50% was observed in the mRNA (Figure 44 A) and protein 

(Figure 44 B, C) levels of GcgR. A significant 20% decreased of Glucagon Like 

Peptide 1 receptor (GLP-1-R) (Figure 44 D, E) was observed after 1-h glucagon 

stimulation.

 

Figure 44: Glucagon and GLP-1 receptors after 14 nM glucagon stimulation in αTC1.9 cells. 

A: Gcgr mRNA levels after 14 nM glucagon exposure during 2 and 4 h. B: Representative WB of 
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GcgR protein levels. C: Quantification of GcgR protein levels by WB. D: Representative WB of 

GLP-1-R protein levels. E: Quantification of GLP-1-R protein levels by WB (N=3, duplicates); 

*p<0.05. Data are presented as means ± SEM. 

These findings suggest that chronic exposure to high levels of glucagon may 

impair the sensitivity of α-cells to glucagon and other related hormones like GLP-

1, potentially leading to dysregulated glucagon secretion. 

A significant decrease up to 30-40% was observed in cAMP levels (Figure 45) 

after glucagon exposure. 

 

Figure 45: cAMP levels are decreased after 14 nM glucagon stimulation. *p<0.05. N=5. Data 

are presented as means ± SEM. 

 

The decrease in cAMP levels observed in αTC1.9 cells after 2 and 4 h of 

exposure to glucagon suggests that prolonged hyperglucagonemia may lead to 

a decrease in cAMP signaling. High levels of glucagon may lead to the 

desensitization or downregulation of glucagon receptors, resulting in decreased 

cAMP production. 

 
Moreover, a significant decrease of ∼40% in pPKA-substrates protein levels (an 

indirect marker of PKA activity) (Figure 46 A, B) was observed after 2 and 4 h 

glucagon exposure. 
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Figure 46: PKA activity is decreased after 14 nM glucagon stimulation. A: Representative 

WB of pPKA substrates in glucagon-stimulated αTC1.9 cells. B: Quantification of pPKA-

substrates protein levels by WB. (N=3, duplicates); *p<0.05. Data are presented as means ± SEM. 

 

These results suggest that prolonged exposure to high levels of glucagon may 

lead to the desensitization or downregulation of glucagon receptors, resulting in 

decreased cAMP production and subsequent PKA activation.  

 
A significant decrease up to 30% in pCREB/CREB ratio (Figure 47 A, B) was 

observed 2 h post glucagon exposure.  

 

Figure 47: pCREB/CREB ratio is decreased after 14 nM glucagon stimulation. A: 

Representative WB of pCREB and CREB protein levels. B: Quantification of ratio pCREB/CREB 

protein levels by WB. (N=3, duplicates); *p<0.05. Data are presented as means ± SEM. 

 

The decrease in pCREB/CREB ratio suggests that the activation of the 

cAMP/PKA signaling pathway was reduced after glucagon exposure, leading to 

a decrease in PKA activity. CREB is a transcription factor that is activated by 

PKA-mediated phosphorylation (on serine 133 residue), and its activation leads 
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to the expression of genes involved in metabolic processes, particularly in the 

liver. Some target genes of CREB in the liver include Glucose-6-phosphatase 

(G6pc) and Phosphoenolpyruvate carboxykinase (Pepck), which are key 

enzymes in gluconeogenesis.  

A decrease in pCREB/CREB ratio indicates a reduction in CREB activation, which 

could lead to a decrease in the expression of these genes. However, the exact 

role of CREB in pancreatic α-cells is not yet fully understood. 

The decrease in the mRNA and protein levels of GcgR and GLP-1-R after 

prolonged glucagon exposure, coupled with the decrease in cAMP levels and 

PKA activity, suggest a negative feedback mechanism in the glucagon signaling 

pathway in pancreatic α-cells. The decrease in pCREB/CREB ratio further 

supports this notion, as it suggests a reduction in the activation of downstream 

targets of PKA.  

6.5.4. Glucagon effect on its own synthesis in αTC1.9 cells 

We have observed a notable up to two-fold increase in Gcg mRNA levels (Figure 

48 A) following a 2-h exposure to glucagon. However, we did not observe any 

statistically significant changes in proglucagon protein levels measured by WB 

(Figure 48 B, C) or intracellular glucagon protein levels measured by ELISA 

(Figure 48 D).  
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Figure 48: Glucagon effect on its own synthesis in αTC1.9 cells. A: mRNA Gcg levels after 

14 nM glucagon exposure during 2 and 4 h. B: Representative WB of proglucagon protein levels 

in glucagon-stimulated αTC1.9 cells. C: Quantification of proglucagon protein levels by WB after 

14 nM glucagon exposure. D: Quantification of intracellular glucagon by ELISA after 14 nM 

glucagon exposure during 2 and 4 h in αTC1.9 cells. (N=3, duplicates); *p<0.05. Data are 

presented as means ± SEM. 

 

Exposure to glucagon for 2 h causes an increase in proglucagon mRNA levels 

without affecting proglucagon protein levels or intracellular glucagon protein 

levels. This could suggest that the increase in proglucagon mRNA levels may be 

due to a transcriptional regulation. 

6.5.5.  Pcsk2 mRNA levels after high glucagon treatment in αTC1.9 

To assess the accuracy of glucagon processing, we examined the levels of 

proconvertase 2 (Pcsk2), present in the pancreatic α-cell and responsible for 

processing proglucagon into mature glucagon [169, 170]. The pcsk2 mRNA 

levels (Figure 49) are not changed, suggesting that glucagon is being correctly 

processed. 
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Figure 49. pcsk2 mRNA levels after 2 and 4 h of glucagon exposure. *p<0.05. N=3, in 

triplicates. Data are presented as means ± SEM. 

 

6.5.6. Insulin receptor protein levels after high glucagon conditions in 

αTC1.9 

To study the paracrine regulation between insulin and the pancreatic α-cell under 

hyperglucagonemia conditions, we examined the levels of insulin receptor mRNA 

and protein levels after glucagon treatment. 

We found a significant increase up to 20% in Insr mRNA levels after 4 h of 

glucagon exposure (Figure 50 A). However, the protein levels decreased by 20% 

(Figure 50 B, C) at 4 h of glucagon exposure. 
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Figure 50. Insulin receptor levels after glucagon exposure. A: Insr mRNA levels after 14 nM 

glucagon exposure during 2 and 4 h. B: Representative WB of IR protein levels in glucagon-

stimulated αTC1.9 cells. C: Quantification of IR protein levels by WB after 14 nM glucagon 

exposure. (N=3, duplicates); *p<0.05. Data are presented as means ± SEM. 

 

It is interesting that we observed a significant increase in Insr mRNA levels at 4 

h of glucagon exposure, while protein levels decreased at 2 and 4 h of exposure. 

This could suggest that there is a negative feedback mechanism, where the cell 

senses a decrease in protein levels and responds by upregulating mRNA levels 

in an attempt to restore protein levels.  

To further analyze the relationship between IDE and insulin receptor protein 

levels under hyperglucagonemia, we performed bivariate analyses between IDE 

and IR protein levels. As shown (Figure 51), there is a positive correlation 

between IDE and insulin receptor protein levels.  
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Figure 51: Correlation between IDE and IR protein levels after 1 h, 2 h and 4 h glucagon 

exposure. 

 

The positive correlation between IDE and IR protein levels under 

hyperglucagonemia conditions suggests that IDE plays a role in regulating IR 

levels, possibly by controlling the stability or degradation of the receptor protein. 

However, further studies are needed to determine the exact mechanism 

underlying these data. 

 

6.6. GLUCAGON SIGNALING IN siRNA-Ide αTC1.9 CELLS 

We have found that IDE levels are decreased under high glucagon conditions, 

where glucagon signaling is impaired and, also, we described reduced GcgR 

protein levels in siRNA-Ide cells. This led us to think about a possible involvement 

of IDE in the regulation of glucagon signaling. To understand the role of IDE the 

regulation of glucagon signaling in pancreatic α-cells, we checked glucagon 

signaling in siRNA-Ide cells after glucagon treatment. 

 

6.6.1. IDE protein levels after glucagon treatment in siRNA-Ide αTC1.9 

cells  

After 4 h of glucagon stimulation, we observed decreased IDE protein levels in 

the control, but not in the siRNA-Ide (Figure 52 A, B). 
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Figure 52: IDE protein levels after glucagon exposure in siRNA-Ide αTC1.9 cells. A: 

Representative WB of IDE protein levels in glucagon-stimulated siRNA-Ide and siRNA-CTL 

αTC1.9. B: Quantification of IDE protein levels by WB. (N=3); *p<0.05. Data are presented as 

means ± SEM. 

 

6.6.2. Glucagon signaling after glucagon treatment in siRNA-Ide 

αTC1.9 cells 

After stimulating siRNA-Ide αTC1.9 cells with 14 nM glucagon, we have 

reproduced the decreased levels of GcgR in control cells at 2 h of exposure. 

Additionally, GcgR protein levels were also decreased in the siRNA-Ide cells 

compared to their control (Figure 53 A, B). 

 

Figure 53: Glucagon receptor protein levels after glucagon exposure in siRNA-Ide αTC1.9 

cells. A: Representative WB of GcgR protein levels in glucagon-stimulated siRNA-Ide and siRNA-

CTL αTC1.9. B: Quantification of GcgR protein levels by WB. (N=3); *p<0.05. Data are presented 

as means ± SEM. 

 

The results that were obtained in the experiment confirmed the previous findings. 

However, the experiment also revealed that once IDE is knocked down in 

pancreatic α-cells, hyperglucagonemia does not have any effect on GcgR levels. 
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After stimulating siRNA-Ide αTC1.9 cells with 14 nM glucagon, we have 

reproduced the decreased levels of pPKA-substrates in control cells (siRNA-

control) at 4 h of exposure as previously shown in Figure 46. These results 

(Figure 54 A, B) confirmed the previous findings. However, the experiment also 

revealed that once Ide is knocked-down in pancreatic α-cells, hyperglucagonemia 

does not have any further effect on pPKA-substrates levels.  

 

Figure 54: pPKA-substrates protein levels after glucagon exposure in siRNA-Ide αTC1.9 

cells. A: Representative WB of pPKA-substrates protein levels in glucagon-stimulated siRNA-Ide 

and siRNA-CTL αTC1.9. B: Quantification of pPKA-substrates protein levels by WB. (N=3); 

*p<0.05. Data are presented as means ± SEM. 

 

6.6.3. Insulin receptor protein levels after glucagon treatment in 

siRNA-Ide αTC1.9 cells 

After stimulating siRNA-Ide αTC1.9 cells with 14 nM glucagon, we have 

reproduced the decreased levels of IR in control cells at 4 h of exposure as 

previously shown in Figure 50. Additionally, IR protein levels were also 

decreased in the siRNA-Ide cells compared to their control (Figure 55 A, B). 

 

Figure 55: Insulin receptor protein levels after glucagon exposure in siRNA-Ide αTC1.9 

cells. A: Representative WB of IR protein levels in glucagon-stimulated siRNA-Ide and siRNA-
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CTL αTC1.9. B: Quantification of IR protein levels by WB. (N=3); *p<0.05. Data are presented as 

means ± SEM. 

 

The results obtained in this experiment confirmed the previous findings. However, 

the experiment also revealed that once IDE is knocked-down in pancreatic α-

cells, hyperglucagonemia does not have any effect on IR levels. 

Considering the decreased IR levels in siRNA-Ide cells, we thought it was 

relevant to investigate the role of IDE in insulin signaling in these cells. 

 

6.7. INSULIN SIGNALING IN PANCREATIC α-CELLS 

After stimulating αTC1.9 cells with 100 nM of insulin at 3 mM glucose for 5, 15 

and 30 min, we have studied the canonical signaling of insulin described in other 

cell types. We have observed an increase in the pIR/GAPDH (Figure 56 A, B) 

and pAKT/GAPDH (Figure 56 C–F) ratios in response to insulin. We have also 

seen a non-significant increase in Gcg mRNA levels after 1h of insulin stimulation 

(Figure 56 G). 
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Figure 56: Insulin signaling in αTC1.9 cells. A: Representative WB of pIR/IR in insulin-

stimulated αTC1.9 cells. B: Quantification of pIR/IR protein levels by WB after 100 nM insulin 

exposure. C: Representative WB of pAKT and AKT protein levels in insulin-stimulated αTC1.9 

cells. D: Quantification of pAKT/GAPDH protein levels by WB after 100 nM insulin exposure. E: 

Representative WB of pAKT2 and AKT2 in insulin-stimulated αTC1.9 cells. F: Quantification of 

AKT2/GAPDH protein levels by WB after 100 nM insulin exposure. G: Gcg mRNA levels after 100 

nM insulin exposure. (N=3); *p<0.05. Data are presented as means ± SEM. 
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These results suggest that αTC1.9 cells responded to insulin stimulation by 

following the canonical signaling of insulin described in other cell types. 

Specifically, there was an increase in the pIR/IR and pAKT/AKT protein levels, 

which are indicators of insulin signaling activation. 

 

6.8. INSULIN SIGNALING UNDER HIGH INSULIN CONDITIONS 

IN siRNA-Ide αTC1.9 CELLS 

The decrease in IR levels observed in siRNA-Ide αTC1.9 cells (Figure 31) 

suggests that IDE could play a role in the regulation insulin signaling in α-cells. 

To investigate whether this decrease in IR levels could affect insulin signaling, 

we stimulate siRNA-Ide αTC1.9 cells with 100 nM insulin and measured insulin 

signaling proteins. 

We have measured insulin signaling and found no significant differences in the 

pIR/IR ratio, nor in the pAKT1/AKT1 ratio. 
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Figure 57. Insulin signaling in siRNA-Ide αTC1.9 cells. A: Representative WB of assessed 
proteins in 100 nM insulin stimulated siRNA-Ide αTC1.9 cells. B: Quantification of IDE protein 
levels by WB. C: Quantification of pIR/IR protein levels by WB. D: Quantification of pAKT/AKT 
protein levels by WB (N=5); *p<0.05 versus siRNA-CTL. $ p<0.05 versus siRNA-Ide 5 min. Data 
are presented as means ± SEM. 

 

Therefore, the lack of significant differences in the pIR/IR ratio and pAKT1/AKT1 

ratio between control cells and siRNA-Ide αTC1.9 cells after insulin stimulation 

suggests that the decrease in IDE levels may not have a major impact on insulin 

signaling in these cells under the conditions tested. 

Although other signalling pathways downstream of insulin-IR interaction cannot 

be ruled out. 

 

 

 

 



 
 

125 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 



  

126 
 

  



  

127 
 

7. DISCUSSION 

Hyperglucagonemia is a hallmark of both T1D and T2D. Diabetic patients α-cells 

exhibit defective secretory responses to various factors that normally regulate 

glucagon secretion.  

In this study, we propose IDE as a regulator of the function of pancreatic α-cells. 

We first described the regulation of IDE during glucagon secretion in pancreatic 

α-cells, both in low and high glucose condition, showing a decrease in IDE protein 

levels when glucagon secretion is suppressed by high glucose. Interestingly, we 

found that reduced levels of IDE in siRNA-Ide αTC1.9 cells led to impaired 

glucagon secretion, showing the same phenotype that wild type cells exposed to 

high glucose concentrations. These results together strongly suggest that 

physiological levels of IDE are essential for glucagon release and support the 

hypothesis that IDE plays a role in regulating glucagon release in pancreatic α-

cells, being IDE downregulated to induce an inhibitory stage in glucagon 

secretion.  

 

ROLE OF IDE ON GLUCAGON SECRETION IN α-CELLS 

Our discovery highlights the involvement of IDE in the intricate mechanisms 

underlying glucagon secretion.  

Notably, our observations are in agreement with previous studies that have linked 

IDE to insulin secretion in pancreatic β-cells. Steneberg et al. found that the 

deletion of Ide led to impaired GSIS in IDE-KO mouse and that IDE levels were 

reduced by 40% in islets from T2D donors [119]. Fernández–Díaz et al. confirmed 

this finding [132] and showed that IDE plays a critical role in regulating insulin 

secretion in mouse β-cells [122]. They also showed that silencing Ide using 

shRNA in the INS1E insulinoma cell line and transient inhibition of IDE activity 

with the specific inhibitor NTE-2 [133] led to decreased insulin secretion in 

response to glucose. Moreover, islets isolated from B-IDE-KO mice showed a 

constitutive insulin secretion independently of glucose, along with impaired GSIS 

[122]. Fernández–Díaz et al. found that IDE is expressed at higher levels in 

pancreatic α-cells compared to other islet cell types, suggesting its potential role 
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in α-cell function [132]. Regarding pancreatic α-cells, Merino et al. created a 

mouse model in which Ide was specifically knocked-out in α-cells and observed 

metabolic phenotypes such as hyperglucagonemia and hyperinsulinemia, as well 

as constitutive glucagon secretion [164]. The phenotype of hyperglucagonemia 

resulting from α-cell-specific Ide deletion closely resembles the phenotype of 

constitutive insulin secretion caused by deleting Ide from β-cells [122].  

If we try to elucidate the molecular mechanisms underlying α-cell secretion 

inhibition in absence of IDE, we can argue the following points: 

1. SNARE proteins (SNAP25, STX1A and VAMP2), facilitate the fusion of 

glucagon granules with the plasma membrane to induce glucagon secretion 

under hypoglycemia. Interestingly, we found reduced levels of STX1A, SNAP25, 

and VAMP2 in siRNA-Ide αTC1.9 cells, suggesting a potential disruption in the 

function of SNARE protein complex. These findings indicate that the impaired 

glucagon secretion caused by the reduced levels of IDE levels potentially involves 

the dysfunction of SNARE proteins, thereby affecting exocytosis in α-cells. IDE 

appears to be upstream in the regulatory pathway that governs SNARE-mediated 

exocytosis in pancreatic α-cells.  

2. One notable finding of our study was the increased levels of monomers and 

oligomers of α-synuclein observed in siRNA-Ide αTC1.9 cells. This result aligns 

with previous studies which demonstrated that deletion of Ide in β-cells [119] 

leads to dysregulated insulin secretion, respectively, accompanied by elevated 

accumulation of oligomeric α-synuclein.  

Studies conducted in the endocrine pancreas have revealed that IDE plays a role 

in controlling intracellular levels of α-synuclein and its aggregation through a non-

proteolytic interaction, wherein IDE binds avidly to monomeric α-synuclein, 

leading to the formation of stable and irreversible complexes, thereby slowing the 

formation of aggregates of α-synuclein [119]. Furthermore, it has been 

demonstrated that α-synuclein directly interacts with the SNARE protein VAMP2 

and promotes the assembly of the SNARE complex in neurons [171]. In this line 

of thinking, it is plausible to hypothesize that dysregulation of α-synuclein levels 

caused by reduced IDE may disrupt SNARE protein function, leading to 

impairments in exocytosis processes. 
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Conversely, deletion of IDE in α-cell of hyperglucagonemic A-IDE-KO mice 

resulted in increased expression of genes coding for several members of the 

SNAREs protein complex, including SNAP25, STX1A and VAMP2 [164]. 

Because of the SNARE complex plays a key role in facilitating the fusion of 

glucagon granules to the plasma membrane, it is reasonable to hypothesize that 

these genes would be upregulated to meet the higher demand of glucagon 

secretion [69]. Differences shown between the A-IDE-KO mouse and the cell 

model (siRNA-Ide αTC1.9 cells) could be caused by: a) The paracrine 

interactions existing within the islet cells that are lost in the α-cell line; b) The use 

of α-cells from an adenoma (αTC1.9 cells) in vitro versus primary α-cells in vivo; 

c) The acute elimination of IDE in vitro versus a chronic elimination of IDE in vivo; 

d) Differences in IDE expression inhibition levels between both models.  

These findings shed light on the potential interplay between IDE, α-synuclein, and 

SNARE proteins in the regulation of glucagon secretion.  

3. Actin cytoskeleton has been implicated in the regulation of insulin secretion 

in pancreatic β-cells [154]. Therefore, we thought that investigating the 

relationship between IDE and the cytoskeleton in α-cells could provide valuable 

insights into the mechanisms underlying glucagon secretion. 

The cytoskeleton, composed of microtubules, microfilaments, and intermediate 

filaments, plays a crucial role in maintaining cell structure, intracellular transport, 

and cellular processes such as exocytosis. The proper organization and 

dynamics of the cytoskeleton are essential for the regulation of hormone 

secretion, including insulin and glucagon. 

Recent studies have demonstrated that cytoskeletal polymers microtubules, 

formed by α/β tubulin serve as tracks for the transport and positioning of secretory 

insulin granules. Microtubule depolymerization by glucose enhances insulin 

secretion by increasing the incorporation of granules at exocytotic sites. 

Furthermore, GSIS is suppressed in cells with highly stable microtubules, since 

its depolymerization is required for insulin granules exocytosis. In fact, 

microtubule network is considered a "filter" to avoid uncontrollable insulin 

secretion and it needs to be adjusted in a precise and reversible manner in 

response to glucose challenge [172–174]. 
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We found that, under high glucose concentrations when glucagon secretion is 

repressed and IDE decreased, cytoskeletal proteins such as actin, α-tubulin and 

acetylated α-tubulin were also decreased. These findings suggest a potential link 

between IDE and the cytoskeleton in the regulation of pancreatic α-cell function. 

The observed reduction in cytoskeletal proteins, specifically acetylated α-tubulin 

and α/β-tubulin suggest that IDE is involved in regulating the dynamics of 

microtubules. The disruption of those dynamics, as a consequence of IDE 

reduction, can impair the intracellular transport of secretory granules and hinder 

the fusion of these granules with the plasma membrane during exocytosis, 

ultimately affecting glucagon secretion. 

In addition to the in vitro study, we also investigated the potential involvement of 

the IDE-cytoskeleton axis ex vivo in IDE-KO and A-IDE-KO mice. Specifically, we 

analyzed the levels of α-tubulin, and acetylated tubulin proteins. However, our 

results indicated that there were no significant changes in these cytoskeletal 

proteins in IDE-KO islets compared to controls. To interpret these results, it is 

crucial to consider the limitations of this mouse model. IDE-KO mouse model 

used in our study has a deletion that is present since the embryo, which may 

introduce phenotypic variations and potential compensatory mechanisms. In fact, 

the low number of IDE-KO mice born in each litter allowed us to think about an 

increased in utero death of these mice. Thus, it may be a phenotypic selection in 

utero. Although our results suggest that the absence of IDE did not significantly 

impact the expression of the analyzed cytoskeletal proteins, it is possible that 

compensatory mechanisms might be at play, allowing the mouse to survive 

despite the IDE deletion. Further research is necessary to fully understand the 

potential compensatory mechanisms present in IDE-KO mice and their 

implications for function and cytoskeleton regulation. Other important point is that 

α-cells only account for 20-30 % of islets cells, WBs are performed using total 

extraction of proteins in the islets, thus, masking α-cell specific results. 

On the other hand, A-IDE-KO islets showed a significant reduction of up to 40% 

in acetylated tubulin, and 50% in α-tubulin protein levels compared to control 

islets. These results are in correlation with the results we have seen in vitro and 

support the idea that IDE play a role in regulating the cytoskeleton in α-cells, and 

the absence of IDE may contribute to the dysregulation of cytoskeletal proteins. 
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Moreover, the absence of IDE in α-cells, as seen in the A-IDE-KO mouse model, 

leads to constitutive glucagon secretion [164]. The decrease in α-tubulin, and 

tubulin acetylation proteins levels observed in A-IDE-KO mouse islets suggests 

that IDE may play a role in the regulation of the cytoskeleton in α-cells, that could 

impact on glucagon secretion. This could be in correlation with the study that 

supports that the dynamics of the microtubule network play a crucial role in 

pancreatic β-cell secretion. Glucose-induced or pharmacologically induced 

microtubule depolymerization enhances insulin secretion by promoting the 

incorporation of insulin granules at exocytotic sites [172]. 

Interestingly, we observed that the decrease in IDE protein levels precedes the 

reduction in cytoskeletal proteins. This suggests a potential causal relationship, 

where the initial event in a high-glucose condition is the downregulation of IDE, 

subsequently leading to the decrease in cytoskeletal proteins. Taken together, 

these findings support the hypothesis that the downregulation of IDE in response 

to high glucose conditions leads to reduction in cytoskeletal proteins, potentially 

impacting the efficiency of glucagon secretion.  

4. Primary cilia are microtubule-based organelles that protrude from the cell 

surface. Its assembly and maintenance are tightly regulated by interactions with 

the cytoskeleton, particularly microtubules and actin filaments. In particular, the 

acetylation of α-tubulin at Lys40 is required for microtubule stability, thus, tubulin 

acetylation is used as a marker of microtubule stability and cilia presence. The 

reduction in α-tubulin acetylation suggests that microtubules may be less stable 

at high glucose levels, and ciliogenesis may be reduced, making the cells more 

prone to enter in active cell cycle (as we will explain later). In turn, the primary 

cilium influences cytoskeletal dynamics and contributes to intracellular trafficking 

and hormone secretion processes in endocrine cells. Understanding the 

relationship between the primary cilium and the cytoskeleton in pancreatic α-cells 

is essential for unravelling the mechanisms underlying α-cell function and 

glucagon regulation.  

Remarkably, studies have linked primary cilia and diabetes in Goto-Kakizaki (GK) 

rats [121], demonstrating impaired GSIS and reduced ciliated β-cells compared 

to control rats. Notably, GK rats carry loss-of-function mutations in the Ide gene, 

resulting in the inhibition of IDE's ability to degrade amyloid peptides [175]. 
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We have shown decreased Arl13b protein levels at high glucose condition. 

Moreover, we found a ~50% decrease in Arl13b protein levels in siRNA-Ide 

αTC1.9 cells compared to control cells. The decrease in Arl13b, a protein known 

to be involved in regulating ciliary formation, may indicate a disruption in 

ciliogenesis. In fact, we found decreased number of cilia and its length in these 

cells. This finding provides evidence for a connection between IDE and primary 

cilia, suggesting that IDE is necessary for proper microtubule organization and 

ciliogenesis. 

In the same line, A-IDE-KO islets showed a significant reduction of up to 40% in 

Arl13b protein levels compared to control islets. These results are in correlation 

with our results obtained with the cell line showing that IDE plays a role in 

regulating the primary cilium in α-cells. Thus, we have confirmed that the absence 

of IDE may contribute to the dysregulation of ciliogenesis. 

Additionally, disruption of cilia formation in pancreatic β-cells can impair GSIS, 

indicating a potential role for cilia in the regulation of hormone secretion in the 

pancreas [152]. Furthermore, we can hypothesize that the reduction of 

cytoskeletal proteins in siRNA-Ide αTC1.9 cells may affect the stability or 

organization of microtubules, which are the main structural component of cilia.  

To further investigate the connection between IDE, the cytoskeleton, and the 

primary cilia, we generated siRNA-Arl13b αTC1.9 cells. These cells exhibited 

reduced levels of Arl13b, which induced impaired ciliogenesis, with decreased 

number of cilia and shorter cilia length. Importantly, we did not observe any 

changes in IDE protein levels in these cells. This result suggests that IDE plays 

a role upstream of Arl13b in the ciliogenesis pathway. 

Interestingly, we found decreased levels of α-tubulin in the siRNA-Arl13b αTC1.9 

cells. However, it was surprising that there were no changes in tubulin acetylation, 

since it has been previously reported that Arl13b could be a player in tubulin 

acetylation for primary cilium formation [176]. 

Because cilium is a microtubule-based organelle and α-tubulin is the major 

component of microtubules, it is reasonable to suggest that Arl13b may play a 

role in regulating microtubules dynamics in pancreatic α-cells. Tubulin acetylation 

is required for microtubule stabilization and the formation of primary cilia. 
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However, the absence of changes in tubulin acetylation in the siRNA-Arl13b 

model, could indicate that Arl13b may play a role in the regulation of α-tubulin 

levels within the pancreatic α-cell, but not directly influence its acetylation. This 

may be due to cell type specificity issues. 

Furthermore, we found impaired glucagon secretion in response to glucose 

challenge in siRNA-Arl13b αTC1.9 cells. This finding suggests that Arl13b is 

involved in the normal function of α-cells and plays a role in regulating glucagon 

secretion. Impairment in ciliogenesis caused by reduced Arl13b led to inhibition 

of glucagon secretion at low glucose levels, and a stimulation of glucagon 

secretion at high glucose. These results provide additional support for the 

significance of the cytoskeleton and the primary cilium in the regulation of 

glucagon secretion and glucose homeostasis. The observed impairment in 

glucagon secretion indicates that Arl13b, a protein associated with the primary 

cilium, is necessary for efficient glucagon release in α-cells and further support 

the idea of IDE-cytoskeleton-cilia axis. 

Interestingly, α-synuclein has also been shown to regulate the cytoskeleton in 

different secretory cell types [166]. Our results show that the disturbance in α-

synuclein levels. in α-cells with reduced Ide is associated with alterations in the 

cytoskeleton. In IDE-KO-cells, which show impairment in GSIS, levels of α-

synuclein were found to be elevated, in association with reduction in the 

releasable pool of insulin granules, disruption in autophagic flux and diminished 

microtubule content [119]. Steneberg et al. suggested that the absence of IDE in 

β-cells impairs insulin secretion by inducing the aggregation of α-synuclein, 

thereby interfering with microtubule function and compromising secretion 

processes that rely on the integrity of the cytoskeleton [119]. Our study further 

supports the hypothesis that alterations in α-synuclein oligomers could lead to 

cytoskeletal disorders. We found that α-cells lacking IDE exhibit increased α-

synuclein aggregates, as well as decreased levels of α-tubulin, and acetylated 

tubulin, a critical component for microtubule stabilization and primary cilia 

assembly [177]. These findings suggest that the interaction between IDE and α-

synuclein not only impacts glucagon secretion but also influences the integrity of 

the cytoskeletal structures in pancreatic α-cells.  



  

134 
 

5. Merino et al shows that A-IDE-KO mice triggers α-cell hyperplasia. Our 

recent experiments with siRNA-Ide αTC1.9 cells showed an increased 

proliferation compared to control cells. 

The observed phenotype of α-cell hyperplasia in A-IDE-KO mice could be related 

to ciliogenesis inhibition [164]. Here, we showed that in IDE depleted α-cells, lack 

of primary cilium (which is a hallmark of cell differentiation) is associated with 

increased proliferation. The absence of cilia has been associated with increased 

proliferation in a variety of cell types, including pancreatic β-cells [178]. The 

assembly and disassembly of primary cilium and lifecycle of centrosomes are 

tightly linked to cell division [179–181]. The absence of primary cilium could 

unleash the α-cells from a quiescent state, potentially triggering internal 

machineries that lead to α-cell division. Increased proliferation would be causing 

loss of cell differentiation and cell function, finally causing glucagon secretion 

dysregulation. In this sense, it would be interesting to explore immature α-cells 

from neonatal islets when cell proliferation is increased and to measure glucagon 

secretion and ciliogenesis. If our hypothesis is correct neonatal islets should 

present constitutive glucagon secretion, the same as they show constitutive 

insulin secretion [182, 183]. And they will probably display impaired ciliogenesis. 

6. Loss of paracrine signals that regulate glucagon secretion could be 

responsible for glucagon secretion dysregulation. Hughes et al. demonstrated 

that primary cilia in β-cells mediate cross talk both within the islet and from islets 

to other metabolic tissues. β-cell specific depletion of cilia (INS1-Cre/IFT88-

Flox mice) disrupts circulating hormone levels, impairs glucose homeostasis and 

fuel usage, and leads to the development of diabetes [152]. In β-cells, cilia are 

essential for normal insulin secretion, and loss of β-cell cilia has been associated 

with altered glucagon and somatostatin secretion, affecting paracrine interactions 

within the islet [152]. In view of IDE-mediated regulation of primary cilium in α-

cells, metabolic phenotypes of hyperglucagonemia and hyperinsulinemia seen in 

A-IDE-KO mice could be attributed to the absence of cilia leading to loss of cross 

regulation of β- and α-cells [164]. 
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Figure 58. Comparative analysis of IDE deletion and primary cilia disruption effects on pancreatic α-cells: insights into glucagon regulation, 
ciliogenesis, and cell proliferation. This figure was created using Servier Medical Art (available at https://smart.servier.com/).
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This notion further supports the importance of investigating the effect of impaired 

ciliogenesis on hormonal receptor levels in α-cells.  

We have shown in this research that reduced IDE levels in pancreatic α-cell led 

to reduced insulin, glucagon, and somatostatin receptor levels. IR signaling is 

required for the suppression of glucagon secretion in vivo [23], but the precise 

mechanisms behind this fact are not fully elucidated yet [74, 75, 184]. 

To investigate if the reduction in IR levels observed in siRNA-Ide αTC1.9 cells 

was impairing insulin signaling and its ability to suppress glucagon secretion, we 

measured glucose-stimulated glucagon secretion in the presence of insulin. The 

results showed that insulin was not able to suppress glucagon secretion in siRNA-

Ide αTC1.9 cells, suggesting that the reduction in IR levels could indeed affect 

insulin signaling and its effect on glucagon secretion. There are two possible 

explanations for these findings: 

A. Altered cytoskeletal organization and impaired SNARE complex assembly 

caused by IDE knockdown could disrupt receptor trafficking and 

localization. Additionally, it is also possible that IDE may have a direct role 

in regulating the expression and/or stability of these receptors. Reduced 

levels of these receptors impair the responsiveness of α-cells to their 

respective hormones, leading to disruptions in the regulation of glucose 

metabolism and hormonal balance within the pancreas.  

B. The IR has been identified within the primary cilium [152]. Given our 

observations of disrupted ciliogenesis in IDE-knocked-down α-cells, it is 

plausible that it is affecting the receptors located in the cilium which would 

be decreased as well. Supporting this hypothesis, diminished IR levels 

were found in siRNA-Arl13b αTC1.9 cells. The absence of changes in 

glucagon secretion in response to insulin in siRNA-Arl13b αTC1.9 cells did 

not help to elucidate further whether insulin signaling is impaired after 

cilium loss. 

Insulin receptor immunostaining and microscopy are required to elucidate 

the exact localization of IR in α-cells, and if their localization and levels are 

affected in our models of impaired ciliogenesis. 
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ROLE OF IDE IN HYPERGLUCAGONEMIA 

Glucagon secreted from α-cells can stimulate its own secretion through an 

autocrine mechanism. It has been shown that glucagon stimulates glucagon 

secretion in rat and mouse isolated α-cells in an autocrine manner through 

glucagon receptor-stimulated cAMP signaling [91]. In both αTC1.9 cells and 

mouse islets, the administration of exogenous glucagon, as well as the 

stimulation of endogenous glucagon secretion by 1 mM glucose, has been shown 

to increase glucagon secretion and the transcription of the proglucagon gene. 

This effect occurs through the PKA-cAMP-CREB signaling pathway and is 

dependent on the presence of glucagon receptors [93]. The interaction between 

glucagon and its receptor on α-cells appears to form a positive feedback loop, 

regulated by the pulsatile nature of glucagon secretion. 

Here we have shown that short (5-30 min) exposure to high glucagon (200 nM) 

leads to an increase in cAMP levels and PKA activity, suggesting a positive 

feedback mechanism in the glucagon signaling pathway in pancreatic α-cells. We 

have also described that exposure to glucagon for 2 h causes an increase in 

proglucagon mRNA levels without affecting proglucagon protein levels or 

intracellular glucagon protein levels.  

Earlier studies have documented the presence of various components involved 

in glucagon signaling within pancreatic α-cells. These include the presence of 

glucagon receptors, as well as the roles of CRE and CREB [186–188], cAMP, 

PKC, and PKA [56, 187–189] in the expression of the Gcg gene. However, the 

specific involvement of these components in glucagon-stimulated 

(prepro)glucagon gene expression had not been previously studied until 2012 

[93]. They found an increase of Gcg gene after 1 and 2 h of glucagon exposure. 

These results are in correlation with our observations where 2 h of exposure to 

glucagon increased its own gene expression. 

One reason for this knowledge gap may be related to previous observations in a 

mouse model with a general knockout of the glucagon receptor. In this model, an 

increase in circulating glucagon levels and pancreatic glucagon content was 

observed [190]. However, it is important to note that under conditions of “global 

glucagon resistance”, the increased demand for glucagon is compensated by an 
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increase in α-cell mass and glucagon biosynthesis. The signaling mechanisms 

involved in this compensation may override the regulatory circuits that function 

under normal physiological conditions. Notably, α-cells in this mouse model 

exhibit an immature phenotype, expressing genes that are normally repressed in 

mature α-cells, such as those encoding GLUT2 or Pdx1 [191]. 

Another reason for the lack of previous studies may be the conventional belief 

that the existence of a positive autocrine feedback mechanism for peptide 

hormone biosynthesis is contradictory. Continuous exposure to a peptide 

hormone is typically associated with desensitization at the effector cell level, 

suggesting that cells producing and secreting the hormone should also become 

desensitized due to its continuous presence. However, it is important to consider 

that many fuel-regulating hormones, including insulin and glucagon, are secreted 

in a pulsatile manner [192, 193]. Pulsatility not only enhances hormone sensing 

by peripheral target cells but also provides periods of hormone absence or an 

"off" state for the hormone-secreting cells themselves, enabling hormone 

sensing. 
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Figure 59. Glucagon effects on glucagon autocrine and paracrine signaling at short and 

long term in pancreatic α-cells. This figure was created using Servier Medical Art (available at 

https://smart.servier.com/). 

 

Here we have shown for the first time that prolonged exposure to glucagon lead 

to a decrease in the mRNA and protein levels of GcgR and GLP-1-R, coupled 

with the decrease in cAMP levels and PKA activity, suggesting a negative 

feedback mechanism in the glucagon signaling pathway in pancreatic α-cells. 

The decrease in pCREB/CREB ratio further supports this notion, as it suggests a 

reduction in the activation of downstream targets of PKA. We also described that 

exposure to glucagon for 2 h causes an increase in proglucagon mRNA levels 

without affecting proglucagon protein levels or intracellular glucagon protein 

levels. This could suggest that the increase in proglucagon mRNA levels may be 

due to a transcriptional regulation rather than an increase in protein translation or 

stability. 

While the data presented in this study indicate the involvement of CREB in the 

autocrine feedback mechanism of glucagon, the possible contribution of other 

transcription factors activated by PKC cannot be excluded. Additionally, 

considering the complex regulation of peptide hormone biosynthesis and 
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secretion, similar to insulin synthesis and secretion, it is plausible that other 

signaling mechanisms may exist. 

We have demonstrated for the first time, that glucagon leads to a decrease in IDE 

protein levels after 4 h stimulation. Surprisingly, this reduction correlates with IR 

protein levels reduction. These results further suggest a link and an interaction 

between IR and IDE. This is supported by the results obtained by Merino et al., 

where they found that, IDE co-immunoprecipitates with IR in liver lysates of mice 

overexpressing IDE [163]. 

The decrease in IR levels observed in siRNA-Ide αTC1.9 cells suggests that IDE 

could play a role in the regulation insulin signaling in α-cells. To investigate 

whether this decrease in IR levels could affect insulin signaling, we stimulated 

siRNA-Ide αTC1.9 cells with 100 nM insulin and we measured insulin signaling. 

The lack of significant differences in the pIR/IR ratio and pAKT1/AKT1 ratio in 

siRNA-Ide αTC1.9 cells after insulin stimulation suggests that the decrease in 

IDE levels may not have a major impact on insulin signaling in these cells under 

the conditions tested. It is possible that compensatory mechanisms in siRNA-Ide 

αTC1.9 cells maintain insulin signaling despite the decrease in IDE levels. 

Alternatively, it is possible that other mechanisms compensate for the decrease 

in IR levels and maintain insulin signaling in these cells. Therefore, it would also 

be important to measure additional markers of insulin signaling, such as 

phosphorylation of key downstream targets like ERK, to fully understand the 

effects of IDE knockdown on insulin signaling in α-cells. 

Finally, our study emphasizes the significance of IDE in the formation and 

maintenance of primary cilia in pancreatic α-cells. The disruption of cilia formation 

due to IDE deficiency may have implications for cellular sensing and signaling 

processes. Through our investigation of IDE's involvement in tubulin cytoskeleton 

and ciliogenesis, our research contributes to a better understanding of the cellular 

processes occurring in pancreatic α-cells and their potential relevance to 

glucagon secretion. Of note, the dysregulation of these mechanisms would be 

leading to pathophysiological conditions as hyperglucagonemia and diabetes.
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8. CONCLUSIONS 

1. IDE is necessary for physiological glucagon secretion in α-cells. Reduced 

levels of IDE result in impaired glucagon secretion, similar to the 

phenotype observed in inhibitory conditions at high glucose 

concentrations. Thus, IDE expression downregulation induces an 

inhibitory stage in glucagon secretion. 

2. IDE is required for normal tubulin cytoskeleton dynamics and ciliogenesis 

in α-cells. Decreased IDE levels lead to dysregulation in microtubules and 

secondly in primary cilium axoneme formation ending in impaired 

ciliogenesis. 

3. Primary cilia in α-cell are required for physiological glucagon secretion and 

α-cell function. 

4. Inhibitory phase of glucagon secretion (high glucose) inhibits IDE 

expression, tubulin acetylation and ciliogenesis. Thus, IDE and its 

downstream mechanisms are required for the cellular plasticity between 

the secretory and the inhibitory phases of glucagon secretion. 

5. High glucagon levels downregulate IDE protein levels in pancreatic α-cells. 

Thus, hyperglucagonemia is a condition that leads to α-cell dysfunction 

through an IDE-mediated mechanism. 
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