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Diabetes is a global epidemic affecting nearly 10% of the population worldwide. The disease is coupled 

with a significant loss of the β cell mass, leading to dysregulation of the glycemia. Stimulating β cell 

regeneration holds great promise as a potential treatment for curing diabetic patients. Observations in 

diabetic patients and studies in mouse models of pancreatic injury showed that mammalian pancreatic 

cells exhibit plasticity towards insulin production. However, the regeneration process is slow and 

inefficient, posing challenges in understanding the underlying mechanisms. In contrast, the zebrafish, a 

model organism known for its remarkable tissue regeneration capabilities, can spontaneously and 

efficiently regenerate β cells after their destruction. This raises the intriguing question of how the 

zebrafish is able to regenerate β cells. Therefore, the goal of our laboratory is to unravel the cellular and 

molecular mechanisms of β cell regeneration in zebrafish. In this thesis, we focus on investigating the 

contribution and the mechanisms underlying regeneration from pancreatic progenitors residing within 

the ductal tree. 

To gain insights into the mechanisms of β cell regeneration from ductal progenitors, we conducted 

transcriptomic profiling of ductal cells following β cell ablation. Our data revealed intriguing candidates, 

including the protein phosphatase calcineurin and the tumour suppressor p53. We demonstrated that 

repression of calcineurin accelerates β cell regeneration, whereas overactivation of calcineurin 

suppresses regeneration, leading to dysregulation of blood glucose levels. Specifically, calcineurin 

repression enhances ductal cell proliferation and the subsequent formation of endocrine progenitors, 

ultimately depleting the progenitor pool. Overall, our findings indicate that calcineurin finely regulates 

the balance between progenitor proliferation and endocrine differentiation, ensuring proper β cell 

regeneration. Calcineurin emerges as a crucial guardian of the progenitor pool. Conversely, our results 

also highlight the importance of p53 in promoting ductal cell proliferation and subsequent β cell 

regeneration, as demonstrated by the inhibitory effect of the p53 inhibitor, PFTα. 

Furthermore, we observed that regenerated β cells exhibit a bi-hormonal phenotype, co-expressing the 

somatostatin1.1 and insulin hormones. We discovered that the δ1.1 sub-population rapidly converts into 

insulin-producing cells. Notably, these cells also originate from the ducts, suggesting that the two 

cellular sources of regenerated β cells are not mutually exclusive but rather coordinately involved. 

Our study uncovers novel cellular and molecular mechanisms underlying β cell regeneration in 

zebrafish. These findings shed light on the pivotal role of progenitor proliferation and the contribution 

of δ1.1 cells in this process. Collectively, these insights provide valuable clues that may contribute to 

improving β cell regeneration in mammals. 
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Le diabète est une épidémie mondiale touchant près de 10% de la population. La maladie est associée à 

une perte significative de la masse des cellules bêta, entrainant une dysrégulation de la glycémie. La 

stimulation de la régénération des cellules bêta représente une promesse en tant que traitement potentiel 

pour guérir les patients diabétiques. Les observations chez les patients diabétiques ainsi que les études 

sur des modèles murins de lésions pancréatiques ont montré que les cellules pancréatiques des 

mammifères présentent une certaine plasticité envers la production de l'insuline. Cependant, la 

régénération est lente et inefficace, ce qui pose des défis pour comprendre les mécanismes sous-jacents. 

En revanche, le poisson-zèbre, un organisme modèle réputé pour ses remarquables capacités de 

régénération, peut régénérer spontanément et efficacement les cellules bêta après leur destruction. Cela 

soulève la question de savoir comment le poisson-zèbre parvient à régénérer les cellules bêta. Ainsi, 

l'objectif principal de notre laboratoire est de déterminer les mécanismes cellulaires et moléculaires de 

la régénération des cellules bêta chez le poisson-zèbre. Dans cette thèse, nous nous concentrons sur 

l'étude des mécanismes de régénération à partir des progéniteurs pancréatiques présents dans l'arbre 

canalaire. Pour comprendre ces mécanismes, nous avons réalisé un profilage transcriptomique des 

cellules des canaux après l'ablation des cellules bêta. Ces données ont révélé des candidats intéressants, 

notamment la phosphatase calcineurine et le suppresseur de tumeur p53. Nous avons démontré que la 

répression de calcineurine accélère la régénération des cellules bêta, tandis que la surexpression de 

calcineurine la diminue, entraînant une dysrégulation de la glycémie. Plus spécifiquement, la répression 

de calcineurine favorise la prolifération des cellules canalaires et la formation ultérieure de progéniteurs 

endocriniens, épuisant ainsi le pool de progéniteurs. Dans l'ensemble, nos résultats indiquent que 

calcineurine régule finement l'équilibre entre la prolifération des progéniteurs et la différenciation 

endocrine, assurant ainsi une régénération adéquate des cellules bêta. Calcineurine apparaît comme un 

gardien du pool de progéniteurs. D’autre part, nos résultats mettent également en évidence l'importance 

de p53 dans la promotion de la prolifération des cellules des canaux et la régénération des cellules bêta, 

comme en témoigne l'effet répresseur de l'inhibiteur de p53, le PFTα. 

De plus, nous avons observé que les cellules bêta régénérées présentent un phénotype bi-hormonal, 

exprimant à la fois les hormones somatostatine1.1 et insuline. Nous avons montré que la sous-population 

δ1.1 se convertit rapidement en cellules productrices d'insuline. Ces cellules bi-hormonales proviennent 

également des canaux, ce qui suggère que les deux sources cellulaires des cellules bêta régénérées ne 

sont pas mutuellement exclusives, mais plutôt coordonnées. 

Notre étude révèle de nouveaux mécanismes cellulaires et moléculaires sous-jacents à la régénération 

des cellules bêta chez le poisson-zèbre. Ces résultats mettent en lumière le rôle central de la prolifération 

des progéniteurs et la contribution des cellules δ1.1 dans ce processus. Dans l'ensemble, ces découvertes 

fournissent des éléments importants qui pourraient contribuer à stimuler la régénération des cellules bêta 

chez les mammifères. 
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T2D: Type 2 diabetes 

Tg : transgenic 

WT: Wild type 
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1. The pancreas : structure and function 

 

The pancreas, which is located behind the stomach and is connected to the duodenum through 

the Wirsung and Santorini ducts (Figure 1), is an amphicrine gland that plays a dual role in the 

digestive system. On one hand, its exocrine function aids in nutrient digestion, while on the 

other hand, its endocrine function is crucial for hormonal and metabolic regulation. 

1.1.The exocrine pancreas  

 

The exocrine compartment is composed approximatively 85-90% of the pancreas. It comprises 

two major cells types : the acinar and the ductal cells. The acinar cells are clustered in functional 

unit called acinus (from Latin, meaning “grape”) (Figure 1). These acini are responsible for the 

production, the storage and the secretion of digestive enzymes. They are classified into three 

major categories, α-amylases, lipases and proteases, which are respectively responsible for the 

hydrolysis of carbohydrates, fatty acids and proteins. The acinar cells secrete inactive precursor 

of enzymes, called zymogens or pro-enzyme. Once in the duodenum, the pro-enzymes are 

activated through proteolytic cleavages in order to carry out their digestive function. The 

trypsinogen is firstly cleaved by an endopeptidase into its activated form, the trypsin, which 

can subsequently activate the others pro-enzymes. The secretion of inactive enzymes is a 

protection mechanism that prevents a putative over-secretion of enzymes to digest the pancreas 

itself. However, in some pathologic cases as an obstruction of the ductal network, a premature 

activation of the trypsinogen lead to acute pancreatitis. These patients have an increased risk to 

develop diseases such as exocrine pancreas insufficiency, pancreatic cancer or diabetes ((Lee 

and Papachristou 2019), for review).  

 

The ductal network is comprised several sub-types of ducts, which are classified according to 

their localisation from the acinus and according to their histology. Intercalated ducts receive 

the secretion from the acinus and are connected to intralobular ducts. These latter ducts are 

themselves connected to interlobular ducts, which eventually discharge the exocrine secretion 

into the principal pancreatic duct, before entering the duodenum. In addition to allow the flow 

of the pancreatic enzymes to the duodenum, the ductal cells, as exocrine cells, produce and 

secrete mucins protecting the ducts against the digestive enzymes, and several ions (HCO3- , 

Na+, K+, Cl-) that neutralize the acidic pH of the chyme coming from the stomach. 
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The junction between the acinus and the ductal network is established by a specialized ductal 

cell, the so-called centroacinar cell (CAC). These cells are present at the centre of every acinus, 

at the terminal duct. Interestingly, the centroacinar cells show characteristic features of 

progenitor (Seymour et al. 2007) and seem to retain some progenitor potential in the adult 

pancreas (Rovira et al. 2010).  

 

 

 

 

 

Figure 1 : Anatomy and histology of the pancreas  

The pancreas is an organ located behind the stomach, which connects to the duodenum through the Wirsung 
duct. It is composed of two distinct functional parts: the exocrine and the endocrine compartments. The exocrine 
compartment of the pancreas is responsible for secreting digestive enzymes. It comprises acinar cells, which 
produce and secrete enzymes, and ductal cells, which transport the enzymes to the duodenum. The endocrine 
part of the pancreas consists of specialized cells grouped in islets of Langerhans, which are dispersed throughout 
the pancreas. The islets are composed of several types of cells, including α cells (which secrete glucagon), PP cells 
(which secrete polypeptide pancreatic), β cells (which secrete insulin), ε cells (which secrete ghrelin), and δ cells 
(which secrete somatostatin). These cells work together to regulate the glycemia and ensure proper glucose 
utilization.  
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1.2.The endocrine pancreas 

 

While the endocrine part represents only 5% of the pancreas, its function is critical for the 

general homeostasis. The endocrine pancreas consists of hormone-producing cells grouped in 

islets, called Langerhans islets in human, which are dispersed within the exocrine pancreas. The 

islets are composed of highly specialized cells that are classified according to the hormone they 

predominantly produce. These islets are highly vascularized and highly innervated mini-organs. 

A great amount of capillary surrounds and infiltrates each islet, enabling glucose sensing and 

hormones secretion into the bloodstream.  

 

At least five hormone-producing cell types can be found within the islets ( α, β , δ, ε, and γ) 

(Figure 1). The α cells and β cells respectively produce glucagon and insulin, which are crucial 

in glucose homeostasis. The δ cells produce the somatostatin hormone, which one can repress 

both glucagon and insulin secretion. The ε cells produce ghrelin, implicated in the control of 

appetite and subsequent food intake. The γ cells, also called PP-cells, produce the pancreatic 

polypeptide (PP). Its function is still not completely understood, but it regulates both endocrine 

and exocrine pancreatic secretion, satiety and gastrointestinal motility.  

 

The architecture of the islets is critical for its function due to cell-cell communication. Of note, 

the composition and organization of the endocrine cells within the islets differ between species 

(Steiner et al. 2010). In human, the architecture of the islet is heterogenous depending on the 

localization of the islet (Bonner-Weir, Sullivan, and Weir 2015). β cells represent half of the 

islet while α cells and δ cells respectively represent 40% and 10% of the total islet. Ε and γ are 

quite rare. In mice, the islet is structured with a core of β cells (representing 60-80% of the islet) 

surrounded by a mantel composed of the others endocrine cells (10-20% of α cells, 10% of δ 

and 1% of ε and γ) (Cabrera et al. 2006) (Figure 2).  
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Figure 2 : Architecture of endocrine islets in human and mouse 

Immunostaining of human and mouse pancreatic endocrine islet, showing different distribution and composition 
of endocrine cells. β cells are labelled in red, α cells in green and δ cells blue. Adapted from (Cabrera et al. 2006) 

 

1.3.Glycemia regulation 

 

The glucose is the principal source of energy of the cell. Therefore, it is critical to maintain the 

blood glucose concentration, or glycemia, at the homeostatic level i.e. around 90mg/dL in 

human. A sufficient amount of glucose should be available for the correct function of the cells 

but an excessive concentration of glucose leads to glucose toxicity. The glycemia is mainly 

regulated by the insulin-producing β cells and the glucagon-producing α cells (Figure 3).  

 

When the concentration of blood glucose increases postprandial, up to 140mg/dL in healthy 

patients, the glucose enters into the β cells through the low affinity glucose transporter GLUT2 

(Figure 4). Inside the β cell, glucose is metabolized into ATP. The increased ratio of ATP/ADP 

will trigger the closing of the K+
ATP channels, leading to membrane depolarisation. This electric 

signal induces the opening of Ca2+ channels. The resulting high concentration of Ca2+ inside 

the β cell enables the exocytosis of the insulin vesicles and results in the secretion of insulin 

into the bloodstream. The insulin is an hypoglycaemic hormone, acting on the peripheral tissues 

(skeletal muscles, liver, adipose tissue, etc.) to induce the glucose entry inside the cell, to 

stimulate glycogen and fat formation and to inhibit neoglucogenesis, resulting in a decrease of 

the glycemia. On the opposite, in case of a low glycemia, the glucose will still be able to enter 

inside the α cells through high affinity glucose transporter resulting in membrane depolarization 
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and glucagon secretion. The glucagon hormone triggers the breakdown of the glycogen stored 

in the liver into glucose, leading to an elevation of the glycemia.  

While insulin and glucagon are master regulators of the glycemia, they are not the only 

hormones or signals controlling this process. Other neural signals or hormones, as the 

somatostatin produced by the δ cells, can modulate the glycemia by acting on the α and β cells.  

Dysregulation of this dynamic process, leading to chronic hyperglycaemia, is one characteristic 

of a metabolic disease, diabetes mellitus.  

 

 

 

Figure 3 : Regulation of the glycemia  

The level of glucose in the blood, also known as glycemia, is primarily regulated by two pancreatic hormones that 
have opposing effects: insulin and glucagon. When the glycemia is high, the pancreas secretes insulin. Insulin 
promotes glucose uptake and storage in the liver, muscle, and fat tissues, to lower the blood glucose level and 
maintains it within a normal range. On the other hand, when the glycemia is low, the pancreas secretes glucagon. 
Glucagon triggers the breakdown of glycogen stored in the liver to release glucose into the bloodstream and 
raises the blood glucose level. 
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Figure 4 : Insulin secretion  

Glucose enters the β cell through the glucose receptor GLUT2 and is then metabolized by the TCA cycle to 
produce ATP. When glucose concentration is high, ATP production increases, leading to a shift in the ADP/ATP 
balance. This shift results in the closure of the KATP channel, which increases the concentration of K+ ions inside 
the β cell. As a result of the subsequent membrane depolarization, voltage-dependent calcium channels open, 
allowing Ca2+ ions to enter the cell. Finally, the entry of Ca2+ ions triggers the exocytosis of insulin vesicles, leading 

to the release of insulin into the bloodstream.  

 

1.4.A zoom on β cells and insulin signalling 

 

The pancreatic β cells are highly specialized cells, which can be described as cell factories for 

insulin production. The discovery of the insulin hormone by Frederick Banting and Charles 

Best in 1921 marked a pivotal moment in the history of medicine. This hormone is a peptide of 

51 amino acids and 5.8 kDa in human (Weiss, Steiner, and Philipson 2014). The gene INS is 

transcribed as preproinsulin, which after processing through the endoplasmic reticulum and the 

Golgi apparatus, results in a mature form of 2 peptide chains attached by disulfide bonds, the 

insulin, and a peptide called the C-peptide. After maturation, the insulin is stocked into cytosolic 

vesicles upon secretion (Weiss, Steiner, and Philipson 2014). Of note, the C-peptide is often 

used as a biomarker of β cell function.  

Once the insulin hormone is secreted, it can bind the transmembrane insulin receptor (IR) 

(Figure 5). This receptor is part of the family of tyrosine kinase receptors, whose activation 

initiates several signalling pathways and thus has several cellular effects. Thereby, insulin 

signalling not only triggers glucose uptake but activates as well metabolic and growth pathways. 
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Insulin binding to IR causes its auto-phosphorylation, subsequently leading to the Insulin 

Receptor Substrates 1 and 2 (IRS) phosphorylation inside the target cell. These phosphorylated 

forms of IRS initiate the two major branches of the insulin pathway : the PI3K (phosphoinositol 

3-kinase)/Akt signalling and the MAPK (mitogen activated protein kinase) signalling.   

Upon activation of PI3K by IRS1, PI3K phosphorylates PIP2 (phosphatidylinositol 4,5-

bisphosphate) to generate PIP3 (phosphatidylinositol 3,4,5-triphosphate). PIP3 then recruits 

PDK1 (3-phosphoinositide dependent protein kinase-1) and its phosphorylated form activates 

the protein kinase Akt (also called PKB). Akt is a major mediator in cell signalling and is able 

to activate several pathways. In this case, Akt is responsible for the translocation of GLUT4 to 

the membrane, increasing glucose uptake. In parallel, Akt also activates GS (Glycogen 

Synthase), leading to glycogen synthesis, as well as mTORC1 and thus subsequent protein 

synthesis. Akt promotes also cell survival and cell cycle by inhibition of the transcription factors 

FOXO (Forkhead box O).  

Activation of MAPK signalling through the kinases MEK and ERK promotes cell cycle and 

cellular differentiation.  

 

 Figure 5 : Insulin signalling pathway 

Binding of insulin to IR receptor activates PI3K 
signalling (in yellow), leading to the fusion of 
GLUT4 vesicles with the cell membrane to 
enable glucose entry as well as protein and 
glycogen synthesis. In parallel to PI3K, the 
insulin activates MAPK signalling (in green), 
promoting cellular growth and proliferation. 
Adapted from https://www.creative-

diagnostics.com/insulin-signaling-
pathway.htm 
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1.5.A zoom on the α and δ cells  

 

In the same way than β cells are insulin factories, the α and δ cells are specialized in glucagon 

and somatostatin production, respectively. Glucagon, named for its role as a "glucose agonist", 

is a peptide hormone of 29 amino acids with a molecular weight of 3.4 kDa. The GCG gene is 

transcribed and translated as preproglucagon, which will mature through the reticulum 

endoplasmic and Golgi apparatus into the mature form of the glucagon peptide. Of note, the 

gcg gene is not only expressed in pancreatic α cells, but can be also transcribed in the intestine 

and in the brain where processing of preglucagon leads to the production of the incretin 

glucagon like peptide 1 (GLP-1) (Rix et al. 2015). The glucagon signalling is mediated by the 

G protein-coupled receptor glucagon receptor. Its activation by the binding of glucagon 

subsequently leads to cAMP production, PKA activation that will phosphorylates transcription 

factors to enable their function. Hence, the main roles of glucagon are stimulation of 

glycogenolysis (the degradation of glycogen into free glucose) and inhibition of glycogenesis 

(formation of glycogen) (Rix et al. 2015).  

The somatostatin hormone was first isolated from the hypothalamus and it inhibits the secretion 

of growth hormone (GH). Therefore, the hormone was initially known as ‘GH release-inhibiting 

hormone’ and then renamed somatostatin to illustrate its general growth-inhibiting effect. 

Somatostatin is produced in the pancreatic δ cell and in the gastrointestinal tract. The peptide 

hormone is derived from the maturation of preprosomatostatin that undergoes processing into 

two somatostatin peptides: SST-28 (28 amino acids) and SST-14 (14 amino acids). The latter 

is the major form found in the δ cells (Rorsman and Huising 2018). The five different SST 

receptors are part of the G protein–coupled receptor family, leading to the activation of several 

signalling pathways. Somatostatin has mainly anti-secretory actions on several cell types as the 

α and β cells, the pancreatic exocrine cells (Theodoropoulou and Stalla 2013).  
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2. Diabetes mellitus  

 

2.1.Generalities  

 

The word diabetes roots from ancient Greek “διαβήτης” literally meaning “ passing through”, 

which describes the principal symptoms of the disease : the polydipsia and the polyuria. From 

the appearance of these symptoms, the average life expectancy was only of a few weeks.  

There are two major groups of disease named after these symptoms ; diabetes insipidus and 

diabetes mellitus. Diabetes insipidus, named after the non-sweet taste of the urine, result of the 

dysregulation of the vasopressin hormone. This disease will not be discussed further in this 

present work.  

Diabetes mellitus, named after the sweet taste of the urine, is a metabolic disease characterized 

by a dysregulation of the glucose metabolism. The term diabetes generally refers to diabetes 

mellitus in this work. A blood glucose test revealing a glycemia over 200 mg/dL suggest 

diabetes. In 2021, 537 million adults are affected with this disease worldwide, which account 

for over 10% of the global population (Sun et al. 2022). According to the WHO, diabetes 

mellitus is the first non-contagious pandemic around the world (https://www.who.int/news-

room/fact-sheets/detail/diabetes).  

The disease is divided into sub-groups according to their aetiology. We can cite among them : 

type 1 diabetes (T1D), type 2 diabetes (T2D), gestational diabetes, LADA and MODY. The 

common feature between these groups is a chronic hyperglycaemia. The excess of glucose 

increases the production of ROS by the mitochondria and thus oxidative stress, causing cellular 

damages. Therefore, the glucotoxicity leads to several micro- and macro- vascular 

complications associated with diabetes. Micro-vascular complications include retinopathy, 

nephropathy, neuropathy, which are specific to diabetes. Macro-vascular complications are not 

specific to diabetes, nevertheless diabetic patients have an increased risk to develop coronary 

heart disease, cerebrovascular disease or peripheral artery disease (Katsarou et al. 2017).  
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2.2.Type 1 Diabetes Mellitus (T1D) 

 

Type 1 diabetes (T1D) accounts for approximatively 10% of the all diabetic cases. Previously 

thought as a childhood disease, 50% of the newly diagnosed patients are actually adults. T1D 

is an auto-immune disease, meaning that the immune system attacks the β cells, resulting in 

loss of functional β cells and thus insulin deficiency. Auto-antibodies targeting β cells, such as 

anti-insulin, anti-glutamate decarboxylase (GAD65), or anti-zinc transporter 8 (ZNT8), are 

detected in majority of patients (Ilonen et al. 2013; Ziegler et al. 2013). In the early stages of 

T1D, while auto-antibodies are present, there is no insulin deficiency yet. Therefore, the 

symptoms appear at the later stage, when the β-cell mass has already collapsed leading to a late 

diagnosis.  

Although the exact aetiology is not yet fully understood, T1D is strongly associated with pre-

disposing genetic components. The major proportion of the genetic risks are found within the 

variants of the HLA-II (Human Leucocyte Antigen Class II) haplotype, implicated in antigen 

presentation. Both HLA DR4-DQ8 and DR3-DQ2 haplotypes predispose in developing auto-

antibodies (DiMeglio, Evans-Molina, and Oram 2018). In addition, Genome Wide Association 

Studies (GWAS) linked T1D with non-HLA variants, which are mostly associated with the 

immune system (Pociot and Lernmark 2016). Still, the penetrance of these genetic factors is 

quite low and they are not sufficient to trigger the disease. Environmental factors as non-healthy 

lifestyle, maternal factors, viral infections or gut microbiota are associated with islet 

autoimmunity or diabetes (Norris, Johnson, and Stene 2020 for review). T1D is actually a multi-

factorial disease and it is the combination of events that triggers the appearance of auto-

antibodies. 

2.3.Type 2 Diabetes Mellitus (T2D) 

 

Type 2 Diabetes (T2D) accounts for about 90% of the patients diagnosed with diabetes (Scully 

2012). While the pathophysiology remains unclear, the main characteristics of T2D are 

peripheral insulin resistance (Roden and Shulman 2019) and β cell dysfunction (Cohrs et al. 

2020). Due to insulin resistance, peripheral organs such as the muscles, the adipose tissue or 

the liver are not able to sense properly the insulin. Therefore, the glucose cannot enter inside 

the cells resulting into hyperglycaemia. At first, insulin secretion is stimulated to balance the 

chronic hyperglycaemia. Β cell mass and insulin production transiently increase. In 
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combination with β cell dysfunction, the increasing demand of insulin causes exhaustion of the 

β cells, leading to their dedifferentiation or apoptosis (A. E. Butler et al. 2003).  

T2D is a multifactorial disease involving environmental factors and genetic components. 

Environmental factors as obesity, sedentary lifestyle or even the composition of the gut 

microbiota strongly increase the risk to develop insulin resistance and T2D (Galicia-Garcia et 

al. 2020). Traditionally thought to be mainly an environmental disease, this last decade genetics 

studies revealed the important contribution of the heritability. First studies identified INSR, 

IRS1 and KCNJ11 locus as linked to the disease (Duggirala et al. 1999). More recently, GWAS 

studies point out hundreds of genetic variants, which pre-dispose to T2D. Interestingly, most of 

these variants are found in genes important for β cell physiology such as CAMK1D, ATP5G1 

or IGF2BP2 (Dupuis et al. 2010; Voight et al. 2011; Xue et al. 2018), underlying that β cell 

dysfunction is critical in T2D pathophysiology. 

2.4.Others forms of diabetes  

 

The most common complication during pregnancy is gestational diabetes. During the gestation, 

the β cell mass extends to respond to an increased metabolic demand. However, when the 

adaptive changes of the endocrine pancreas cannot overcome the increasing metabolic demand, 

it results in insulin resistance and gestational diabetes. Although this condition resolves after 

birth, the risk to develop insulin resistance, obesity and T2D is multiplied in both mother and 

child (McIntyre et al. 2019).  

Latent Autoimmune Diabetes in Adults (LADA) is a slow progressing autoimmune form of 

diabetes. Because this form shares characteristics from both T1D and T2D, it is also called type 

1.5 diabetes. Notably, patients exhibit the presence of auto-antibodies, they present insulin 

resistance, and yet retain the ability to produce low amounts of insulin. 

Maturity Onset Diabetes of the Young (MODY) is a rare form of diabetes that is strictly 

monogenic and rely on mutations in critical genes for β cell function and glucose homeostasis. 

Mutations leading to MODY has been reported in 14 different genes : HNF4A, GCK, HNF1A, 

HNF4A, HNF1B, NEUROD1, KLF11, CEL, PAX4, INS, BLK, ABCC8, KCNJ11 and APPL1.  
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3. Treatments of Diabetes Mellitus 

 

 3.1. Current therapy  

 

A century ago , the first patient was treated with exogenous insulin injection (Sims et al. 2021). 

This treatment has been a revolution, considerably prolonging the lifetime of diabetic patients. 

Since then, the development of recombinant insulin, long lasting vs short acting insulin 

analogues and insulin pumps considerably enhanced the quality of life of patients (Katsarou et 

al. 2017). Exogenous insulin injection is the common treatment for T1D and MODY, and can 

be used in severe cases of T2D. Combined with a healthy lifestyle, it enables the management 

of the glycemia and reduces the risk to develop the complications associated with diabetes. 

However, exogenous regulation of the glycaemic physiology is challenging and patients often 

undergo hyper- and hypo- glycemia episodes.  

In T2D patients, an adaptation of their lifestyle is the first suggestion. Weight loss, exercise and 

healthy lifestyle can improve the management and even possibly reverse the disease. However, 

medication is often needed to manage the disease and to decrease the risk to develop related 

complications. Several groups of hypoglycaemic drugs act on insulin secretion or the sensitivity 

to insulin. Among them, the most commonly used medication is a biguanide, the metformin. It 

inhibits gluconeogenesis and improves the sensitivity of target cells to insulin. Other molecules 

have hypoglycaemic effects, as example, sulfonylureas and meglitinides improve the glycemia 

by stimulation of insulin secretion (Marín-Peñalver et al. 2016). These last years, incretins as 

Glucagon Like Peptide 1 (GLP-1) receptor agonist are more and more widely used in T2D 

patients. These drugs help to reduce the glycemia by increasing insulin secretion and by 

lengthening the emptying of the stomach, reducing calories intake (Nauck et al. 2021).  

While all these medications  improve the regulation of the glycemia and manage diabetes, these 

are palliatives treatments. With the exception of type 2 diabetes (T2D), which can potentially 

be reversed through significant weight loss and the adoption of a healthy lifestyle, diabetes 

remains an incurable disease nowadays. A strategy to cure the disease would be to replace the 

β-cells. For some patients, all treatments listed above, including exogenous insulin injections 

are not sufficient for a proper glycaemic control. In these extreme cases, pancreas or islet cell 

transplantation from cadaveric donor can be performed based on the Edmonton protocol 

(Shapiro et al. 2000, 2006). Whereas the transplanted patients do not rely on insulin injections 

for a few years, the procedure is very rare due the need of immunosuppressive drugs and the 
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lack of donors. A healthy human pancreas typically contains around 10 billion β cells (Bonner-

Weir, Sullivan, and Weir 2015), necessitating the transplantation of a significant number of 

islets and as a consequence, often requiring the purification of β cells from multiple donors. 

Thereby, there is undeniably a need for an alternative and reliable source of β cells.  

3.2. Future therapies  

 

In parallel to the research to constantly improve current diabetic treatments, several strategies 

are explored to restore glucose homeostasis and thereby cure diabetes. For autoimmune 

diabetes, the ideal approach would be to tackle the immune system to avoid β cell destruction. 

This could be achieve by immunotherapy, for instance by modulation of T-cells or inhibition 

of auto-antigens. Whereas some of these therapies could delay β cell destruction, patients still 

need insulin injections and improvement of immunotherapies are still under investigation (Ni 

et al. 2019, for review).  

Nonetheless, diabetes is often diagnosed at a late stage of the disease, when the β cell mass has 

already collapsed. Then, β cell replacement is required. Stem cells represent an attractive 

source, theoretically unlimited, of cells. The first insulin expressing cells were produced in vitro 

from human embryonic stem cells (hESCs) by d’Amour and colleagues (D’Amour et al. 2006). 

The five-steps protocol is based on in vivo developmental differentiating stages of endocrine 

cells (D’Amour et al. 2006). A slight modification in the protocol followed by transplantation 

in mice, allowed for the cells to secrete insulin in response to glucose (Kroon et al. 2008) 

(Figure 6). Importantly, these insulin expressing cells could decrease the hyperglycaemia in 

the streptozotocin diabetic model (see section 4.4) in mice (Kroon et al. 2008). Based on those 

two initials studies, many groups contribute on improving protocols to produce β cell-like in 

vitro (H. Liu et al. 2021; Pagliuca et al. 2014; Rezania et al. 2014; Velazco-Cruz et al. 2019). 

Another significant advancement has been achieved through the utilization of induced 

pluripotent stem cells (iPSCs). In addition to alleviate ethical concerns, the use of pluripotent 

cells offers the potential to produce β-cell-like cells derived directly from somatic cells of 

patients (Millman et al. 2016), avoiding rejection of the transplanted cells. Furthermore, 

encapsulation devices to protect the engrafted cells from the immune system and to enable 

vascularisation of the islets to sense glucose and secrete hormones are currently developed 

(Shapiro et al. 2021). Although preliminary results of clinical trial are encouraging, as C-peptide 

could be detected in diabetic patients (Shapiro et al. 2021), stem cell therapy still face up 

limitations and challenges. A considerable limitation is the heterogeneity (Veres et al. 2019) of 



Introduction 

 

32 

 

the derived cells. Some cells are indeed not fully mature, leading to less metabolically 

functional cells that have tendency to form teratomas. Han and colleagues recently reported a 

case of aggressive teratoma in patient transplanted with β cell-like cells derived from hiPs (Han 

et al. 2022). In conclusion, substantial progress has been made in the field of stem cell therapy 

for diabetes. While more research is needed to face these challenges, this approach is promising.  

Another attractive strategy to replace the β cells in diabetic patients, by-passing in vitro 

manipulations, would be to stimulate β cell neogenesis in situ. Combined with the inhibition of 

their destruction, regeneration of β cells represents an effective option to cure diabetes. β cell 

regeneration is the main focus of this present work.  

 

 

Figure 6 : In vitro stem cell differentiation towards β cell like From (Kinkel and Prince 2009).  

Overview of stem cell differentiation protocols towards insulin producing cell in five stages, showing the 
exogenous factors added to media, to recapitulate the steps of β cell differentiation with the molecular markers 
used to assess the progression of differentiation.   
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4. β cell regeneration in mammals  

 

4.1.Generalities  

 

“Regeneration is defined as the ability to regrow an organ or a tissue destroyed by degeneration 

or injury. Humankind has been fascinated with regeneration abilities since the times of the 

Ancient Greece. In Greek mythology, one of the labours of Hercules was to kill the Hydra, 

which is able to regrow two heads when one is ablated. In another myth, Prometheus’ liver is 

renewed every night. However, it was only in the late seventeenth century that scholars paid 

formal attention to regeneration. Abraham Trembley became a pioneer in this field with his 

work on fresh water polyps. He described that after cutting a polyp in pieces, each of them was 

able to regrow an entire organism. He named the polyp “hydra” for its regenerative capacities. 

After that, regenerative biology had a major influence in the history of biological sciences as it 

contributed to legitimize biology as an experimental discipline rather than a descriptive science. 

In recent decades, new technologies such as imaging, genetic engineering and stem cells have 

enabled the development of regenerative biology, which laid the foundation of a new branch of 

medicine, i.e., regenerative medicine. Many human diseases and pathologies such as diabetes, 

Alzheimer’s disease, blindness, heart failure or spine injuries, today incurable, could be cured 

if functional tissues or cells could be restored by regeneration.” (Extract from (Massoz, Dupont, 

and Manfroid 2021), see the complete review in supplemental).  

Despite humans having relatively limited regenerative capacities compared to other organisms, 

some tissues and organs demonstrate the ability to regenerate under specific circumstances. 

This includes both regeneration during normal homeostasis, which ensures continuous tissue 

maintenance and renewal, as well as regeneration upon injury to repair or restore damaged 

tissues. Examples of such regenerative tissues in human include the epidermis, intestine, and 

liver, even in adulthood. Regenerative mechanisms encompass several cellular mechanisms 

such as the proliferation of remaining cells, cellular reprogramming or trans-differentiation, and 

the neogenesis of new cells from stem cells or progenitors, underlying re-activation of 

developmental processes.  
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4.2.Pancreas development : a focus on β cell neogenesis  

 

To decipher the regenerative mechanisms of β cells, it is relevant to understand the development 

of the pancreas and more specifically the events leading to β cell neogenesis. Here is a short 

review on pancreas embryogenesis, focusing on β cell formation.  

By the end of the gastrulation, the three embryonic layers -the endoderm, the mesoderm and 

the ectoderm- are established. The pancreas organogenesis results from the evagination of a 

ventral and a dorsal bud from the foregut endoderm, occurring around embryonic day 9 (E9) in 

mice, which will fuse to form the future pancreas at E11.5 (Figure 7). The patterning and the 

specification of the pancreas is governed by many molecules signal from the surrounding 

tissues i.e. the meso- and ectoderm and the notochord such as FGF10 (Fibroblast Growth 

Factor), BMP7 (Bone Morphogenic Protein) or RA (Retinoic acid). Combined with regulation 

from signalling pathways, for example Notch signalling, which control the expression of several 

transcription factors, these signals orchestrate the development of the mature pancreas from the 

primitive endoderm (Pan and Wright 2011; Stanger and Hebrok 2013).  

 

 

 

Figure 7 : Pancreas organogenesis in mouse. Adapted from (Edlund 2002). 

Formation of the pancreatic ventral and dorsal buds, which will fuse to form the whole pancreas in the mouse 
embryo.  
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The pancreatic buds contains proliferating multipotent progenitors cells (MPCs), which will 

give rise to all the endocrine and exocrine cells. These MPCs express the transcription factor 

PDX1 (Pancreatic Duodenal Homeobox 1), considered as the first pancreatic marker (Offield 

et al. 1996). The endocrine cells are generated in two waves in mice, during the first and the 

second transition. This first wave consists of an early differentiation of endocrine cells, mainly 

α cells, which can be detected even before reorganization of the dorsal bulk of MPCs, the 

luminogenesis. This process will lead to the formation of the pancreatic plexus in shape of 

tubular network structures (L. Flasse, Schewin, and Grapin-Botton 2021). Progenitors cells are 

organised in a branched epithelium, which is segregated into trunk and tip regions (Figure 8). 

Tip regions will be committed to acinar cells fate. These tips cells are characterised by the 

expression of Pdx1, Ptf1a (Pancreatic Transcription Factor 1a) and Cpa1 (Carboxipeptidase 1a) 

(Stanger and Hebrok 2013). Multipotent progenitors also express others transcription factors as 

Nkx6.1 (homeobox protein NK-homolog 6.1), Sox9 (SRY-Box9) or Hnf1b (Hepatocyte Nuclear 

Factor 1-β). These transcription factors are determinant for the progenitors and their 

specification. For example, SOX9 maintains the pool of pancreatic progenitor cells (Seymour 

et al. 2007). Trunk regions were initially referred as primitive ducts and consist of bi-potent 

progenitors, giving rise either to endocrine or ductal cells. The second transition consists of 

massive formation of acinar, endocrine and ductal cells from the pancreatic epithelium (Pan 

and Wright 2011; Stanger and Hebrok 2013).  

 

Figure 8 : Pancreas morphogenesis : formation of plexus with trunks and tips regions 

(Stanger and Hebrok 2013) 

Pancreatic progenitors PDX1+ organize to form microlumens, which then evolve into a plexus. By E14-16, the 
tip of this plexus comprises multipotent progenitors, which subsequently undergo commitment to acinar cells. 
The trunks of the plexus consist of bi-potent progenitor cells. The fate of these cells is determined by the 
expression of Ngn3. Those expressing Ngn3 are committed to the endocrine fate and undergo delamination to 

form islets. The remaining cells within the plexus form the ductal tree. 
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NEUROG3 (Neurogenin3) is the key transcription factor in endocrine differentiation in 

mammals (Schwitzgebel et al. 2000). It initiates the cascade of transcription factors such as 

Neurod1, Pax4 or Isl1, leading to endocrine differentiation. NEUROG3 is part of the 

ARP/ASCL (Atonal Related Proteins/ Achaete Scute-Like) family. These transcription factors 

contain a basic Helix-Loop-Helix (bHLH) domain, responsible for dimerization of the protein 

and for DNA biding. Their expression is repressed by  transcriptional targets of Notch pathway, 

the Hairy and enhancer of Split (HES) family. Fundamentally, Notch signalling repress the 

endocrine program notably in bi-potent progenitors of the trunk regions. Down-regulation of 

Notch signalling in bi-potent progenitors enable an increased expression of Neurog3, and thus 

endocrine differentiation.  

The specification towards a particular endocrine cell type occurs at the level of the progenitor 

and is dependent of a permissive window during the embryogenesis. Neurog3 expression 

indeed drives progenitor differentiation into the different endocrine lineage depending on its 

timing of activation. While the early activation of Neurog3 (around E9) leads to α cell 

differentiation, its later expression induces the second wave of endocrine differentiation, 

including α, β and δ cells around E13.5 and E15.5. Several transcription factors are involved in 

cellular differentiation. Pax4 expression is necessary for β and δ cell differentiation while Arx 

leads towards α cell fate. Nkx6.1 is express in the MPCs, its expression is then restricted to β 

cells in adult and is essential for both β cell differentiation and function. A scheme of 

transcription factors involved in pancreatic cells differentiation is displayed at Figure 9. During 

late differentiation, the endocrine progenitors delaminate from the trunk regions. Differentiated 

endocrine cells then proliferate to form islets.  
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Figure 9  : Summary of key transcription factors involved in pancreatic cell differentiation in 

mammal 

Multipotent pancreatic Cells (MPCs) PDX1+ will either be committed to tip cells PTF1+ giving rise to acinar cells. 
Trunks cells are characterised by SOX9, HNF1B and NKX6.1 expression. NGN3+ cells are committed to endocrine 
fate whereas they loose SOX9. Remaining SOX9+ cells give rise to ductal cells. 
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4.3.Evidences for intrinsic capacity of β cell regeneration in human 

 

Although the human pancreatic β cells mass do not spontaneously regrow after a loss, the 

exploration of a regenerative potential brings some promising clues supporting this capacity.  

In exceptional conditions, as during pregnancy or in obesity, the β cell mass can increase to 

respond to a higher metabolic demand (Bouwens and Rooman 2005). This observation was 

surprising since β cell proliferation occurs only at a slow rate during the childhood and in the 

healthy adult, the β cell mass is stable and no β cell proliferation nor neogenesis is observed. 

Nevertheless, the fact that the β cell mass can increase when the metabolic demand is higher 

could underline a presumptive capacity for β cell proliferation or neogenesis in the adult 

(Bouwens and Rooman 2005).   

Another promising observation supporting the regenerative capacity, is the detection of few 

insulin+ cells or C-peptide in long-lasting T1D patients. Given the strong autoimmune attack 

destroying the β cells, it is unlikely that they elude the immune system (Meier et al. 2005). 

Therefore, the presence of few β cells in these patients could be explained by an attempt of 

regeneration. Supporting this hypothesis, insulin+ cells have been found associated with the 

pancreatic ducts in pancreas-transplanted T1D patients showing autoimmune reaction (Pagola 

et al. 2008). This fact raises the point that β cell neogenesis could occur from the ductal network 

as during the development of the pancreas. Moreover, another study pointed out that insulin+ 

cells near the ductal tree also express the pancreatic progenitor cell markers PDX1 and 

NEUROG3 in T2D patients (Yoneda et al. 2013). The authors claim that β cell neogenesis is 

the major process to compensate β cell loss rather than proliferation (Yoneda et al. 2013). 

Interestingly, some pancreas of T2D patients contain polyhormonal cells (Cinti et al. 2016; 

Yoneda et al. 2013). It has been suggested that they could either originate from β cells that 

would de-differentiate in diabetic conditions or they could result from trans-differentiation of 

other endocrine cells, as an attempt to produce insulin (Moin and Butler 2019).  

Altogether, these observations raise the possibility of a putative capacity of regeneration that 

could be stimulated to regrow the β cell mass in human.  
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4.4.Murine models of pancreas injury 

 

In order to study mechanisms or presumptive β cell regeneration, several murine models of 

diabetes or pancreas injury have been developed. One commonly used genetic model is the Non 

Obese Diabetic (NOD) mice, which spontaneously develop T1D. The mechanisms of β cell 

destruction are similar to human diabetic patients, since it involves a T-cell mediated response 

and auto-antibodies (as auto-INS, auto-GAD and auto-Zn8) (Serreze and Leiter 1994). Another 

important model is the Akita mice, which also spontaneously show T1D characteristics. β cell 

failure is due to a mutation within the gene coding for insulin, causing its misfolding and 

subsequent ER stress, ultimately leading to β cell death (Oyadomari, Araki, and Mori 2002). 

While these genetic models are widely used to study the pathophysiology of T1D, ER stress 

and islets transplantation, the recurrent destruction of β cells is not ideal to study events of 

regeneration. Thereby, it was useful to develop models of pancreas injury that would allow 

regenerative mechanisms. The different models can be classified in surgical, chemical and 

genetic/chemical pancreas injuries (Figure 10).  

Surgical methods include Partial Pancreatectomy (Px) and Pancreatic Duct Ligation (PDL). 

Partial pancreatectomy consists of the resection of 50-80% of the pancreas, resulting in a 

dramatic loss of all pancreatic cell types, including β cells and causes glucose intolerance 

(Bonner-Weir et al. 1993). This model showed important regenerative capacities as new 

pancreatic lobes were formed and showed proliferation of acinar cells and β cells. In addition, 

an increased proliferation of ductal cells occurs in specific areas, called “proliferating ductules” 

(Bonner-Weir et al. 1993; Li et al. 2010). The PDL technique involves the ligation of the main 

pancreatic duct, leading to the accumulation of the pancreatic enzymes and subsequent 

destruction of the acinar compartment and a strong inflammation in the obstructed part of the 

pancreas (De Groef et al. 2015; Wang, Klöppel, and Bouwens 1995). Despite the absence of 

direct β cell destruction or alteration in glucose homeostasis, this model highlights compelling 

evidence of β cell regeneration (see section 4.5.3.).  

Chemicals as alloxan or streptozotocin (STZ) are toxic glucose analogues, which can enter 

inside β cells via the glucose transporter GLUT2. Inside the β cells, these two toxins inhibit 

insulin secretion and act as genotoxic agents by producing extra amount of Reactive Oxygen 

Species (ROS). STZ through its alkylating activity causes DNA strand breaks. Both STZ and 

alloxan lead to β cell death. Using different concentrations of treatments, the degree of β cells 

destruction can be controlled. Moreover, several rounds of β cell ablation can be performed by 
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repeating the treatments. However, since the GLUT2 transporter is also found in hepatic and 

kidney cells, these substances can be toxic to both the liver and kidneys.  

Genetics methods are based on the expression of a suicide transgene specifically in the β cells. 

For this purpose, the diphteria toxin A (DTA) is widely used. It leads to cell apoptosis by 

inhibiting protein synthesis. To induce specific β cell destruction, the transgenic RIP-DTR mice 

that express the diphteria toxin receptor (DTR) under the control of the insulin promoter (RIP), 

are treated with DTA. The model offers several advantages, including the specificity of β cell 

destruction and the ability to induce their destruction whenever needed (Herrera et al. 1994).  

 

 

Figure 10 : Common mouse models of pancreatic injury used to study β cell regeneration 

Various methods to induce β cell regeneration have been developed, each with distinct characteristics. Surgical 
approaches involve procedures such as pancreatectomy and pancreatic duct ligation (PDL). Chemical methods 
leverage the presence of GLUT2 on β cells and utilize toxic compounds like Streptozotocin (STZ) or Alloxan, which 
can enter the cells through these channels. Additionally, genetic/chemical methods utilize the expression of the 
DTR receptor, allowing for DTA entry upon treatment. 
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4.5.Pancreatic cellular sources of β cell regeneration 

 

Using the models of pancreas injury outlined in Figure 10, several studies identified the 

contribution of different cellular sources for β cell regeneration within the pancreas (Figure 

11). Importantly, the source of regeneration seems to depend on the type of injury (Aguayo-

Mazzucato and Bonner-Weir 2018), the details are described below. The mechanisms include 

1) proliferation of remaining β cells (Dor et al. 2004) ; 2) transdifferentiation of α cells (Thorel, 

Népote, et al. 2010), δ cells (Chera et al. 2014b), γ cells (Perez-Frances et al. 2021) or acinar 

cells (Pan et al. 2013) ; 3) neogenesis from putative ductal progenitors (Al-Hasani et al. 2013; 

Inada et al. 2008; X. Xu et al. 2008).  

 

 

 

 

 

Figure 11 : Origins of spontaneous β cell regeneration in mouse models of pancreas injury 

Several pancreatic cells show the capacity to spontaneously give rise to new insulin producing β cell in mouse 
model of pancreas injury. Regenerated β cell can originate from α- or δ- cells trans-differentiation, proliferation 
of remaining β cells or neogenesis from putative progenitors residing within the ducts. 
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4.5.1. β cell proliferation  

 

During normal growth, β cell replication is a major process to increase the β cell mass. However 

the proliferative potential of β cell rapidly decreases after birth and the vast majority of the β 

cells are quiescent in adult rodent (Teta et al. 2005) as well in human (P. C. Butler et al. 2007). 

Nonetheless, several studies reported activation of β cell replication in injured pancreas of 

young rodents, suggesting regeneration could occur via β cell proliferation.  

For instance, in response to partial pancreatectomy, young rats showed an increased proportion 

of incorporation of BrdU in β cells (Bonner-Weir et al. 1993). Consistent with this observation, 

low doses of STZ is a well-known model that increases β cell proliferation (Teta et al. 2005). 

In addition, β cell proliferation has been reported in the PDL model (Wang, Klöppel, and 

Bouwens 1995) and in the DTA system that ablated 70% of β cells (Nir, Melton, and Dor 2007). 

Importantly, genetic tracing confirmed that new β cells originated from remaining β cells (Dor 

et al. 2004). Of note, while Dor et al. concluded that the major part of the regenerated β cells 

come from proliferation, others reported neogenesis in addition to proliferating β cells (Van De 

Casteele et al. 2013; Wang, Klöppel, and Bouwens 1995). Altogether, these studies showed a 

capacity of β cell regeneration by proliferation in injury models that allow the persistence of a 

significant number of β cells.  

However, these experiments were performed on young rodents. Older individuals (from one 

year old individuals) did not show proliferation, even after partial pancreatectomy or STZ 

(Rankin and Kushner 2009), underlying the lower regenerative potential with aging. The 

understanding of this lost ability of proliferation in older individuals could be a key to enhance 

regeneration in adults. As example, β cells show an age-related accumulation of cell cycle 

inhibitors as p16Ink4a, which is related to cellular senescence. Suppression of  p16Ink4a could 

enhance the potential of proliferation in adult mice after STZ treatments (Krishnamurthy et al. 

2006). On the other hand, human β cells seem even more refractory to proliferation than murine 

β cells, increasing the difficulty of translation towards human (Aguayo-Mazzucato and Bonner-

Weir 2018). Even though it may be difficult to increase β cell proliferation, it could provide 

significant benefits for patients who retain β cells (in the first stages of diabetes) or it could be 

combined with induction of neogenesis, as in embryogenesis to expand the β cell mass.  

 

 



Introduction 

 

43 

 

4.5.2. Transdifferentiation of other pancreatic cell types  

 

Polyhormonal cells expressing insulin and glucagon and/or somatostatin were found in diabetic 

patients (Cinti et al. 2016; Yoneda et al. 2013), raising the possibility that endocrine cells retain 

a plasticity enabling them to convert into β cell-like. Herrera’s laboratory was the first to 

demonstrate that α and δ cells can spontaneously reform insulin producing cells by 

transdifferentiation in the DTA ablation model (Chera et al. 2014b; Thorel, Népote, et al. 2010). 

Adult mice could regenerate around 10% of their β cell mass by ten months upon near total 

ablation (Thorel, Népote, et al. 2010). Importantly, the mice needed insulin injections only 

during the 5 first months to prevent them dying from the acute hyperglycaemia. Lineage tracing 

experiments showed that the regenerated β cells result from α cell transdifferentiation (Thorel, 

Népote, et al. 2010). In juvenile mice, β cell regeneration is more efficient since 20% of the β 

cell mass was reformed upon 4 months after ablation (Chera et al. 2014b). Interestingly, these 

β cells did not originate from α cells but rather come from the δ cells. These latter de-

differentiate and proliferate in response to β cell destruction and finally activate Neurog3 

expression (Chera et al. 2014b). As such, the process of β cell regeneration is age dependent in 

mice.  

Collombat and colleagues showed that the ectopic expression of Pax4 in α cells (Al-Hasani et 

al. 2013) or in δ cells (Druelle et al. 2017), triggers their transdifferentiation into β cells in adult 

mice (Al-Hasani et al. 2013). In the same manner, loss of Arx in the α cells results in a β cell 

like phenotype (Courtney et al. 2013). Importantly, the modified α and δ cells could improve β 

cell regeneration in response to STZ treatments. More recently, the same group showed that the 

neurotransmitter GABA (gamma-aminobutyric acid) promote α to β cell transdifferentiation, 

enhancing β cell regeneration in the STZ mice model (Ben-Othman et al. 2017).  

 

4.5.3. Neogenesis from the ducts  

 

Another possible source of β cells could be de novo formation from pancreatic progenitors, 

thought to reside in the ductal compartment of the pancreas in adult. The hypothesis of the 

persistence of pancreatic progenitors in the ducts partially stems from our comprehension of 

endocrine cell differentiation during embryonic development, when endocrine cells arise from 

bi-potent progenitor domains within the ductal tree. Furthermore, ductal cells maintain the 

expression of some progenitor markers such as Sox9 (Seymour et al. 2007) or Hnf1b (Solar et 
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al. 2009a). Still in support of this hypothesis, some diabetic patients exhibit elevated ductal cell 

proliferation and the presence of adjacent ins+ cells (see above 4.3). The progenitor capacity of 

the ducts was investigated in in vitro experiments. Primary cultures of ductal cell demonstrated 

their capacity to give rise to endocrine cells (Bonner-Weir et al. 2000). The rest of this section 

is dedicated to in vivo experiments.  

Lineage tracing experiments have not yet provided conclusive evidence for the generation of 

new β cells from the ductal cells in adult. In a study conducted by Inada and colleagues, 

transgenic mice expressing Cre driven by the human Carbonic Anhydrase II (CAII) promoter, 

which is known to be active in the ductal cells, were used to investigate the origin of new β 

cells in pancreatic ductal ligation (PDL) (Inada et al. 2008). The study showed that in this 

model, the CAII+ cells have the capacity to differentiate into β cells (Inada et al. 2008). In 

contrast, two other studies using the promoters of Sox9 (Kopp et al. 2011) or Hnf1b (Solar et 

al. 2009a) as drivers after PDL or alloxan-induced ablation, failed to replicate these findings. 

In line with this, a recent study aimed at tracing β cells and non-β cells (including others 

endocrine cells and ducts) after different types of pancreas injuries (Zhao et al. 2021). They 

showed that new β cells come from remaining β cells rather than from neogenesis after PDL, 

partial pancreatectomy or STZ (Zhao et al. 2021). In contrast to Inada study, these three studies 

therefore concluded that ducts are not the main source of β cell in the adult. These differences 

could be explained by the choice of the driver, their mosaicist expression or the heterogeneity 

of ductal cells. Nonetheless, even in cases where neogenesis was not observed, reactivation of 

the pro-endocrine marker NEUROG3 has been detected in the ducts (Kopp et al. 2011; Solar et 

al. 2009a), indicating a response from the ductal compartment to pancreas injury. The detection 

of Neurog3 expression is relevant since a small population of ductal cells that express Neurog3 

has been shown to participate in β cell neogenesis in cases of diabetes (Van De Casteele et al. 

2013).  

The importance of ductal cells in maintaining endocrine cell mass has been underscored in the 

series of papers by Collombat and colleagues, which focus on the transdifferentiation of α and 

δ cells (Al-Hasani et al. 2013; Ben-Othman et al. 2017; Courtney et al. 2013; Druelle et al. 

2017). In their models that induce α/δ cell transdifferentiation (see section 4.5.2) there is a need 

to compensate the lack of the endocrine cells. As a consequence, ductal cells enter in 

proliferation, re-express Neurog3 and give rise to new α/δ cells (Al-Hasani et al. 2013; Druelle 

et al. 2017), as shown for α cells in lineage tracing experiments using the Hnf1b driver (Al-

Hasani et al. 2013). As such, ductal cells give rise to β cells through an intermediate α cell stage. 
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Importantly, these findings emphasize that, even in cases of transdifferentiation, progenitor 

cells are needed to maintain the overall endocrine cell population.  

In recent years, a population of human ductal cells ALK3+/PDX1+/CAII- has been proposed as 

pancreatic progenitors (Qadir et al. 2018). Of note, ALK3 is used as a surrogate marker for the 

receptor BMPR1A and this population excludes CAII+ cells, in contrast to (Inada et al. 2008) 

study. To isolate these cells, the authors used the P2RY1+ as surrogate marker for PDX1. 

Single-cell RNA sequencing data of this ALK3+/PDX1+/CAII- ductal population further 

supported their progenitor identity (Qadir et al. 2020). Furthermore, when these human cells 

were implanted into the kidneys of immunodeficient mice, they spontaneously differentiated 

into all the exocrine and endocrine pancreatic cell types (Qadir et al. 2020), underlying their 

multipotency. Interestingly, some ALK3+/PDX1+ cells have also been found in the pancreas 

of diabetic patients (Qadir et al. 2020). These studies provide strong and convincing evidences 

for the existence of pancreatic progenitor cells within the ducts.  

Collectively, these studies indicate that ductal cells possess the intrinsic ability to differentiate 

into all pancreatic cell types, even in adulthood. However, this capacity appears to be repressed 

as neogenesis does not spontaneously occur. Conversely, some studies reported plasticity of 

endocrine cells, as illustrated by their trans-differentiation to produce insulin. Even in these 

cases, the spontaneous regeneration was slow and limited. Hopefully, targeting the regenerative 

mechanisms holds the potential to stimulate these processes, leading to the efficient generation 

of new β cells and potentially reversing diabetes. 

Nevertheless, deciphering regenerative mechanisms in models that exhibit limited regenerative 

capacities is challenging. Therefore, studying regenerative model organisms that possess robust 

regenerative abilities, such as the zebrafish, can be highly advantageous for unravelling the 

intricate mechanisms of regeneration. The zebrafish is widely recognized as a powerful model 

for studying tissue regeneration.  
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5. Zebrafish  

 

5.1.Generalities  

 

The zebrafish (Danio rerio) is a small freshwater fish native to South Asia and a member of the 

Cyprinidae family within the Cypriniformes order. The zebrafish gets its name from the blue 

stripes that adorn its body (Figure 12). 

In the 1960s, biologist Georges Streisinger was a pioneer in introducing and breeding zebrafish 

in the laboratory (Marinaga 1990; Streisinger et al. 1981). The zebrafish quickly became a 

valuable model organism for studying vertebrate development due to its external embryonic 

development and the transparency of the embryos (Kimmel 1989). Its success is also due to its 

small size (3 to 4 cm), rendering it easier and less expensive to house and breed compared to 

mammals. Additionally, the zebrafish has a rapid development, with organogenesis complete 

by six days post-fertilization (6 dpf) after only three days of embryonic development (Figure 

13). Zebrafish are capable of breeding after only three months and produce numerous offspring, 

further contributing to their usefulness as a model organism. 

Despite that the zebrafish genome has been duplicated, resulting in several orthologs for some 

human genes, the complete sequencing of its genome revealed important similarities with the 

human genome (Howe et al. 2013). 71.4% of the human genes indeed possess at least one 

ortholog in the zebrafish genome. This proportion is even higher for the disease-linked genes, 

whose 82% can be related to at least one zebrafish orthologue (Howe et al. 2013). Over the past 

decade, advancements in technologies like CRISPR/Cas9 and TALENs for creating mutants 

and transgenic lines (Choe et al. 2021), high-resolution microscopy, and high-throughput drug 

screenings, faster and easier in zebrafish, contributed to revolutionize biomedical research.  

One of the key advantages of the zebrafish model is its remarkable regenerative abilities, which 

enable it to rapidly and efficiently regrow various tissues including fins, retina, heart and 

pancreatic β cells, following injury (Gemberling et al. 2013). This feature has quickly 

established it as a powerful model for studying complex tissue regeneration (Marques, Lupi, 

and Mercader 2019).  
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Figure 12 : Drawing of a zebrafish by Francis Hamilton, the first scientist who described the 

zebrafish in 1822. The Trustees of the Natural History Museum, London, United Kingdom 

 

 

Figure 13 : Life cycle of Danio rerio 
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5.2.Zebrafish as a powerful model of regeneration   

 

In the contrary to human and more generally mammals, some organisms have surprising 

regenerative capabilities. “Invertebrates and phylogenetically primitive vertebrates are able to 

regenerate full tissues after injury. Even though species with strong regenerative capacities are 

non-uniformly widespread across the phylogenetic tree, simpler organisms generally perform 

better in this respect (Elliott and Sánchez Alvarado 2018). For this reason, it has been assumed 

that regenerative potential has been lost during evolution. However, in the last years, several 

studies have revealed that regenerative mechanisms are still present in mammals but are latent 

or dormant, and thus it would be possible to stimulate them (Maden 2018). This is why 

elucidating the regenerative mechanisms in competent species is important to permanently cure 

patients. Classical models of regeneration are found in invertebrate and vertebrate phylum such 

as the hydra, planarian, drosophila, zebrafish, axolotl and newt.” (Extract from (Massoz, 

Dupont, and Manfroid 2021)). The zebrafish model can therefore be exploited to uncover 

mechanism of complex tissue regeneration to possibly re-active these mechanisms in mammals 

(Figure 14).  

As a proof of concept, several studies could show improvement of regeneration in mammals, 

underlying the successful translation of findings from zebrafish to mammals (Massoz, Dupont, 

and Manfroid 2021). The examples of the involvement of Ascl1a and Lin28 in retinal 

regeneration and miRNAs in cardiomyocyte regeneration illustrate the relevance of this 

approach (Figure 14). Briefly, genes coding for both transcription factor Ascl1a (Fausett, 

Gumerson, and Goldman 2008) and the RNA binding protein Lin28 (Ramachandran R., Fausett 

B.V. 2010) are expressed in response to injury in zebrafish and their expression is necessary 

for retinal regeneration. Interestingly, these genes are not expressed in mice. Transgenic 

mediated expression of ascl1a could activate retinal regeneration in juvenile mice (Ueki et al. 

2015) and co-expression of ascl1a and lin28 could restore retinal cells after injury even in adult 

mice (Elsaeidi et al. 2018).  
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Another elegant example is illustrated by the identification of miRNAs necessary for cardiac 

regeneration (Figure 14), using different approaches. On one hand, the comparison of miRNAs 

expression between zebrafish cardiomyocytes after injury and non-injured zebrafish showed 

that miR-99/100, let-7a/c are repressed during regeneration (Aguirre et al. 2014). On the other 

hand, comparison between miRNA profiling between zebrafish cardiomyocytes and mice 

cardiomyocytes after injury revealed that miR-26a is repressed in zebrafish but not in mice 

(Crippa et al. 2016). Repression of these miRNA (miR-99/100, let-7a/c and miR-26a) in mice 

improve cardiomyocyte proliferation and subsequent regeneration (Aguirre et al. 2014; Crippa 

et al. 2016), highlighting potential clinical targets to stimulate cardiac regeneration (Figure 14).  

 

 

 

Figure 14 : Overview of regenerative mechanisms identified in zebrafish that led to 

improvement of regeneration of several tissues in mammals.  

 
The up-headed (vs. back-headed) arrows mean that the expression is upregulated (vs. downregulated) in 
zebrafish after injury. Factors highlighted in green exert positive effect in regeneration, those in red impair 
regeneration. From (Massoz, Dupont, and Manfroid 2021) 
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5.3.The zebrafish pancreas  

 

5.3.1. Anatomy and physiology 

 

Similar to mammals, the pancreas of zebrafish contains endocrine islets and ducts dispersed 

within acinar tissue. These islets are composed of the same endocrine cells (β-, α-, δ-, and 

epsilon cells) as in mammals, although PP cells have not been described in zebrafish. However, 

a notable difference in the zebrafish pancreas is the presence of a principal islet (PI) located in 

the head of the pancreas, accompanied by numerous secondary islets (SI) that are typically 

smaller and scattered along the ducts in the pancreatic tail (Kinkel and Prince 2009) (Figure 

15). It is worth mentioning that the duct organization in this system is similar to that of 

mammals, with CACs located at the acinus junction, and intra- followed by extra-pancreatic 

ducts branching out from there (Parsons et al. 2009).  

In the adult zebrafish, the fasting glycemia typically is around 50 mg/dL. It is worth noting that 

the dynamic regulation of glycemia in zebrafish is comparable to that of mammals, as 

demonstrated by glucose tolerance tests (Eames et al., 2010). Endocrine cells are responsible 

for regulating glycemia from an early larval stage, indicating the early functionality of the 

principal islet (Jurczyk et al., 2011). Furthermore, the β cells in zebrafish are essential for 

glucose metabolism, as their destruction leads to hyperglycaemia (Moss et al., 2009). To 

conclude, both the anatomy and the physiology of the zebrafish pancreas are quite similar to 

the mammalian pancreas.  

 

Figure 15 : Immunohistochemistry of zebrafish pancreas 

Pancreas of 2 months-old zebrafish showing β cells in red and the ductal network in green. The picture shows 
the presence of a principal islet in the head of the pancreas and several secondary islets in the pancreatic tail 
that are closely associated with the ducts. 
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5.3.2. Development : a focus on the second wave of endocrine cells formation 

 

The embryonic development of the zebrafish pancreas bears striking similarities to that of 

mammals, as it is regulated by the same master signalling pathways that govern the progression 

from organ specification to cellular differentiation (Kinkel and Prince 2009). Moreover, the 

cascade of transcription factors that leads to cell differentiation is largely conserved between 

zebrafish and mammals, with only minor variations.  

Similar to mammals, the zebrafish pancreas originates from two endodermal buds. The dorsal 

bud emerges at 24 hpf (hours post fertilization) and eventually fuses with the ventral bud that 

emerges later, around 34 hpf. The cells derived from the dorsal bud exclusively give rise to the 

first wave of endocrine cells in the principal islet (Figure 16). Meanwhile, the ventral bud gives 

rise to all pancreatic cells, including exocrine acinar and ductal cells, as well as the second wave 

of endocrine cells. The latter contribute to additional cells in the principal islet and secondary 

islets (Kinkel and Prince 2009). As such, the ventral bud consists of multipotent pancreatic cells 

(MPCs) that express among others pdx1 (Biemar et al. 2001), ptf1a (Zecchin et al. 2004), sox9b 

(Manfroid et al. 2012) and nkx6.1 (Binot et al. 2010) likewise mammalian MPCs (Figure 17). 

Later in the development, the ductal epithelium cells express sox9b, nkx6.1, exhibit Notch 

activity (Parsons et al. 2009), and are able to give rise either to ductal or endocrine cells. This 

domain is similar to the bi-potential trunk in mouse, underlying the similarity of the second 

wave in zebrafish and the second transition occurring in mammals (Parsons et al. 2009).  

 

 

Figure 16 : Morphogenesis of the zebrafish pancreas 

The progenitors from the ventral bud (VBCs) will exclusively give rise to the first wave of endocrine cells in the 
principal islet. Progenitors from the dorsal bud (DBCs) give rise to all pancreatic cell types, including endocrine 
cells from the primary islet and from the secondary islets. NRCs are Notch Responsive Cells. From (Singh et al. 
2017).  
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Figure 17 : Summary of key transcription factors involved in pancreatic cells specification in 

zebrafish 

This scheme put the emphasis on the second wave of endocrine cell formation, from the ventral progenitors. 
Differences with mammals are underlined by the blue colour. The ventral progenitor cells are multipotent and 
give rise to all pancreatic cell types. Notch responsive cells give rise either to ductal cell when Notch signalling is 
sustained or endocrine cells when Notch is repressed. On the opposite to mammals, nkx6.1 is expressed in ductal 
cells and not in β cells, in which nkx6.2 is expressed. Overall, the cascade of transcription factor is quite similar 
compared to mammals.  

 
 

Notch signalling plays a crucial role in maintaining the expression of sox9b in pancreatic 

progenitor cells (Manfroid et al. 2012), which results in the repression of endocrine cell 

differentiation and the induction of the ductal fate. More precisely, Ninov and colleagues 

showed that the level of Notch activity determines the behaviour of the progenitor ductal cells 

(Ninov, Borius, and Stainier 2012). While a high level of Notch activity keeps the progenitor 

in a quiescent state, its downregulation enables the progenitor to enter the cell cycle and its 

complete repression leads to endocrine differentiation (Ninov, Borius, and Stainier 2012). 

Notch constrains the endocrine program by repressing the expression of the transcription factor 

Neurog3 in mammals (see section 4.2.). Neurog3 is not expressed in the zebrafish pancreas and 

the endocrine differentiation is induced by two others transcription factor of the same family, 

Ascl1b and Neurod1 (L. C. Flasse, Pirson, et al. 2013). Ascl1b is the first endocrine marker 
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expressed in the pancreas and initiates the endocrine cascade. While ascl1b expression is 

transient, Neurod1 maintains the endocrine program and is still expressed in mature endocrine 

cells (L. C. Flasse, Pirson, et al. 2013). Of note, Notch represses ascl1b and neurod1 (L. C. 

Flasse, Pirson, et al. 2013; Aurélie P. Ghaye et al. 2015) expression and sustains nkx6.1 

expression in zebrafish (Aurélie P. Ghaye et al. 2015).  

Whereas nkx6.1 is expressed in MPCs (Binot et al. 2010) this transcription factor is not 

expressed in mature β cells in zebrafish, in contrast to mouse. Its paralog Nkx6.2 may fulfil the 

role of NKX6.1 in the function and identity of the β cells. Also, unlike in mammals, the 

progenitor markers nkx6.1 and pdx1 remain expressed in the ductal tree until adulthood, and 

the Notch pathway is still essential for maintaining nkx6.1 expression (Aurélie P. Ghaye et al. 

2015).  

 

6. β cell regeneration in zebrafish  

 

Given the incredible regenerative abilities of the zebrafish, it is not surprising that it can 

spontaneously regenerate its β cells after destruction not only in larvae (Curado et al. 2007; 

Harsan Pisharath et al. 2007) but even in the adult (Moss et al. 2009). First regenerated β cells 

are detected within 10 days and the glycemia is normalized around two weeks after β cell 

ablation (Aurélie P. Ghaye et al. 2015; Moss et al. 2009). To study this process, several 

techniques of pancreas injury have been developed in zebrafish, including pancreatectomy, STZ 

(Moss et al. 2009), the DTA system (Ninov, Borius, and Stainier 2012) or nitroreductase (NTR) 

system. The latter is widely used in zebrafish to induce ablation of several cell types (Curado 

et al. 2007).  

 

6.1.Nitroreductase mediated β cell ablation 

 

The nitroreductase (NTR) is an enzyme that reduces nitro- functional group from nitroaromatic 

substrates leading to the production of cytotoxic products. This enzyme is not naturally 

expressed in zebrafish, which has allowed for the development of a conditional and selected 

cell ablation method. It involves the expression of the bacterial NTR under a tissue-specific 

promoter, i.e. a suicide transgene, and the administration of a pro-drug (Figure 18). The 

reduction of the pro-drug by the NTR results in the formation of reactive nitroso group causing 

DNA damage and ultimately leading to the apoptosis of the targeted cells (Curado et al. 2007).  
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The pro-drug metronidazole (MTZ) rapidly became the most common drug used for that system 

since no diffusible products are formed after its reduction, enabling specific ablation of target 

cells without by-stander effects (Curado et al. 2007; Harsan Pisharath et al. 2007). Depending 

the cell type to ablate, the concentration and the duration of MTZ treatment differs. Of note, the 

concentration commonly used (i.e. 10 mM) is close to general toxicity (Mathias et al. 2014).  

To ablate the β cells, the transgenic line Tg(ins:NTR*-mCherry) can be used. This line enables 

the expression of a mutated form of the bacterial NTR to improve its efficiency (Mathias et al. 

2014) under the control of the insulin promoter, therefore in β cells (Bergemann et al. 2018; 

Harsan Pisharath et al. 2007). After MTZ treatment, β cells generate ROS (Kulkarni et al. 2018) 

and the apoptosis is activated as seen by caspase3 detection.   

 

 

 

 

 

Figure 18 : Nitroreductase mediated β cell ablation in transgenic zebrafish 
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6.2.Cellular origins of regenerated β cells 

 

Pioneer studies in zebrafish have demonstrated the spontaneous regeneration of β cells (Curado 

et al. 2007; Moss et al. 2009; Harsan Pisharath et al. 2007), sparking interest in the underlying 

cellular and molecular mechanisms. Subsequent research has focused on revealing the origin of 

regenerated β cells and performing chemical and genetic screenings to enhance even further the 

regenerative potential. Likewise in mammals, regenerated β cells can arise from the 

proliferation of remaining β cells (Andersson et al. 2012) or the transdifferentiation of α cells 

in zebrafish (Ye et al. 2015). However, unlike mammals, zebrafish possess ductal-associated 

progenitors capable of generating new β cells even in adulthood (Delaspre et al. 2015; Aurélie 

P. Ghaye et al. 2015) (Figure 19). It is worth noting that the NTR-mediated ablation system 

was used to identify all these cellular sources in zebrafish, a distinction from mammals, where 

the origin of β cells is influenced by the type of pancreas injury (see sections 4.4. and 4.5.).  

 

 

 

 

Figure 19 : Origins of spontaneous β cell regeneration in zebrafish  

After β cells ablation, new regenerated β cells can arise from the proliferation of remaining β cells, conversion of 
α or δ1.1 endocrine cells and from neogenesis of ductal associated progenitors.  

 
 
 



Introduction 

 

56 

 

6.2.1. β cell proliferation 

 

β cell proliferation is a crucial process during embryogenesis to expand their population. It is 

noteworthy that zebrafish β cells retain their proliferative capacity even after embryonic 

development (Singh et al. 2017), which is not the case for most mammals. Previous studies 

using zebrafish larvae have identified various signalling pathways, such as retinoic acid and 

glucocorticoid, that can enhance β cell proliferation (Tsuji et al. 2014). 

On the other hand, interesting studies have focused on exploring the regenerative potential of β 

cells. For example, Andersson et al. performed a high-throughput chemical screening using 

zebrafish larvae and the NTR/MTZ ablation system to identify compounds able to increase β 

cell regeneration in the principal islet (PI) (Andersson et al. 2012). The most potent drug was 

NECA (50-N-ethylcarboxamidoadenosine), an adenosine agonist activating GPCR signalling. 

NECA promoted β cell regeneration by increasing their proliferation, as demonstrated by EdU 

incorporation (Andersson et al. 2012). Later, an independent study identified another 

compound, the PIAA ((E)-3-(3-phenylbenzo[c]isoxazol-5-yl) acrylic acid), that stimulates the 

production of cAMP resulting in an increase of β cell regeneration by proliferation (J. Xu et al. 

2018). Notably, both NECA and PIAA were able to enhance β cell regeneration in STZ-treated 

mice (Andersson et al. 2012; J. Xu et al. 2018). Recently, another chemical screening performed 

by Andersson’s team identified a SIK inhibitor promoting β proliferation after ablation in 

zebrafish larvae, mediated by the UPR (Unfolded Protein Response) (Charbord et al. 2021). It 

is worth noting that those studies focused on larval stage, when only the principal islet is 

present.  

Taken together, those studies have demonstrated that β cell replication is a source of regenerated 

β cells in zebrafish larvae, and identified potential pharmacological compounds that could be 

used for further clinical studies. 

 

6.2.2. α cell trans-differentiation 

 

The α cells represent an important source for β regeneration after severe ablation in mammals 

(Thorel, Népote, et al. 2010). In the same manner, lineage tracing experiments revealed that α 

cells are able to transdifferentiate into β cells in the NTR-mediated ablation system in zebrafish 

(Ye et al. 2015). Specifically, the study found that in zebrafish larvae, α cell conversion and 



Introduction 

 

57 

 

neogenesis from progenitors were the primary sources of β cell regeneration, rather than β cell 

proliferation. Interestingly, very few sst2+/ins+ were detected after ablation. The authors 

conclude that δ cells do not seem to retain the same plasticity than α cells. The same study 

points out that α cell conversion is dependent to glucagon and GLP-1 since the knock down of 

gcg alters the efficiency of the process. However, high glycemia does not impact α cell 

conversion, suggesting that glucagon and GLP-1 do not regulate α cells conversion through the 

control of glycemia (Ye et al. 2015).  

Transcriptomic profiling of zebrafish islets isolated after NTR-mediated ablation identified 

some secreted proteins that could potentially enhance β cell regeneration (J. Lu et al. 2016). 

One such protein, insulin-like growth factor (Igf) binding-protein 1 (igfbp1), was found to 

increase α cell transdifferentiation when overexpressed via transgenesis in zebrafish larvae. 

Notably, the effect was sustain even in one-month-old zebrafish, indicating that α cells retain 

their plasticity beyond embryogenesis (J. Lu et al. 2016). Additionally, IGFBP1 also promoted 

α cell transdifferentiation in mouse and human islets ex vivo, underlying the possibility of 

translation towards mammals. Interestingly, the analysis of a prospective study showed that 

patients with insulin resistance have lower levels of IGFBP1 while those with higher levels of 

IGFBP1 present a lower risk to develop T2D (J. Lu et al. 2016). As such, IGFBP1 could be a 

potential biomarker for insulin resistance in addition to be a good candidate to improve β cell 

regeneration in clinical studies.  

 

6.2.3. Neogenesis from ductal- associated progenitors 

 

Although the persistence of pancreatic progenitors within the ductal network in the adult is still 

debated in mammals (see section 4.5.3), those cells do exist in zebrafish. One of the first clue 

in favour for a the progenitor capacity of the ductal cells was underlined thanks to sox9b-/- 

mutant zebrafish (Manfroid et al. 2012). The deletion of sox9 indeed provokes abnormal duct 

morphogenesis and impaired β cell regeneration in the larvae. Notably, activation of Notch 

signalling is necessary to sustain Sox9b expression in the ductal cells (Manfroid et al. 2012). In 

line with this, Ninov and colleagues could show by genetic lineage tracing that ductal cells give 

rise to new endocrine cells following constitutive β cell ablation in the zebrafish larvae (Ninov 

et al. 2013). Moreover, the study highlights that this process is dependent of the nutrient uptake, 

through the activation of mTor (mammalian Target of Rapamycin) pathway that will then 
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repress Notch signalling (Figure 20) to induce β cell formation and regeneration (Ninov et al. 

2013).  

Although these studies have demonstrated the existence of progenitors within the ducts, these 

experiments were conducted in larvae, in which cells may retain greater plasticity due to 

ongoing development. Interestingly, a subset of cells within the ductal tree, the centro-acinar 

cells (CACs), remain Notch-responsive even in adulthood (Delaspre et al. 2015). Genetic 

lineage tracing using the Tg (tp1:CreErT2) line, which labels Notch-responsive cells, revealed 

that CACs give rise to new β cells after NTR-mediated ablation or partial pancreatectomy in 

adult zebrafish (Delaspre et al. 2015). Simultaneously, our laboratory found the same results 

using non-genetic lineage tracing (Aurélie P. Ghaye et al. 2015). Additionally, we demonstrated 

using the Tg (nkx6.1:GFP) line labelling all ductal tree even in adulthood, that ductal nkx6.1+ 

cells proliferate in response to β cell ablation, suggesting that the progenitor capacity is not 

restricted to CACs (Aurélie P. Ghaye et al. 2015). Altogether, both studies showed that ductal 

cells retain progenitor capacity during adulthood and that these cells can generate new β cells 

in response to their ablation (Delaspre et al. 2015; Aurélie P. Ghaye et al. 2015).  

Further studies from Andersson’s group performed chemical or genetic screening on islets cells 

from zebrafish larvae to ultimately enhance β cell regeneration. As such, CDK5 inhibition (with 

roscovitine or DRF053) (K. C. Liu et al. 2017) as well as folinic acid treatment (Karampelias 

et al. 2021) could increase β cell regeneration not only in larvae but in one-month old zebrafish 

as well. Moreover, inhibition of MNK2 MAPK, consistent with the role of mTOR, was found 

to enhance β cell regeneration by increasing protein synthesis (Karampelias et al. 2022). 

Importantly, in all three studies, the increased regeneration was due to endocrine differentiation 

of ductal cells without any impact on ductal cell proliferation. Of note, the effect of these 

signalling could be translated in mammalian model of endocrine cell formation or β cell 

regeneration, underlying their relevance for further studies.  

Collectively, these studies established that pancreatic progenitors persist within the ducts of 

adult zebrafish and are the source of β cell neogenesis after their ablation. Even though some 

interesting studies uncover molecular mechanisms of this process, all the screenings were 

performed on larvae. Moreover, genetic screenings only took into account the principal islet. 

As such, there is still a need to establish the molecular mechanisms of β cell neogenesis from 

ductal progenitors in a regenerative context. 
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Figure 20 : Notch signalling pathway  

The Notch receptor is a heterodimer composed of an extracellular domain and an intramembrane/intracellular 
domain. Binding of a ligand (Δ) to the Notch receptor triggers two proteolytic cleavages of the receptor. The first 
cleavage is carried out by the ADAM protease, and the second is carried out by the γ-secretase. Of note, several 
inhibitor of the γ-secretase are used to repress Notch pathway. The intracellular domain of the Notch receptor 
(NICD) is then released into the cytoplasm and enters the nucleus. NICD with its co-factors can activate 
transcription of target genes as hes/her genes, which are repressor of ARP/ASCL transcription factor (as Neurog3 
in mammals and ascl1b, neurod1 in zebrafish) necessary for endocrine differentiation.  
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6.3. Calcineurin 

 

In this study, we identified Calcineurin (CaN) as a candidate in the study of β cell regeneration 

(see section Results). CaN, previously known as protein phosphatase 2B (PP2B), is a calcium 

and calmodulin dependent serine/threonine protein phosphatase. The structure of CaN is highly 

conserved across eukaryotes, from yeast to humans.  

The enzyme is composed of two subunits: the catalytic subunit, which contains the catalytic 

domain and an auto-inhibitory arm, and the regulatory subunit, which possesses binding sites 

for calcium and calmodulin. When intracellular calcium levels rise, Ca2+ ions attach directly to 

the regulatory subunit and calmodulin, causing a conformational change that activates the 

enzyme by shifting the auto-inhibitory arm away from the catalytic site (Roy and Cyert 2020). 

The catalytic unit of CaN has actually three isoforms, namely αCaN, βCaN, and γCaN that are 

structurally similar. While the αCaN and βCaN, coded respectively by PPP3CA and PPP3CB, 

are expressed ubiquitously, αCaN is dominant in neurons, and βCaN is more expressed in other 

cell types. Initially believed to be exclusively expressed in the testes, PPP3CC codes for the 

γCaN isoform and is actually expressed at low levels in other tissues (Creamer 2020). 

CaN is able to dephosphorylate a wide range of substrates, including transcription factors, 

receptors and ion channels, cytoskeletal proteins, and other signalling proteins (Creamer 2020). 

The CaN canonical pathway involves dephosphorylation of the transcription factor NFAT 

(Nuclear factor of activated T-cells), enabling its entry inside the nucleus to activate 

transcription of its target genes (Figure 21). The CaN/NFAT pathway was first known for its 

role in T-cell activation (Oh-hora and rao 2009). However, CaN is important in a wide range of 

biological processes as the cell cycle (Masaki and Shimada 2022), cardiac hypertrophy or fin 

regeneration in zebrafish (Kujawski et al. 2014).  

FK506, also known as tacrolimus, and Cyclosporin A (CsA) are both inhibitors of the CaN 

enzyme. Their mechanism of action involves binding to specific immunophilins, namely FKBP 

for FK506 and cyclophilins for CsA, forming complexes that competitively inhibit CaN. As a 

result, the nuclear factor of activated T cells (NFAT) is inhibited, which ultimately suppresses 

the immune response (J. Liu et al. 1991). These drugs are thus commonly used in transplanted 

patients to prevent organ rejection (Venegoni 2002), and they are used as efficient inhibitors of 

CaN, even in zebrafish (Kujawski et al. 2014).  
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Figure 21 : Calcineurin/NFAT canonical signalling 

CaN is activated by binding of Ca2+ and calmodulin. Once activated, CaN dephosphorylates NFAT, enabling its 
entry in the nucleus to activate transcription of targeted genes. Kinases within the nucleus as GSK3 
phosphorylates NFAT to inactivate it. Calcineurin inhibitors as Cyclosporine A and FK506 are often used to repress 
the pathway.  

 

In our study, we identified CaN in the context of a cellular senescence transcriptomic signature. 

In aging or in response to a stress, the cellular senescence mechanism restricts the proliferation 

of the damaged cells by inducing permanent cell cycle arrest. These senescent cells acquire a 

secretory function known as the Senescence Associated Secretory Phenotype (SASP) and they 

produce several cytokines, proteases and growth factors for cell-cell communication. The 

accumulation of senescent cells is usually correlated with aging related disease (Van Deursen 

2014).  
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6.4.P53 

 

The protein p53 is a well-known tumour suppressor, which can also be referred as the guardian 

of the genome. p53 is involved in cell cycle regulation, DNA repair and apoptosis. When errors 

of replication happen during the DNA duplication, p53 is then stabilized and activates DNA 

repair mechanisms or apoptosis in order to avoid mutations and keep DNA integrity. Notably, 

the p53 gene is the most frequently altered gene in human cancer, underlying its importance. In 

addition to its role in apoptosis induction, p53 emerged as an important regulator of cell 

metabolism and cellular growth (Vousden and Ryan 2009). Metabolic stress as nucleotide or 

amino acid starvation, activates p53 to promote cell survival (Maddocks et al. 2013; Pelletier 

et al. 2020; Shiraki et al. 2014).  

During the first steps of tissue regeneration, p53 expression is generally repressed to enable cell 

proliferation as illustrated in the zebrafish heart (Shoffner et al. 2020a) or in the liver in mouse 

or zebrafish (He et al. 2022; Stepniak et al. 2006). However, other studies showed that DNA 

repair mechanisms (Sousounis et al. 2020) and p53 (Di Giovanni et al. 2006) are necessary for 

proper regeneration. Overall, these studies underline a dual role of p53 in complex tissue 

regeneration, depending on the tissue or the stage of regeneration (Charni et al. 2017).  

 

 

 

 

 

 

 

 

 

 

 

 



Objectives 

 

63 

 

II. Objectives 
 

In contrast to mammals, the zebrafish possess the intrinsic ability to efficiently regenerate β 

cells after their loss. Moreover, it is well established in zebrafish that pancreatic progenitors 

remain within the ductal tree even in adulthood. As such, it is interesting to uncover 

mechanisms of β cell regeneration from ductal progenitors in zebrafish, which could ultimately 

lead to improvement of β cell regeneration in mammals.  

The main objective of our laboratory is to unravel cellular and molecular mechanisms of β cell 

regeneration in zebrafish. To trigger regeneration, we first need to ablate the β cells. To this 

end, we use the NTR mediated ablation model. However, we observed that this system was not 

optimal since the efficiency of ablation was variable between individuals. As a consequence, 

we first needed to improve the NTR system for effective and reliable β cell ablation. 

1) The first goal of this study was to improve β cell regeneration in the NTR system.  

To uncover regenerative mechanisms from ductal progenitors, the transcriptomic profile of 

ductal cells during β cell in regeneration in the adult zebrafish was previously established in the 

laboratory. These data highlight putative regulators of β cell regeneration. Amongst the 

candidates, we decided to focus mainly on the study of calcineurin function, which is the main 

part of the present thesis. Secondly, we also studied the implication of another interesting 

candidate, the tumour suppressor p53.  

2) Determine the role of the phosphatase calcineurin and p53 in β cell regeneration 

from ductal progenitors. 

Intriguingly, it has been observed in the laboratory that regenerated β cells co-express the 

insulin and the somatostatin hormone. Subsequent study identified that these cells actually 

express sst1.1. We next wanted to determine the role of the δ sst1.1 population and the origin 

of bi-hormonal sst1.1+/ins+ cell during β cell regeneration.  

3) Determine the origin of bi-hormonal sst1.1+/ins+ cells that appeared in response 

to β cell loss. 
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III. Results 
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1. Improvement of β cell ablation in the NTR system 

 

To investigate the role of signalling pathways during β cell regeneration, we designed an 

experimental pipeline using zebrafish larvae to perform functional tests. However, we 

encountered issues with the low consistency and efficiency of β cell ablation using the 

NTR/MTZ system. In addition, the concentration of MTZ required for cell ablation was close 

to general toxicity, which increased mortality when combined with other treatments. 

To address these challenges, we needed to improve the efficiency of ablation to enable 

quantitative experiments. By switching to another prodrug, the nifurpirinol (NFP), instead of 

MTZ, we observed improved consistency and efficiency of β cell ablation using the NTR 

system. Our findings were published in the Wound Repair and Regeneration journal in 2018, 

in an article titled "Nifurpirinol: A more potent and reliable substrate compared to 

metronidazole for nitroreductase-mediated cell ablations" (Bergemann et al. 2018). I 

contributed to this study by conducting experiments on the Tg(ins:NTR-mCherry) larvae, which 

confirmed the superior efficacy of NFP over MTZ. Importantly, the concentration of NFP used 

for the ablation did not cause toxic effects.  
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Reprint requests:

Isabelle Manfroid, Avenue de l’Hôpital 1,
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A BSTRA CT

The zebrafish is a popular animal model with well-known regenerative
capabilities. To study regeneration in this fish, the nitroreductase/metronidazole-
mediated system is widely used for targeted ablation of various cell types.
Nevertheless, we highlight here some variability in ablation efficiencies with the
metronidazole prodrug that led us to search for a more efficient and reliable
compound. Herein, we present nifurpirinol, another nitroaromatic antibiotic, as a
more potent prodrug compared to metronidazole to trigger cell-ablation in
nitroreductase expressing transgenic models. We show that nifurpirinol induces
robust and reliable ablations at concentrations 2,000 fold lower than
metronidazole and three times below its own toxic concentration. We confirmed
the efficiency of nifurpirinol in triggering massive ablation of three different cell
types: the pancreatic beta cells, osteoblasts, and dopaminergic neurons. Our
results identify nifurpirinol as a very potent prodrug for the nitroreductase-
mediated ablation system and suggest that its use could be extended to many
other cell types, especially if difficult to ablate, or when combined
pharmacological treatments are desired.

One prerequisite to conduct regeneration studies is to
develop robust and reproducible ablation models of the
tissue/cell type of interest. Zebrafish has become a
widely used model organism for the study of regenera-
tion due to its potent regenerative capabilities of the
heart,1 spinal cord,2 or pancreas,3,4 to only cite those
organs among others. A decade ago, a chemo-genetically
inducible ablation model had been developed to address
developmental and regeneration processes in zebrafish.3,4

This system involves the targeted expression of a bacte-
rial nitroreductase (NTR) under a cell-specific promoter
and the treatment with a prodrug that becomes reduced
by NTR into cytotoxic products, thus, leading to apopto-
sis of the targeted cell type. Since then, this method has
been applied to a variety of cel l types in zebrafish
(reviewed in Ref. 5). The prodrug used with the NTR
system is the nitroaromatic antibiotic metronidazole
(MTZ), thanks notably to the lack of bystander effect
al lowing selective cell-specific ablation, and also presum-
ably because of its widespread use in therapy making it a
vastly documented antibiotic.

Nevertheless, this system harbors some limitations
linked to MTZ. First, the commonly used 10 mM/24 hours
treatment regimen appears not effective enough to ablate
efficiently certain cell types, like neurons6 or germline
cells7 needing 3 and 5 days treatment, respectively.
Additionally, 10 mM concentration has proved to be toxic
during such prolonged treatments and this concentration is

only 1.5 times inferior to its general toxic levels even after
the 24 hours standard treatment.8 This toxicity may also
hamper combined treatments to investigate possible
pharmacological compounds for their influence on
regeneration.

Here, we aimed at improving ablations by the NTR sys-
tem and characterized another nitroaromatic compound as
new NTR substrate. Its efficiency has been compared to
that of metronidazole in NTR-mediated cell ablations in
zebrafish. We tested its capacity to act as a NTR substrate
in three different transgenic zebrafish lines expressing
NTR, for example, in pancreatic beta cells, osteoblasts,
and dopaminergic neurons. We also assessed the toxicity
of this compound and verified the regenerative capacity of
pancreatic beta cells after their ablation with this novel
prodrug.

DMSO Dimethyl sulfoxyde

dpf Days postfertilization

dpt Days posttreatment

IHC ImmunoHistoChemistry

MTZ Metronidazole

NFP Nifurpirinol

NTR Nitroreductase

WT Wild-type

Wound Rep Reg (2018) 00 00–00 VC 2018 by the Wound Healing Society 1Wound Rep Reg (2018) 26 238–244 © 2018 by the Wound Healing Society238
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2. Unravelling the role of candidate signalling pathways in β cell regeneration from the 

ducts  

 

In order to get an overview of molecular pathways regulating β cell regeneration, the 

transcriptomic profile of ductal cell during β cell regeneration was previously established in the 

laboratory by David Bergemann. These data showed a strong proliferative response and 

counteracting mechanisms as the cellular senescence and p53. Among genes regulated in these 

pathways, calcineurin (CaN) appeared as an compelling candidate. The main goal of this 

present work was to investigate the function of CaN in β cell regeneration from ductal 

progenitors. Furthermore, we next investigated the function of p53 in β cell regeneration.  

 

2.1. Calcineurin 

 

We showed that the phosphatase calcineurin fine tunes the balance between progenitor 

proliferation and endocrine differentiation to ensure a proper regenerative response. These data 

are presented here in an article entitled “ Negative cell cycle regulation by Calcineurin is 

necessary for proper β cell regeneration in zebrafish” currently under review for eLife. I 

contributed to this work by designing the experiments, carrying out every experiments excepted 

the RNA-sequencing, analysing the data and writing the manuscript.  
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Abstract  

Stimulation of pancreatic β cell regeneration could be a therapeutic lead to treat diabetes. Unlike 

humans, the zebrafish can efficiently regenerate β cells, notably from ductal pancreatic 

progenitors. To gain insight into the molecular pathways involved in this process, we 

established the transcriptomic profile of the ductal cells after β cell ablation in the adult 

zebrafish. These data highlighted the protein phosphatase calcineurin as a new potential 

modulator of β cell regeneration. We showed that calcineurin overexpression abolished the 

regenerative response, leading to glycemia dysregulation. On the opposite, calcineurin 

inhibition increased ductal cell proliferation and subsequent β cell regeneration. Interestingly, 

the enhanced proliferation of the progenitors was paradoxically coupled with their exhaustion. 

This suggests that the proliferating progenitors are next entering in differentiation. Calcineurin 

appears as a guardian, which prevents an excessive progenitor proliferation to preserve the pool 

of progenitors. Altogether, our findings reveal calcineurin as a key player in the balance 

between proliferation and differentiation to enable a proper β cell regeneration. 

Introduction 

Blood glucose homeostasis is tightly controlled by pancreatic endocrine cells. Insulin-

producing β cells work in close association with α cells, which secrete glucagon, and δ cells 

secreting somatostatin, to maintain normal glycemia. The insulin plays a critical role in this 

process as it is the only hormone able to lower the glycemia. Β cell loss is a hallmark of type 1 

and of late stages of type 2 diabetes, leading to chronic hyperglycemia. Β cell destruction is 

largely irreversible in human and in mammals, making the disease incurable nowadays. 

Nevertheless, studies in diabetic mice models uncovered promising evidences of slight recovery 

of β cells via regeneration. For example, new β cells can arise from the replication of remaining 

β cells (Dor et al. 2004). Different models of pancreas injuries revealed the plasticity of 

mammalian pancreatic cells. Actually, differentiated endocrine cells such as α cells (Thorel, 

Nepote, et al. 2010) and δ cells (Chera et al. 2014a) can reprogram and convert into insulin-

producing cells, a process that is age dependent. Another possible source of β cells could be de 

novo formation from pancreatic progenitors residing in the ductal compartment of the adult 

pancreas (X. Xu et al. 2008). Lineage tracing experiments could not clearly highlight new β 

cells arising from the ductal cells in the adult (Solar et al. 2009b; X. Xu et al. 2008; Zhao et al. 

2021). However, expression of the pro-endocrine marker Neurog3 was detected in the ducts in 

different mouse models of pancreas regeneration (Courtney et al. 2013; Kopp et al. 2011; X. 

Xu et al. 2008). In addition, a rare population of ductal cells expressing Neurog3 has been 



Results 

 

78 

 

reported to contribute to β cell neogenesis during diabetes (Gribben et al. 2021). A recent study 

of single cell RNA sequencing reveal a sub-population of human ductal cells that are able to 

give rise to all the pancreatic cell types, including β cells, following implantation in mice (Qadir 

et al. 2020). Altogether, these findings suggest that mammalian pancreatic ducts possess the 

intrinsic capacity to (re)generate β cells even though this process is poorly efficient and slow, 

especially in adults. In contrast to mammals, zebrafish possess remarkable capacity of 

regeneration, independently of its age (Choi et al. 2014; Gemberling et al. 2013; Yona 

Goldshmit et al. 2012; Kroehne et al. 2011; Moss et al. 2009; Poss, Wilson, and Keating 2002). 

This model can therefore be exploited to identify and characterize regenerative mechanisms 

and ultimately induce regeneration in mammals. Based on regenerative mechanisms identified 

in zebrafish, several studies succeed to improve regeneration in mammals, underlying the 

possibility of translation from zebrafish to mammals ((Fausett, Gumerson, and Goldman 2008; 

Y Goldshmit et al. 2015; Ko et al. 2016; Mashkaryan et al. 2020; Papadimitriou et al. 2018) 

and (Massoz, Dupont, and Manfroid 2021), for review).  

In zebrafish, the nitroreductase (NTR)/nitroaromatic prodrug system is widely used. In this 

technique, the combination of cell type-specific NTR expression and nitroaromatic prodrug 

exposure allow for controlled and targeted cell ablation (Curado et al. 2007; Harshan Pisharath 

2007). When NTR is expressed under the control of the insulin (ins) promoter (Tg(ins:NTR-

mCherry) (Harsan Pisharath et al. 2007)), β cell destruction is complete within 3 days following 

the treatment in adult fish, which correlate with a peak of hyperglycemia (Delaspre et al. 2015; 

Aurélie P. Ghaye et al. 2015). The regeneration of β cells upon ablation is spontaneous and fast 

and  the glycemia is normalized within two weeks [13], [29]. Similar to mice, new β cells can 

arise through proliferation of surviving β cells (Andersson et al. 2012) as well as through the 

contribution of α cells (Helker et al. 2019; Ye et al. 2015) and δ cells (Carril Pardo et al. 2022; 

Singh et al. 2022), underscoring the overall conservation of these processes from zebrafish to 

mammals. Nevertheless, unlike mammals, the presence of pancreatic progenitors in the ducts 

is well established in both larval (Ninov et al. 2013) and adult zebrafish (Delaspre et al. 2015; 

Aurélie P. Ghaye et al. 2015). Lineage tracing experiments pointed out that ductal cells and 

centroacinar cells (CACs) give rise to new β cells (Delaspre et al. 2015; Ninov et al. 2013). In 

adults, duct-derived β cells start to be detected between 7 and 10 days following β cell ablation 

(Delaspre et al. 2015; Aurélie P. Ghaye et al. 2015).  

Notch signaling is a key player regulating the differentiation of duct-associated progenitors into 

endocrine cells. Larval duct cells as well as adult CACs display strong Notch activity (Delaspre 
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et al. 2015; Parsons et al. 2009). This signaling pathway has a central role in β cell genesis 

during both development (Ninov, Borius, and Stainier 2012) and regeneration (Ninov et al. 

2013) by repressing endocrine differentiation. In zebrafish, different levels of Notch activity 

determine the behavior of the pancreatic progenitors. While a high level of Notch activity 

maintains cells in quiescence, a moderate level induces the entry in the cell cycle and 

proliferation whereas a low level drives endocrine differentiation of the progenitor cells (Ninov, 

Borius, and Stainier 2012). A steep decrease of Notch activity pushes the progenitors to 

differentiate prematurely, bypassing the amplification step and leading to their depletion 

(Ninov, Borius, and Stainier 2012). Repression of the Notch signaling by mTor, activated by 

glucose and nutrients, hence promotes β cell formation and regeneration from ductal 

progenitors (Ninov et al. 2013). While Notch and mTor signaling are crucial for this process, 

there is still a need to establish a global view of the molecular mechanisms regulating β cell 

regeneration.    

To identify early events regulating ductal-derived β cell regeneration, we determined the 

transcriptomic signature of ductal cells from adult zebrafish following β cell destruction. Our 

data highlighted an upregulation of the Calcineurin (CaN) pathway. To elucidate CaN function 

in β cell regeneration, we both repressed and activated CaN pathway. We showed that CaN 

regulates β cell neogenesis in the ducts during regeneration, by modulating progenitor 

proliferation. Together, our findings underline that CaN fine tunes the balance between 

progenitor proliferation and β cell differentiation to guarantee proper regeneration. 

 

Results 

Transcriptomic profiling of ductal cells after β cell destruction highlights regulation of 

calcineurin pathway 

To gain a better understanding of the molecular mechanisms underlying the regeneration of β 

cells from the ducts, we determined the transcriptional landscape of ductal cells by RNA-

sequencing after β cell ablation in adults. To selectively ablate the β cells, we used the 

Tg(ins:NTR-mCherry) transgenic fish and the ductal cells were labelled through the 

Tg(nkx6.1:GFP) reporter line (Aurélie P. Ghaye et al. 2015) in which GFP marks the ductal 

tree and associated multipotent pancreatic progenitors (Aurélie P. Ghaye et al. 2015). More 

precisely, 3 to 4 fishes were treated with the pro-drug MTZ at 10mM overnight, to induce 

ablation of β cells or with DMSO for the non-ablated controls. Ablation was confirmed by blood 

glucose measurement before collection of the pancreas. To capture the early events triggered 
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by the destruction of β cells, we generated the transcriptome of the ducts 3 days post ablation 

treatment (dpt), i.e. before β cell neogenesis. Differential gene expression analysis revealed that 

1866 genes are up-regulated and 1515 genes down-regulated in the ductal cell of fish treated 

with MTZ compared to control (pAdj < 0.05). According to Gene Ontology analysis, the most 

enriched pathways among the up-regulated genes were DNA replication and cell cycle (Figure 

1A). This further corroborates our previous findings and those of others regarding the activation 

of duct-associated progenitors' proliferation in response to β cell ablation (Delaspre et al. 2015; 

Aurélie P. Ghaye et al. 2015). As expected, the Notch pathway was enriched in the down-

regulated genes (Ninov et al. 2013; Ninov, Borius, and Stainier 2012) (Figure 1B). Intriguing 

in a context of strong proliferative response, we found an enrichment of the cellular senescence 

signature (Figure 1A). We looked further in the genes associated with this signature.  
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Figure 1 : Transcriptomic profiling of ductal cells during β cell regeneration and validation in larvae 
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A-B) Enrichment ratio of selected non-redundant signatures of KEGG pathways overrepresented in ductal cells 

after β cells ablation (UP – A and DOWN -B) compared to ductal cells without β cells ablation. Gene Ontology 

(GO) terms were identified using ORA analysis by WebGestalt (Liao et al., 2019) using the list of DE genes 

provided by DESeq. The light color for Notch pathway means p-value = 0.11.  

C) List of genes associated with the signature of cellular senescence from A-B. Genes related to CaN pathway are 

in bold.  

D) Calcineurin canonical pathway with genes in green that are modulated in transcriptomic data from A-B. 

E) Experimental design for regeneration test in larvae. Briefly, after nifurpirinol treatment from 3 to 4dpf, larvae 

were fixed and analyzed at 4-7-10 and 14 days post treatment (dpt).  

F) Graph representing the mean number of mCherry+ β cells in the pancreatic tail of Tg(ins:NTR-P2A-mCherry) 

; Tg(nkx6.1:GFP) at 0-4-7-10 and 14 dpt. The gray spheres represent non-ablated conditions and the pink triangles 

the ablated condition. Data are presented as mean values ± SEM. One-way ANOVA test with Tukey’s multiple  

comparison test, ****p-value<0.0005. 

G) Whole mount fluorescent immunohistochemistry (GFP and mCherry) of the pancreas of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 14dpt. 3D projection (stack) of one non-ablated and one ablated 

representative samples. The principal islet (PI) and the pancreatic tail are shown. Arrows point out mCherry+ β 

cells in the pancreatic tail. Scale 100µM.  

H) Experimental design for EdU assay in larvae. After NFP treatment for 3 to 4dpf, larvae were exposed to EdU 

at 2dpt before fixation for analysis.  

I) Whole mount fluorescent immunohistochemistry (GFP and EdU) of the pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 2dpt. 3D projection (stack) of one non-ablated and one ablated representative 

samples. Arrows point out GFP+ duct cells EdU+ in the pancreatic tail. Scale 50µM. 

J) Barplot representing the percentage of GFP+ ductal cells which incorporated EdU+ in non-ablated and ablated 

conditions. Data are presented as mean values ± SD. T-test. **p-value<0.005. 
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Among them were found several components of the calcineurin signaling pathway such as 

nfatc3b, ppp3ccb (the catalytic subunit of Calcineurin), itpr2 and calm3b (Figure 1C). In 

addition to these genes related to cellular senescence, our RNAseq studies revealed the 

modulation of other genes from the CaN canonical pathway (Figure 1D, genes in green), 

underlying its potential role in β cell regeneration. Calcineurin (CaN) is a highly conserved 

calcium/calmodulin dependent Ser/Thr phosphatase, involved in numerous biological process 

including fin regeneration and β cell function, (Cao et al. 2021; Kujawski et al. 2014; McMillan 

et al. 2018; Tornini et al. 2016). This prompted us to investigate the role of CaN in β cell 

regeneration 

Previous RNAseq data performed in our laboratory indicate that CaN (ppp3cca/b) and NFATc3 

(nfatc3a/b) are mainly expressed in endocrine cells (Tarifeño-Saldivia et al. 2017) (Figure 1A 

supplemental), which is in accordance with the role of CaN/NFAT signaling in β cells (Heit et 

al. 2006). CaN genes (ppp3cca/b) as well as nfatc3b, are express at lower levels in the ducts at 

basal state but their expression is induced in response to β cell destruction (Figure 1B 

supplemental). 

Calcineurin activity regulates the ductal regenerative response  

To evaluate the role of CaN in β cell regeneration, more specifically derived from ductal 

progenitors, we have chosen to use young larvae, where regenerated β cells in the pancreatic 

tail arise exclusively from the ducts (Ninov et al. 2013). In response to β cells ablation, the 

intrapancreatic ducts undergo a ductal regenerative response whereby differentiation toward the 

endocrine fate is increased (Ninov et al. 2013). We first determined the rate of β cell neogenesis 

from the ducts in response to a single acute ablation of β cells as we performed in adults. We 

treated Tg(ins:NTR-P2A-mCherry); Tg(nkx6.1:GFP) larvae with nifurpirinol (NFP) from 3 to 

4 dpf, mCherry+ β cells were quantified in the GFP+ ducts present in the tail at several time 

points: 4, 7, 10 and 14 dpt (Figure 1E). Duct-associated β cells started to be detected in non-

ablated larvae between 7 and 10 dpt (Figure 1F) and the number of β cells slowly increased 

until 14 dpt (Figure 1F, 1G). In ablated larvae, the increase became more pronounced from 10 

dpt onwards (Figure 1F, 1G), indicating faster endocrine differentiation. This experiment 

establishes that the ductal regenerative response is detectable between 10 and 14 days after the 

ablation of β cells, performed at 3 dpf. We next wanted to determine if ductal cell proliferation 

is activated in response to β cell destruction in larvae as in adult fish. We exposed Tg(ins:NTR-

P2A-mCherry); Tg(nkx6.1:GFP) larvae to EdU the second day following ablation (Figure 1H). 

In ablated larvae, the proportion of GFP+ ductal cells EdU+ (in S-phase) was higher compared 
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to non-ablated larvae (Figure 1I, 1J). This result shows that acute β cell ablation in larvae 

rapidly activates ductal cell proliferation, as previously reported in adult zebrafish.  

As our transcriptomic data from adult zebrafish revealed modulation of CaN pathway at 3 dpt, 

we treated Tg(ins:NTR-P2A-mCherry); Tg(nkx6.1:GFP) larvae from 1 to 3 dpt after β cell 

ablation, with a CaN inhibitor, the Cyclosporin A (CsA) (Kujawski et al. 2014) (Figure 2A). 

The number of newly formed β cells was monitored in the tail from 4 to 14 dpt. CsA enhanced 

β cell formation at 10 dpt (Figure 2B-D). However, this effect appears to be transient since no 

discernible difference was observed between the control and CsA-treated larvae in regeneration 

at the latest time point, suggesting an acceleration of the regenerative response (Figure 2B, 

Figure 2A supplemental). Interestingly, CsA did not affect β cell differentiation in non-ablated 

larvae indicating that CsA only acts in a regenerative context (Figure 2B-D). Of note, CsA 

increased as well the number of regenerated β cells in the principal islet (Figure 2B 

supplemental). 

We next tested the effect of CsA on endocrine progenitors in a regenerative context. We induced 

regeneration in Tg(neurod1:GFP) larvae where the GFP is expressed in both endocrine 

progenitors and mature endocrine cells. We first assessed generation of GFP cells at different 

time points (Figure 2D supplemental) and showed that CsA induced an increase of neurod1+ 

cells from 4 dpt. The increase was still detectable at least until 10dpt (Figure 2E, Figure 2E 

supplemental). To determine if these additional cells result from their own proliferation, we 

performed a pulse of EdU just before analysis (Figure 2D supplemental). We observed that 

CsA did not affect the neurod1+ proliferation rate that is very low at these stages (Figure 2F). 

As a consequence, the effect of CsA cannot be explained by endocrine cell proliferation but 

rather by neogenesis from progenitors. As CsA affects pro-endocrine cells formation, we next 

wondered if the increased cell formation induced by CsA is specific to β cells. Treatment with 

CsA was performed as previously and δ and α cells were detected by immunofluorescence. 

Interestingly, CsA did not affect α nor δ1.1 cells neogenesis in response to β cell ablation 

(Figure 2F-G supplemental). Overall, these experiments showed that CsA affects specifically 

the β cells and their endocrine progenitors.  
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Figure 2 : Calcineurin inhibition with CsA increases the ductal regenerative response  
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A) Experimental design for regeneration test in larvae with CsA treatment. Briefly, after nifurpirinol 

treatment from 3 to 4dpf, larvae were treated with CsA from 1 to 3dpt and fixed and analyzed at 4-7-10 

and 14 days post treatment (dpt).  

B) Graph representing the mean number of mCherry+ β cells in the pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) at 0-4-7-10 and 14 dpt. The gray spheres represent non-ablated condition ; 

the pink triangles represent the ablated condition ; the black squares CsA condition and inverted green 

triangles ablated + CsA condition. Data are presented as mean values ± SEM. Two-way ANOVA test 

with Sidak’s multiple  comparisons test, *p-value<0.05. 

C) Whole mount fluorescent immunohistochemistry (GFP and mCherry) of the pancreas of Tg(ins:NTR-

P2A-mCherry) ; Tg(nkx6.1:GFP) larvae at 10dpt. 3D projection (stack) of non-ablated and ablated larvae 

treated with DMSO or CsA representative samples. The principal islet (PI) and the pancreatic tail are 

shown. Arrows point out mCherry+ β cells in the pancreatic tail. Scale 100µM.  

D) Barplot representing the number of number of mCherry+ β cells in the pancreatic tail of Tg(ins:NTR-

P2A-mCherry) ; Tg(nkx6.1:GFP) larvae at 10dpt. The gray spheres represent non-ablated condition ; the 

pink triangles represent the ablated condition ; the black squares CsA condition and inverted green 

triangles ablated + CsA condition. Data are presented as mean values ± SD. Two-way ANOVA with 

Tukey’s multiple comparison test, *p-value<0.05. 

E) Graph representing the mean number of GFP+ neurod1+ cells in the pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(neurod1:GFP) at 0-4-7 and 10 dpt. The gray spheres represent non-ablated condition ; the 

pink triangles represent the ablated condition ; the black squares CsA condition and inverted green 

triangles ablated + CsA condition. Data are presented as mean values ± SEM. Two-way ANOVA test 

with Sidak’s multiple  comparisons test, **p-value<0.005; *** p-value<0.0005; **** p-value<0.00005. 

F) Graph representing the mean number of GFP+ neurod1 EdU+ cells in the pancreatic tail of Tg(ins:NTR-

P2A-mCherry) ; Tg(neurod1:GFP) at 0-4-7 and 10 dpt. The gray spheres represent non-ablated condition 

; the pink triangles represent the ablated condition ; the black squares CsA condition and inverted green 

triangles ablated + CsA condition. Data are presented as mean values ± SEM.  
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CaN over-activation abolishes the regenerative response  

We then wondered if an opposite regulation of CaN i.e. its activation impacts as well the 

regenerative response. To that end, we generated a transgenic line Tg(hsp70:GFP-P2A-

ppp3ccCA) that allows  ubiquitous expression of a constitutively active form of CaNCA 

(ppp3ccCA) upon heat shocks. β cell ablation was triggered in Tg(hsp70:GFP-P2A-ppp3ccCA); 

Tg(ins:NTR-P2A-mCherry); Tg(nkx6.1:GFP) larvae from 3 to 4 dpf and CaNCA expression was 

induced by four successive heat-shocks from 1 to 3 dpt (Figure 3A). The overexpression of 

CaNCA after ablation impaired the regenerative response at 14 dpt (Figure 3B-C). Similar 

results were obtained with Tg(UAS:GFP-P2A-ppp3ccCA); Tg(cftr:gal4)[45] ; Tg(ins:NTR-P2A-

mCherry) larvae in which CaNCA is constitutively and specifically overexpressed in the ducts 

within the pancreas (Figure 3D-E). Importantly, the structure of the ducts was similar in CaNCA 

overexpressing larvae compared to Tg(nkx6.1:GFP) controls (Figure 3D), suggesting that the 

suppression of the regenerative response in CaNCA-overexpressing larvae was not due to 

morphogenetic defects during ductal growth. This result strongly suggest that CaN acts directly 

in the ducts to regulate β cell regeneration while it is not necessary for normal β cell 

differentiation. 
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Figure 3: Transgenic mediated overexpression of calcineurin abolish the ductal regenerative 

response 
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A) Experimental design for regeneration test in larvae with heat-shocks. Briefly, after 
nifurpirinol treatment from 3 to 4dpf, four heat shock were performed from 1 to 3dpt and larvae were 

fixed and analyzed at 14dpt.  

B) Whole mount fluorescent immunohistochemistry (GFP and mCherry) of the pancreas of 

Tg(hsp70:CaNCA); Tg(ins:NTR-P2A-mCherry); Tg(nkx6.1:GFP) larvae at 14dpt. 3D projection (stack) of 

one non-ablated and one ablated with or without heat-shock representative samples. The principal islet 

(PI) and the pancreatic tail are showed. Arrows point out mCherry+ β cells in the pancreatic tail. Scale 

100µM.  

C) Barplot representing the mean number of mCherry+ β cells in the pancreatic tail of Tg(hsp70:CaNCA); 

Tg(ins:NTR-P2A-mCherry); Tg(nkx6.1:GFP) larvae at 14dpt. The gray spheres represent non-ablated 

condition ; the pink triangles represent the ablated condition ; the black squares heat-shock condition and 

inverted green triangles ablated + heat-shock condition. Data are presented as mean values ± SD.  Two-

way ANOVA with Tukey’s multiple comparisons test, *p-value<0.05, *** p-value<0.0005, ns = non-

significant. 

D) Whole mount fluorescent immunohistochemistry (GFP and mCherry) of the pancreas of larvae at 14dpt. 

3D projection (stack) of Tg(ins:NTR-P2A-mCherry) ; Tg(nkx6.1:GFP) one non-ablated and one ablated 

representative control samples and  Tg(UAS:CaNCA); Tg(ins:NTR-P2A-mCherry) ; Tg(cftr:gal4) one non-

ablated and one ablated representative samples. The principal islet (PI) and the pancreatic tail are showed. 

Arrows point out mCherry+ β cells in the pancreatic tail. Scale 100µM.  

E) Barplot representing the mean number of mCherry+ β cells in the pancreatic tail of larvae at 14dpt. The 

gray spheres represent non-ablated Tg(ins:NTR-P2A-mCherry) ; Tg(nkx6.1:GFP)  condition ; the pink 

triangles represent the ablated Tg(ins:NTR-P2A-mCherry) ; Tg(nkx6.1:GFP)  condition ; the black 

squares non-ablated Tg(UAS:CaNCA); Tg(ins:NTR-P2A-mCherry) ; Tg(cftr:gal4) condition and inverted 

green triangles ablated Tg(UAS:CaNCA); Tg(ins:NTR-P2A-mCherry) ; Tg(cftr:gal4) condition. Data are 

presented as mean values ± SD. Two-way ANOVA with Tukey’s multiple comparison test, *** means 

p-value<0.0005, **** p-value<0.00005, ns = non-significant. 
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CaN regulates β cell differentiation induced by Notch inhibition in absence of regeneration 

 

Our transcriptomic data showed that the Notch pathway is downregulated in ductal cells during 

β cell regeneration (Figure 1). As the level of Notch activity determines the behavior of ductal 

cells (Ninov et al. 2013) from quiescence to proliferation and subsequently to β cell 

differentiation, we tested whether calcineurin acts together with the Notch pathway on a 

common pool of ductal progenitors. To inhibit the Notch pathway, we treated larvae with 

several concentrations of the gamma-secretase inhibitor LY411575 from 3 to 4dpf in absence 

of regeneration. The activity of CaN was inhibited by CsA during the same timeframe (Figure 

4A). As previously, we used reporter lines for β and ductal cells Tg(ins:NTR-P2A-mCherry); 

Tg(nkx6.1:GFP) and the number of secondary β cells was analyzed at 6dpf (Figure 4A). As 

expected, the number of β cells progressively rose as the concentration of the Notch inhibitor 

increased (Figure 4B). Combined treatment with CsA fostered the differentiation of β cells 

between 1 and 10 µM LY411575 but did not result in further increase at 15 µM LY411575 

(Figure 4B), suggesting that CaN is important within a permissive window of Notch activity. 

Since we observed the highest synergistic effect at 5µM of LY411575, we used this 

concentration for the following experiments (Figure 4C-D). It is worth noting that combined 

treatment of LY411575 (5uM) and another CaN inhibitor, FK506, resulted in the same 

synergistic increase of β cell differentiation (Figure 4A-B supplemental), confirming that the 

effect is due to CaN inhibition. The combined effect of Notch and CaN inhibition is transient 

as it is not observed at 7dpf anymore (Figure 4E). Therefore, as observed in regenerative 

conditions (Figure 2B), CaN inhibition accelerates β cell neogenesis induced by Notch 

repression.  

To determine to which extent CaN pathway can modulate Notch induced β cell neogenesis, we 

activated CaNCA overexpression in Tg(hsp70:GFP-P2A-ppp3ccCA); Tg(ins:NTR-P2A-

mCherry) larvae by an heat-shock at 3 dpf and treated them with LY411575 (Figure 4C 

supplemental). CaNCA overexpression resulted in a lowered β cell formation induced by Notch 

inhibition (Figure 4D supplemental), revealing that CaN activation counterbalanced the 

effects of Notch inhibition. Using our previous  settings of Notch and CaN inhibition, we next 

wondered if the canonical pathway downstream of CaN was involved in the enhancement of β 

cell differentiation. To activate  NFAT, a well-known target of CaN, we used CHIR99021 

allowing a stabilization of the active form of NFAT (Figure 1D). We found that CHIR99021 

rescued the effect of CsA (Figure 4E supplemental), suggesting that CaN inhibition increases 
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β cell neogenesis at least partially by the regulation of NFAT. Overall, these results reveal that 

CaN regulates β cell formation in pro-endocrinogenic context, such as induced by a low level 

of Notch activity. Moreover, it suggests that both CaN and Notch pathway act on a common 

pool of ductal progenitors to regulate β cell neogenesis. 

 

Figure 4: CaN repression potentializes the effect of Notch inhibition on β cell formation  

A) Experimental design for Notch inhibition test in non-ablated condition. Larvae were treated 

concomitantly with LY411575 (Notch inhibitor) and CsA from 3 to 4dpf and were fixed and analyzed 

at 6dpf.  

B) Graph representing the mean number of mCherry+ β cells in the pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 6 dpf depending the concentration of LY411575. The blue dots 

represent LY411575; and purple combination of LY411575 and CsA. Data are presented as mean values 

± SEM. Two-way ANOVA test with Sidak’s multiple  comparison test, *p-value<0.05, **p-value<0.05, 

ns = non-significant.  

C) Whole mount fluorescent immunohistochemistry (GFP and mCherry) of the pancreas of Tg(ins:NTR-

P2A-mCherry) ; Tg(nkx6.1:GFP) larvae at 6dpf. 3D projection (stack) of one control (without any 
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treatment) ; one CsA-treated ; one LY411757-treated and one with both CsA and LY411575 treated 

larvae. The principal islet (PI) and the pancreatic tail are showed. Arrows point out mCherry+ β cells in 

the pancreatic tail. Scale 50µM. 

D) Barplot representing the mean number of mCherry+ β cells in the pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 6dpf. The black dots represent the control;  gray CsA treatment 

;blue LY411575; and purple combination of LY411575 and CsA. Data are presented as mean values ± 

SD.  Two-way ANOVA with Tukey multiple comparison test, ***p-value<0.0005, ****p-

value<0.00005.  

E) Graph representing the mean number of mCherry+ β cells in the pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 5-6-7 dpf. The black dots represent the control;  gray CsA 

treatment ;blue LY411575; and purple combination of LY411575 and CsA. Data are presented as mean 

values ± SEM. Two-way ANOVA test with Sidak’s multiple  comparison test, *p-value<0.05. 

 

CaN controls the proliferation of duct-associated progenitors induced by Notch inhibition  

  

Given that we observed the most significant increase in β cell formation with CsA when Notch 

activity was mildly repressed (Figure 4B-D), and since mild Notch activity has been shown to 

promote progenitor amplification (Ninov, Borius, and Stainier 2012), it suggests that CaN acts 

at this level. To explore this possibility, we exposed briefly Tg(nkx6.1:GFP) larvae to EdU after 

mild Notch (LY411575 5µM) and CaN inhibition (Figure 5A). As expected, Notch inhibition 

increased the proportion of proliferating EdU+ GFP+ duct cells at 4dpf (Figure 5B-C) and 

decreased the amount of ductal progenitors 2 days later (Figure 5D), which is concomitant with 

the increase of β cell differentiation (Figure 4C-D). Interestingly, the combined inhibition with 

CsA further increased these proportions (Figure 5B-D). In contrast, CaN inhibition alone had 

no effect on basal proliferation or on the number of ductal progenitors (Figure 5B-D). 

Incidentally, at 4dpf, while the proliferation is increased (Figure 5C), the number of ductal 

cells remained the same in all conditions (Figure 5A supplemental), suggesting that ductal 

cells have not yet left the cell cycle to differentiate. In comparison, after stronger Notch 

inhibition (15µM), the ductal cells are already depleted at 4dpf (Figure 5B supplemental), as 

they directly differentiate without entering the cell cycle (Ninov, Borius, and Stainier 2012). In 

these conditions, CsA could therefore not enhance ductal progenitor proliferation and thus β 

cell formation (Figure 4B). These results show that CaN and Notch pathways act together on 

the proliferation of the ductal progenitors to prevent their exhaustion.   
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Figure 5: CaN repression increases the proportion of duct proliferating cells  

A) Experimental design for EdU assay in Notch test. Larvae were treated concomitantly with LY411575 

(Notch inhibitor) and CsA from 3 to 4dpf and then briefly treated with EdU before fixation and analysis 

at 4 dpf or at 6dpf.  

B) Whole mount fluorescent immunohistochemistry (GFP and EdU) of the pancreatic tail of Tg(ins:NTR-

P2A-mCherry) ; Tg(nkx6.1:GFP) larvae at 4dpf. 3D projection (stack) of one control (without any 

treatment), one with CsA only, one with LY411575 only and one with both CsA and LY411757 

representative samples. Scale 50µM. 
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C) Barplot representing the percentage of GFP+ ductal cells which incorporated EdU+ in pancreatic tail of 

Tg(ins:NTR-P2A-mCherry) ; Tg(nkx6.1:GFP) larvae for the Notch test. The black dots represent the 

control;  gray CsA treatment ;blue LY411575; and purple combination of LY411575 and CsA. Data are 

presented as mean values ± SD. T-test. Two-way ANOVA test with Tukey’s multiple comparisons test, 

*p-value<0.05 ; ****p-value<0.00005 ; ns = non-significant.  

D) Barplot representing the number of GFP+ ductal cells which in pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 6dpf for the Notch test. The black dots represent the control;  gray 

CsA treatment ;blue LY411575; and purple combination of LY411575 and CsA. Data are presented as 

mean values ± SD. T-test. Two-way ANOVA test with Tukey’s multiple comparisons test, *p-value<0.05 

; ****p-value<0.00005 ; ns = non-significant.  

E) Experimental design for EdU assay in regeneration. Larvae were treated with nifurpirinol for β cell 

ablation from 3 to 4dpf then with CsA from 4 to 5dpf and then briefly treated with EdU before fixation 

and analysis. 

F) Whole mount fluorescent immunohistochemistry (GFP and EdU) of the pancreatic tail of Tg(ins:NTR-

P2A-mCherry) ; Tg(nkx6.1:GFP) larvae at 5dpf. 3D projection (stack) of one representative sample of 

non-ablated or ablated with or without CsA are shown. Scale 50µM. 

G) Barplot representing the percentage of GFP+ ductal cells that incorporated EdU+ in pancreatic tail of 

Tg(ins:NTR-P2A-mCherry) ; Tg(nkx6.1:GFP) larvae at 5dpf. The gray spheres represent non-ablated 

condition ; the pink triangles the ablated condition ; the black squares CsA condition and inverted green 

triangles ablated + CsA condition. Data are presented as mean values ± SD. Two-way ANOVA test with 

Tukey’s multiple comparisons test, *p-value<0.05 ; ****p-value<0.00005 ; ns = non-significant. 

H) Whole mount fluorescent immunohistochemistry (VenusPest and EdU) of the pancreatic tail of 

Tg(ins:NTR-P2A-mCherry) ; Tg(tp1:VenusPest) larvae at 5dpf. 3D projection (stack) of one 

representative sample of non-ablated or ablated with or without CsA are shown. Scale 50µM. 

I) Barplot representing the percentage of GFP+ ductal cells that incorporated EdU+ in pancreatic tail of 

Tg(ins:NTR-P2A-mCherry) ; Tg(tp1:VenusPest) larvae at 5dpf. The gray spheres represent non-ablated 

condition ; the pink triangles the ablated condition ; the black squares CsA condition and inverted green 

triangles ablated + CsA condition. Data are presented as mean values ± sd. Two-way ANOVA test with 

Tukey multiple comparisons test, *p-value<0.05 ; ****p-value<0.00005 ; ns means non-significant. 

J) Barplot representing the number of VenusPest+ ductal cells that incorporated EdU+ in pancreatic tail of 

Tg(ins:NTR-P2A-mCherry) ; Tg(tp1:VenusPest) larvae at 5dpf. The gray spheres represent non-ablated 

condition ; the pink triangles the ablated condition ; the black squares CsA condition and inverted green 

triangles ablated + CsA condition. Data are presented as mean values ± SD. Two-way ANOVA test 

with Tukey’s multiple comparisons test, **p-value<0.005. 
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CaN prevents exhaustion of Notch responsive progenitors during β cell regeneration 

 

Taken together, our results indicate that CaN plays a role in regulating the proliferation of ductal 

progenitors in contexts that are permissive for β cell differentiation. To demonstrate that CaN 

regulates ductal progenitor proliferation in a similar manner to Notch inhibition but during 

regeneration, we exposed Tg(ins:NTR-P2A-mCherry); Tg(nkx6.1:GFP) larvae after ablation 

and CsA treatment (Figure 5E). CaN inhibition enhanced the proliferation of ductal cells in 

ablated larvae (Figure 5F-G). To next determine if CaN acts on the Notch-responsive 

progenitors in β cell regeneration,  we then used Tg(tp1:VenusPest) Notch reporter line. At 

larval stages the vast majority of ductal cells are Notch responsive and the reporter line marks 

all the progenitors within the ductal tree (Parsons et al. 2009). We treated Tg(ins:NTR-P2A-

mCherry); Tg(tp1:VenusPest) as described above (Figure 5E). In ablated-larvae, CsA 

increased tp1+ ductal cell proliferation (Figure 5H-I). Moreover, CsA induced a reduction of 

tp1+ ductal cells in ablated larvae (Figure 5 H-J), suggesting an exhaustion of the Notch 

responsive progenitors, in accordance with premature β cell differentiation we observed 

(Figure 2B-4D). Lastly, CsA does not affect tp1+ cells in non-ablated larvae showing that CaN 

inhibition did not directly affect Notch signaling (Figure 5J). Those results suggest that CaN 

fine tunes the balance between proliferation of the progenitors and their differentiation to 

prevent their exhaustion during β cell regeneration. 

CaN regulation is functionally relevant in adult zebrafish 

To further expand upon our findings and investigate their relevance in a non-developmental 

context, we next ought to determine whether CaN function is maintained in older zebrafish. We 

used 2 months old Tg(ins:NTR-P2A-mCherry); Tg(nkx6.1:GFP) juveniles fish to perform β cell 

ablation followed by CsA treatments. We analyzed the number of small islets (up to 5 cells) at 

7 and 10dpt. At 7dpt, CsA increased the number of small islets in ablated juveniles (Figure 6A-

B) showing that CaN inhibition enhances β cell regeneration in juvenile zebrafish, as in larvae. 

It is noteworthy that, as in larvae, we highlighted an acceleration of β cell regeneration. The 

increase number of small islets is indeed transient as it not observe anymore at 10dpt (Figure 

6C).  

Next, we determined the functional impact of CaN overexpression or inhibition by assessing 

the glycemia at 7, 10 and 14 after β cell ablation.  Overexpression of CaNCA using either 

Tg(hsp70:GFP-P2A-ppp3ccCA) or Tg(cftr:gal4); Tg(UAS:GFP-P2A-ppp3ccCA), led to an 
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increased glycemia at both 7 and 10dpt (Figure 6D-E), before recovery at 14 dpt (Figure 6A 

supplemental). This indicates that the overexpression of CaN impedes the recovery of 

glycemia induced by β cell regeneration. However, CaN inhibition did not seem to  further 

improve the glycemia (Figure 6D-E) probably because the glycemia was already low at 7dpt 

(77 mg/dL on average) compared to non-ablated control (mg/dl) (Figure 6D-E). Altogether, 

these results show that in adult zebrafish also, CaN regulation is necessary to enable β cell 

regeneration and for proper recovery of the glycemia after β cell loss. 

 



Results 

 

97 

 

Figure 6: CaN regulation is important in juveniles/adults and necessary for correct glycemia 

recovery 

A) Whole mount fluorescent immunohistochemistry (GFP and mCherry) of the pancreas of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) 2 months old zebrafish at 7dpt. 3D projection (stack) of non-ablated and 

ablated larvae treated with DMSO or CsA representative samples. The principal islet (PI) and the 

pancreatic tail are shown. Arrows point out mCherry+ β cells in the pancreatic tail. Scale 200µM 

B-C) Barplot representing the number of number of mCherry+ small secondary islets (=<5 cells) in the 

pancreatic tail of Tg(ins:NTR-P2A-mCherry) ; Tg(nkx6.1:GFP) 2 months old zebrafish at 7 (B) and 10dpt (C). 

The gray spheres represent non-ablated condition ; the pink triangles represent the ablated condition ; the black 

squares CsA condition and inverted green triangles ablated + CsA condition. Data are presented as mean values 

± SD. Two-way ANOVA with Tukey’s multiple comparison test, *p-value<0.05. 

D-E) Barplot representing the glycemia (mg/dL) of Tg(ins:NTR-P2A-mCherry) ; months old adult zebrafish at 

7 (D) and 10dpt (E). The pink triangles represent the ablated condition ; the inverted green triangles ablated + 

CsA condition; the blue squares Tg(hsp70:CaNCA) after heat shocks ; the orange lozenges Tg(UAS:CaNCA); 

Tg(cftr:gal4). The grey line represents the mean glycemia of controls (non-ablated) fish.  Data are presented 

as mean values ± SD. One-way ANOVA with Tukey’s multiple comparison test, *p-value<0.05; **p-

value<0.005. 

 

 

Discussion 

The present study reveals the importance of the protein phosphatase CaN as a new player in β 

cell regeneration in zebrafish. We demonstrate that CaN act on ductal-associated progenitor 

cells by balancing proliferation and endocrine differentiation. In addition, we show the interplay 

between CaN and Notch signalling, a master regulator of β cell regeneration.  

Previous drug and genetic screening using zebrafish larvae enabled the identification of several 

regulators of β cell regeneration from different pancreatic cellular sources. For example, 

adenosine has been shown to stimulate β cell replication (Andersson et al. 2012) and , igfbp1a 

(J. Lu et al. 2016) and TGFb suppression (Helker et al. 2019) promote α-to-β cell 

transdifferentiation. As for cdk5 inhibition and folinic acid/Folr1, they promote β cell 

regeneration from the pancreatic ducts (Karampelias et al. 2021; K. C. Liu et al. 2017). Here, 

to identify novel regulators of β cell regeneration specifically from pancreatic ducts, we carried 

out a transcriptomic profiling of duct cells following β cell ablation in the adult zebrafish. 

Transcriptomic analyses show that the regulated genes encompass most of the genes and 

pathways identified in previous studies (igfbp1, mTor, Notch, etc.), underlying the importance 

of those actors in β cell regeneration. Our data reveal also that DNA replication is the most 

enriched signature attesting that duct cells undergo a potent proliferative response after the 

destruction of β cells.  
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Besides these expected signatures, our transcriptomic data uncover the unanticipated 

upregulation of numerous genes implicated in DNA repair and cell cycle arrest. These 

signatures might indicate that highly proliferating ductal cells activate counteracting 

mechanisms. Among the genes regulated in those signatures, we focused on CaN and 

determined its role in β cell regeneration. Pharmacological inhibition of CaN increases the 

proliferation of duct cells induced by β cell ablation, resulting in an acceleration of β cell 

regeneration in the ducts. Consistently, transgene-mediated CaN overactivation abolishes the 

regenerative response. Importantly, the inhibition of regeneration is observed when CaN is 

overexpressed either ubiquitously or selectively in cftr-expressing ductal cells indicating that 

the role of CaN in β cell regeneration is intrinsic to the ducts. Based on functional assays in 

larvae, we not only confirm the activation of the proliferation of ductal cells soon after β cell 

ablation, but also that the rate of progenitor proliferation is carefully controlled by CaN in order 

to achieve proper and timely regeneration of β cells. Our data are consistent with earlier studies 

reporting a role of CaN in proliferation dynamics during fin regeneration. In the regenerating 

fin, low CaN activity is found in the proximal region of the blastema characterized by a high 

rate of proliferation and regeneration and its activity increases distally where lower proliferation 

is observed (Cao et al. 2021; Kujawski et al. 2014; Tornini et al. 2016). It was suggested that 

CaN controls blastemal cell progeny divisions (Tornini et al. 2016). In human, the importance 

of CaN in proliferation is also highlighted in organ transplanted patients. When patients are 

treated with Cyclosporin A (i.e. the CaN inhibitor we used in this study) as immunosuppressive 

drug they indeed present an increased risk of skin cancer, notably due to keratinocyte 

senescence inhibition (Wu et al. 2010). 

It has been shown that Notch inhibitory treatments switch progenitors from proliferative self-

renewing to premature differentiation,  leading  to progenitor depletion (Ninov, Borius, and 

Stainier 2012; Parsons et al. 2009). Our study reveals that this phenomenon is further 

exacerbated by CaN inhibition. Importantly, during normal larval development in absence of 

Notch inhibitory treatment, CaN does not affect basal ductal proliferation nor β cell 

differentiation. Hence, Notch signalling has to be repressed to detect the effect of CaN on the 

progenitors, suggesting that CaN acts downstream of Notch pathway. In differentiating 

keratinocytes, CaN cooperates with Notch signalling to regulate p21/cdkn1a (which is 

upregulated in the ducts at 3 dpt), cell cycle withdrawal and differentiation (Mammucari et al. 

2005). These studies show that CaN acts in association with Notch signalling on progenitors 

proliferation and on their differentiation.  
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Based on our data, we build the model depicted in Figure 7A. Our study suggests that CaN acts 

in competent progenitor cells and that this competence is determined by Notch signalling. When 

Notch is repressed to a mild level, the progenitor enter into the cell cycle and acquire a pro-

endocrinogenic competence (Ninov, Borius, and Stainier 2012). CaN acts on these progenitors 

to tone down an excessive proliferation and avoid the exhaustion of these progenitors. CaN is 

therefore a guardian of the progenitor population. CaN inhibition both increases progenitor 

proliferation and induces their depletion, suggesting a switch to a symmetric division resulting 

in two daughter cells entering in endocrine differentiation.  

 

 

Figure 7: Model of CaN action on ductal progenitors to regenerate β cells 

Under physiological conditions, the behavior of the ductal progenitors is determined by Notch signaling. 

Calcineurin is active in these progenitors and enable a proper control between proliferation and differentiation. 

When CaN in repressed, more ductal progenitors enter in the cell cycle (2dpt) and switch to a mode of proliferation 

leading to differentiation of the two daughter cells (4dpt), as more pro-endocrine cells are formed. The result is a 

exhaustion of the progenitors and a premature β cell differentiation (10dpt).  
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More precisely, a previous study in mice uncover the existence of three division modes of the 

pancreatic progenitors during embryonic development, i.e. symmetric self-renewing resulting 

in two progenitors cells ; asymmetric resulting in a progenitor and a endocrine cell and 

symmetric differentiative resulting in two differentiated cells (Kim et al. 2015). The authors 

actually show that the type of division is defined by the timing of induction of endocrine 

program by NEUROG3 (Kim et al. 2015). Interestingly, NEUROG3 seems to be the link 

between proliferation and differentiation, and its expression is regulated by Notch signalling 

(Krentz et al. 2017). In zebrafish, endocrine differentiation is not induced by Neurog3 but by 

Ascl1b and Neurod1  (L. C. Flasse, Stern, et al. 2013). Concerning that subject, CaN inhibition 

accelerates the formation of neurod1+ cells. Hence CaN could possibly act via the 

determination of the type of division i.e. symmetric vs asymmetric. This model is supported by 

previous observation in others systems. In stem cells and neuronal and hematopoietic 

progenitors, premature differentiation results from a switch in the mode of cellular division, 

from symmetric amplifying division to asymmetric differentiating division (Ho and Wagner 

2007; Huttner and Kosodo 2005). Notch determines the choice between both types of divisions 

(Bultje et al. 2009; Guo, Jan, and Jan 1996).  

Calcineurin is known to be implicated in cellular senescence (Wu et al. 2010). Usually thought 

as negative regulators of development and cellular growth, DNA repair (Sousounis et al. 2020) 

and cellular senescence (Da et al. 2020) appear to be required in both developmental and 

regenerative processes. Our transcriptomic data suggest that these mechanisms are required for 

β cell regeneration. Therefore, it would be interesting to determine the contribution of these 

cellular processes in the ductal progenitors and determine if CaN acts via cellular senescence 

in this case.  

Overall, this study brings new insights on β cell regeneration and highlights the ductal 

progenitor cell cycle as a cornerstone in the process. Some studies report an increase of 

proliferation of some ductal cell population in diabetic patients (Md Moin, Butler, and Butler 

2017; Qadir et al. 2020), implying a regenerative response. However, these ductal cells cannot 

efficiently reform the β cell mass, suggesting a dormant mechanism of regeneration. As such, 

the balance between proliferation and induction of endocrine differentiation could be a key to 

improve β cell neogenesis. However, as CaN is also important for β cell function, this approach 

would require to be transient to induce neogenesis. Therefore, it should be combined with 

methods to induce β cell proliferation to ultimately reconstitute the β cell mass. Overall, this 

study brings a better understanding on the regulation of the balance between ductal progenitors 
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proliferation and endocrine differentiation. These results should provide new hints to help 

improve regenerative competences in mammals. 
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Figure 1 supplemental : Transcriptomic profiling of ductal cells during β cell regeneration 

and validation in larvae 

A) Expression of ppp3cca; ppp3ccb ; nfatc3a ; nfatc3b in acinar, α, β, δ or ductal cells population from the 

zebrafish pancreas (Tarifeño-Saldivia et al. 2017).  

B) Calcineurin (ppp3ccb and ppp3cca) and NFATc3 (nfatc3a and nfatc3b ) expression in ductal cells from 

zebrafish in non-ablated and ablated conditions.  
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Figure 2 supplemental : Calcineurin inhibition with CsA increases the ductal regenerative 

response  

A) Whole mount fluorescent immunohistochemistry (mCherry) of the pancreas of Tg(ins:NTR-

P2A-mCherry) larvae at 4-7 and 14dpt. 3D projection (stack) of ablated larvae treated with 

DMSO or CsA representative samples. The principal islet (PI) and the pancreatic tail are shown. 

Scale 50 or 100µM.  

B-C) Barplot representing the number of mCherry+ β cells in the principal islet (PI) (B) and the 

number of secondary islets of mCherry+ β cells in the pancreatic tail (C) of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 10dpt. Data are presented as mean values ± SD. T-test or  

Two-way ANOVA with Tukey’s multiple comparison test. **p-value<0.005 

D) Experimental design for EdU assay in larvae. After NFP treatment for 3 to 4dpf, larvae were 

exposed to EdU before fixation for analysis. 

E) Whole mount fluorescent immunohistochemistry (GFP and EdU) of the pancreas of 

Tg(ins:NTR-P2A-mCherry) ; Tg(neurod1:GFP) larvae at 2-4-7 and 10 dpt. 3D projection (stack) 

of non-ablated and ablated larvae treated with DMSO or CsA representative samples. The principal 

islet (PI) and the pancreatic tail are shown. Scale 50µM.  

F-G) Barplot representing the number of gcg+ α cells (F);  the number of GFP+ sst1.1 δ cells (G);  

of Tg(ins:NTR-P2A-mCherry) ; Tg(sst1.1:GFP) larvae at 10dpt. Gcg was detected by IHC. The 

gray spheres represent non-ablated condition ; the pink triangles represent the ablated condition ; 

the black squares CsA condition and inverted green triangles ablated + CsA condition. Data are 

presented as mean values ± SD. Two-way ANOVA with Tukey’s multiple comparison test. **p-

value<0.005 

 

Figure 4 supplemental : CaN repression potentializes the effect of Notch inhibition on β cell 

formation 

A) Experimental design for Notch inhibition test in non-ablated condition. Larvae were treated 

concomitantly with LY411575 (Notch inhibitor) and FK506 from 3 to 4dpf and were fixed and analyzed 

at 5dpf.  

B) Barplot representing the mean number of mCherry+ β cells in the pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 5dpf. The black dots represent the control;  gray FK506 treatment 

;blue LY411575; and purple combination of LY411575 and FK506. Data are presented as mean values ± 

SD.  Two-way ANOVA with Tukey multiple comparison test, *p-value<0.05,**p-value<0.005, ****p-

value<0.00005. 

C) Experimental design for Notch inhibition test in non-ablated condition. Larvae were heat-shocked and 

then directly treated with LY411575 (Notch inhibitor) from 3 to 4dpf and were fixed and analyzed at 

6dpf.  

D) Barplot representing the mean number of mCherry+ β cells in the pancreatic tail of Tg(hsp70:CaNCA); 

Tg(ins:NTR-P2A-mCherry) ; Tg(nkx6.1:GFP) larvae at 5dpf. The black dots represent the control;  gray 

heat-shock ;blue LY411575; and purple combination of LY411575 and heat-shock. Data are presented 

as mean values ± SD. Two-way ANOVA with Tukey multiple comparison test, ****p-value<0.00005. 

E) Barplot representing the mean number of mCherry+ β cells in the pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 6dpf after Notch inhibition (LY411575), CaN inhibition (CsA) and 

NFATc inhibition (CHIR99021). Data are presented as mean values ± SD.  Two-way ANOVA with 

Tukey multiple comparison test, *p-value<0.05,**p-value<0.005, ****p-value<0.00005. 
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Figure 5 supplemental: CaN repression increases the proportion of duct proliferating cells  

A-B) Barplot representing the number of GFP+ ductal cells which in pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 4dpf for the Notch test. (A) Mild Notch inhibition with LY411575 5µM 

and (B) stronger Notch inhibition with LY411575 15µM. The black dots represent the control;  gray CsA 

treatment ;blue LY411575; and purple combination of LY411575 and CsA. Data are presented as mean values 

± SD. T-test. Two-way ANOVA test with Tukey’s multiple comparisons test, *p-value<0.05 ; ****p-

value<0.00005 ; ns = non-significant. 

Figure 6 supplemental: CaN regulation is important in juveniles/adults and necessary for 

correct glycemia recovery 

A) Barplot representing the glycemia (mg/dL) of Tg(ins:NTR-P2A-mCherry) ; months old adult zebrafish at 

14dpt. The pink triangles represent the ablated condition ; the inverted green triangles ablated + CsA 

condition; the blue squares Tg(hsp70:CaNCA) after heat shocks. The grey line represents the mean 

glycemia of controls (non-ablated) fish. Data are presented as mean values ± SD.  

B) Barplot representing the glycemia (mg/dL) of Tg(ins:NTR-P2A-mCherry) ; and Tg(UAS:CaNCA); 

Tg(cftr:gal4) in non-ablated adult zebrafish. Data are presented as mean values ± SD.  

 

Material and Methods 

Key resources table 

Reagent 

type or 

resource 

Designation Source or reference Identifier Additional information 

Genetic 

reagent 

(Danio 

rerio) 

TgBAC(nkx6.1:eGFP)ulg

004 

PMID: 26329351 ZFIN: 

ZDB-

ALT-

160205-

1 

 

Genetic 

reagent 

(Danio 

rerio) 

Tg(ins:NTR-P2A-

mCherry)ulg034 

PMID: 29663654 ZFIN: 

ZDB-

ALT-

171122-

9 

 

Genetic 

reagent 

(Danio 

rerio) 

Tg(cftr:gal4) PMID: 25592226 ZFIN : 

ZDB-

FISH-

150901-

25442 

 

Genetic 

reagent 

(Danio 

rerio) 

Tg(tp1:VenusPest) PMID: 22492351 ZFIN:  

ZDB-

FISH-

150901-

8023 

 

Genetic 

reagent 

Tg(hsp70:eGFP-P2A-

ppp3ccaCA) ulg068 

This paper  See Zebrafish 

husbandry and 

generation of the 
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(Danio 

rerio) 

Tg(hsp70:eGFP-P2A-

ppp3ccaCA) zebrafish 

line 

Genetic 

reagent 

(Danio 

rerio) 

Tg(UAS:eGFP-P2A-

ppp3ccaCA) ulg069 

This paper  See Zebrafish 

husbandry and 

generation of the 

Tg(UAS:eGFP-P2A-

ppp3ccaCA) zebrafish 

line 

Antibody Anti-GFP (chicken 

polyclonal) 

Aves Labs GFP-

1020 

1:1000 

Antibody anti-mCherry/dsRed 

(Living Colors 

Polyclonal) 

Clontech 632496 1:500 

Antibody Anti-glucagon (mouse 

polyclonal) 

Sigma G2654 1:300 

Antibody Goat anti-Chicken IgY 

(H+L), Alexa Fluor™ 

488 

Invitrogen A-11039 1:750 

Antibody Goat anti-dsred 568 Invitrogen  1:750 

Antibody Goat anti-Mouse IgG 

(H+L) 

Cross-Adsorbed 

Secondary 

Antibody, Alexa Fluor 

633 

Invitrogen  1:750 

Chemical 

compound  

Nifurpirinol (NFP) Sigma-Aldrich 32439  

Chemical 

compound 

Metronidazole (MTZ) Sigma-Aldrich M1547  

Chemical 

compound 

Cyclosporine A (CsA) Selleckchem S2286  

Chemical 

compound 

LY411575  Sigma-Aldrich SML050

6 

 

Chemical 

compound 

CHIR990211 Sellekchem CT99021  

Commercial 

assay or kit 

Gateway™ LR 

Clonase™ II Enzyme mix 

Invitrogen 1179102

0 

 

Commercial 

assay or kit 

Gateway™ BP 

Clonase™ II Enzyme mix 

Invitrogen 1178902

0 

 

Sequence 

based 

reagent 

IM369 This paper PCR 

primer 

gaagaaaaccccggtcctatg

tcgacgaaagagccgaaag 
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Sequence 

based 

reagent 

IM380 This paper PCR 

primer 

ccttacacattcccgtcagtgc 

Sequence 

based 

reagent 

IM371 This paper PCR 

primer 

CGGCTCTTTCGTCG

ACATAGGACCGGG

GTTTTCTTCCACG 

Sequence 

based 

reagent 

O226 This paper PCR 

primer 

GCCACCATGGTGA

GCAAGGGCGAGGA 

Sequence 

based 

reagent 

IM370 This paper PCR 

primer 

ttattagatcttatttctgatcacc

tcctt 

Sequence 

based 

reagent 

IM459 This paper PCR 

primer 

cacacgaattcgccgccacc

ATGGTGAGCAAGG

GCGAG 

Sequence 

based 

reagent 

IM460 This paper PCR 

primer 

ggatcggtcgagatccttacG

ATCTTATTTCTGAT

CACCTCCTTACG 

Sequence 

based 

reagent 

IM457 This paper PCR 

primer 

GTAAGGATCTCGA

CCGATCCTG 

Sequence 

based 

reagent 

IM458 This paper PCR 

primer 

GGTGGCGGCGAAT

TCGTG 

Commercial 

assay or kit 

Nextera® XT DNA 

Library kit 

Illumina FC-131-

1024 

 

Commercial 

assay or kit 

Click-iT™ EdU Cell 

Proliferation Kit for 

Imaging, Alexa Fluor™ 

647 dye 

Invitrogen C10340  

Software, 

algorithm 

Imaris Bitplane 

(http://www.bitplan

e.com/imaris/imari

s) 

RRID:S

CR_007

370 

Version 9.5 

Software, 

algorithm 

GraphPad Prism  

 

GraphPad Prism 

(https://graphpad.c

om) 

RRID:S

CR_015

807 

Version 8 

Software, 

algorithm 

DESeq2 DESeq2 

(https://bioconduct

or.org/packages/rel

ease/bioc/html/DE

Seq2.html) 

RRID:S

CR_015

687 

 

http://www.bitplane.com/imaris/imaris
http://www.bitplane.com/imaris/imaris
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Zebrafish husbandry and generation of the Tg(hsp70:eGFP-P2A-ppp3ccaCA)ulg068  and 

Tg(UAS:eGFP-P2A-ppp2ccaCA)ulg069  zebrafish lines  

Tg BAC(nkx6.1:eGFP)ulg004  (A.P. Ghaye et al. 2015) ;  Tg(ins:NTR-P2A-mCherry)ulg034 

(Bergemann et al. 2018) ; Tg(cftr:gal4) and Tg(tp1:VenusPest) were used. Zebrafish were 

raised in standard conditions at 28°C. All experiments were carried out in compliance with the 

European Union and Belgian law and with the approval of the ULiège Ethical Committee for 

experiments with laboratory animals (approval number : 2075). 

The hsp70:GFP-P2A-ppp3ccaCA transgene has been generated by cloning a PCR fragment 

containing the Gateway vector pCR8/GW/TOPO. Firstly, we amplified the full length of 

ppp3ccaCA with primers IM369/IM380 and amplified GFP-P2A with overlapping regions with 

IM371/O226. The overlapping PCR used the primers O226/IM380. Then to obtain  a truncated 

ppp3ccaCA lacking the calmodulin biding and the autoinhibitory domain, resulting in a 

constantly active form of calcineurin, we amplified the last fragments with IM370/O226 and 

cloned into PCR8 vector. The promoter was assembled by LR recombination with pE5-hsp70 

into pDestTol2p2A from the Tol2kit (Kwan et al. 2007). Tg (hsp70:GFP-P2A-ppp3ccaCA)  fish 

have been generated using the Tol2 mediated transgenesis (Kawakami 2007). The 

Tg(UAS:GFP-P2A-ppp3ccacA) has been generated by ligation (KLD kit, NEB) of PCR 

fragments GFP-P2A-ppp3ccacA (IM459/IM460) with the UAS sequences (IM457/IM458) in 

plasmid from (Distel 2009) and then inserted into pDestTol2p2A from the Tol2kit. Final 

constructions has been injected with transposase into wild type (WT) AB embryos. 

 

Β-cell ablation 

Adults fish for RNA-sequencing experiment were treated with freshly prepared metronidazole 

(MTZ) (Sigma M1547) at 10mM with 0.2% DMSO in fish water. Control treatments consisted 

of fish water containing 0.2% DMSO. Fish were treated for 18 hours in the dark. Nifurpirinol 

(NFP) (32439, Sigma-Aldrich) stock solution was dissolved at 2.5 mM in DMSO. b-cell 

ablation in Tg(nkx6.1:eGFP); Tg(ins:NTR-P2A-mCherry) larvae was induced by treatment 

with 2.5 µM NFP in E3. Control treatments consisted of E3 containing 0.2% DMSO. Larvae 

were treated for 18 hours in the dark. 

Drug treatments  

Cyclosporine A (Selleckchem, S2286), CHIR99021 and LY411575 (Sigma-Aldrich, 

SML0506) stock solution were dissolved at 10mM in DMSO. Larvae treatment were 

respectively performed at 0.1 µM and 5µM in E3. Control treatments consisted of E3 containing 

the same amount of DMSO than drug treatment. Larvae were treated for 18 hours in the dark. 

5‐ethynyl‐2′‐deoxyuridine (EdU) incorporation assay 

http://www.webgestalt.org/
http://www.webgestalt.org/
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Zebrafish larvae were incubated in 4 mM EdU dissolved in E3 water for 8 hours, they were 

then directly euthanised in tricaine and fixed in 4% PFA. EdU was detected according to the 

protocol of Click-iT™ EdU Cell Proliferation Kit for Imaging, Alexa Fluor™ 647 

(ThermoFisher C10340)  after whole mount immunodetection. 

Heat Shock 

Successive heat shocks of 30 minutes and 12 hours apart were performed at 39°C for larvae 

and 37°C for juveniles and adults zebrafish.  

Whole mount immunodetection 

Larvae were euthanized in tricaine and fixed in 4% PFA at 4 °C for IHC. The digestive tract of 

juveniles was dissected prior immunodetection and kept in methanol for at least 18 hours. After 

depigmentation with 3% H2O2/1% KOH, larvae were permeabilised 30 min in PBS/ Triton X-

100 and incubated for two hours in blocking buffer (4% goat serum/1% BSA/PBS/0.1% Triton 

X-100). Primary and secondary antibodies were incubated at 4 °C overnight.  

 Fixation 

duration 

Depigmentation 

duration 

Permeabilization 

solution 

Permeabilization 

duration  

5-10 dpf 18 hours 15 min  PBTr 0.05% 30 min 

13-17 dpf  36 hours 20 min  PBTr 2% 30 min  

2months 

(digestive tract) 

18 hours 15 min / / 

 

Primary antibodies: Living Colors Polyclonal anti-mCherry/dsRed (rabbit, 1:500, Clontech 

632496), anti-GFP (chicken, 1:1000),  

Secondary antibodies: Alexa Fluor-488, -568, -633 (goat, 1:750, Molecular Probes). 

Flow cytometry and FACS 

The whole pancreas from 3-4 fish of Tg(nkx6.1:eGFP); Tg(ins:NTR-P2A-mCherry) adult fish 

(6–10 months old, males and females) were dissected, collected and washed in HBSS without 

Ca2+/Mg2+. Live cell dissociation was performed in Tryple Select 1x solution (GIBCO) 

supplemented with 100 U/mL collagenase IV (Life Technologies 17104-019) and 40 µg/mL 

proteinase K (Invitrogen, 25530031) for 10 min at 28 °C.  

The GFP+ cells were selected on FACS Aria III and sorted under purity mode and after 

exclusion of the doublets. The purity of the sorted cells was confirmed by epifluorescence 

microscopy (~95 %). Cells (about 1000-5000/fish depending on the cell type) were immediately 

lysed with 0.5% Triton X-100 containing 2U/µl RNAse inhibitor and stored at –80 °C.  

mRNA sequencing of FACSed cells and bioinformatic analyses 

cDNAs were prepared from lysed cells according to SMART-Seq2.0 (Picelli et al., 2014) for  

low input RNA sequencing and libraries were prepared with Nextera® DNA Library kit 

(Illumina). Independent biological replicates of each cell type sequenced using Illumina 

NextSeq500 and obtained ~20 million 100 bp paired-end reads. Reads were mapped and aligned 
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to the zebrafish genome GRCz11 from Ensembl gene annotation version using STAR version 

2.6.1 (Dobin et al., 2013). Gene expression levels were calculated with featureCounts 

(http://bioinf.wehi.edu.au/featureCounts/) and differential expression determined with DESeq2 

(Love, Huber, & Anders, 2014). Expression values are given as normalized read counts. Poorly 

expressed genes with mean normalized expression counts <10 were excluded from the 

subsequent analyses. DESeq2 uses Wald test for significance with posterior adjustment of P 

values (Padj) using Benjamini and Hochberg multiple testing. The differentially expressed (DE) 

genes identified with a Padj cutoff of 0.05 were submitted for GO analysis using WebGestalt 

tool (Liao, Wang, Jaehnig, Shi, &Zhang, 2019). 

Confocal microscopy and image analysis  

Images were acquired using Leica SP5 confocal microscope. We used ImageJ to count the cells 

and Imaris to do the pictures.  

Glycemia measurement 

Glycemia measurement were performed as described in (Bergemann et al. 2018). 

Data availability  

The sequences that support the findings are of this study have been deposit in Geo with the 

accessions codes GSE212124, https://www.ncbi.nlm.nih.gov/geo/info/linking.html.  The 

authors declare that all other data supporting the findings of this study are available within the 

paper and its supplementary information files. 
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2.2.  p53/PFTα 

 

Our transcriptomic data underline other putative candidate signalling pathways in the ductal 

cells during β cell regeneration. The cell cycle signatures from the upregulated genes comprised 

particularly numerous antiproliferative and repair pathways evocative of cell cycle arrest such 

as DNA damage repair pathways, the p53 pathway and cellular senescence (Massoz et al., 2023 

in review, eLife). Among them, the p53 pathway encompassed genes involved in cell cycle 

checkpoints (chek1/2, gtse1) and response to DNA damage (gadd45ab). The absence of 

apoptosis signatures in the ductal cells suggested that p53 do not reflect ductal cell death but 

instead adaptation and repair consequent to robust activation of duct cell proliferation and 

cellular stress. Based on these observations, we hypothesized that a tight control of cell cycle 

progression plays a role in β cell regeneration from ductal progenitors. In order to study p53 

role in β cell regeneration, we used the p53 inhibitor, the pifithrin-α (PFT-α).  

Firstly, we determined the effect of (PFT-α) on the regenerative response from the ducts. We 

performed β cell ablation on 3 dpf Tg(ins:NTR-P2A-mCherry); Tg(nkx6.1:GFP) larvae with 

NFP, as performed previously, before PFT-α (10µM) treatment from 1 to 3 dpt. Assessment of 

the regenerative response at 14 dpt revealed that PFT-α decreased the regenerative response 

(Figure 22A). PFTα indeed blocked the excess of β cell formed after ablation, whereas it did 

not alter basal β cell differentiation in non-ablated larvae. This indicates that p53 could be 

essential for the regenerative response but not for β cell formation in normally growing larvae. 

Next, we asked whether p53 regulates the differentiation of β cells elicited by Notch 

downregulation. Surprisingly, while p53 inhibition repressed the ductal regenerative response 

(Figure 22A), PFTa did not influence β cell formation in LY411575-treated, non-ablated, 

larvae (Figure 22B). 
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Figure 22 : PFTα decreases the ductal regenerative response but do not affect β cell formation 

under Notch repression 

A) Barplot representing the number of number of mCherry+ β cells in the pancreatic tail of Tg(ins:NTR-

P2A-mCherry) ; Tg(nkx6.1:GFP) larvae at 14dpt. The gray spheres represent non-ablated condition ; the 

pink triangles represent the ablated condition ; the black squares PFTα condition and inverted green 

triangles ablated + PFTα condition. Data are presented as mean values ± SD. Two-way ANOVA with 

Tukey’s multiple comparison test, *p-value<0.05, **p-value<0.005 . 

B) Barplot representing the mean number of mCherry+ β cells in the pancreatic tail of Tg(ins:NTR-P2A-

mCherry) ; Tg(nkx6.1:GFP) larvae at 6dpf. The black dots represent the control;  gray PFTα treatment 

;blue LY411575; and purple combination of LY411575 and PFTα. Data are presented as mean values ± 

SD.  Two-way ANOVA with Tukey multiple comparison test, **p-value<0.005, ***p-value<0.0005.  

 

As p53 is a well-known master player in proliferation, being involved in cell cycle arrest in 

response to stress, we next wanted to determine its involvement in progenitor proliferation 

during β cell regeneration. EdU incorporation in the ducts was examined in Tg(ins:NTR-P2A-

mCherry); Tg(nkx6.1:GFP) larvae after ablation and PFTα treatment (Figure 5F). PFTα 

completely blocked the stimulation of progenitor proliferation induced by β cell ablation 

(Figure 23). These results strongly suggest that the effect of PFTα on β cell regeneration is 

mediated by their action in ductal progenitor proliferation.  
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Figure 23 : PFTα decreases the ductal cell proliferation during β cell regeneration 

Barplot representing the percentage of GFP+ ductal cells which incorporated EdU+ in pancreatic tail of 

Tg(ins:NTR-P2A-mCherry) ; Tg(nkx6.1:GFP) larvae at 5dpf. The gray spheres represent non-ablated condition ; 

the pink triangles the ablated condition ; the black squares PFTα condition and inverted green triangles ablated + 

PFTα condition. Data are presented as mean values ± SD. Two-way ANOVA test with Tukey’s multiple 

comparisons test, ***p-value<0.0005 ; ****p-value<0.00005 ; ns = non-significant. 

 

Then, we wanted to confirm these results in another model of p53 inhibition, in the tp53M214K 

loss of function mutant line (Berghmans et al. 2005). Of note, the mutation did not affect β cell 

ablation (Marie Dupont, personal communication). After β cell ablation with NFP, tp53M214K 

Tg(ins:NTR-P2A-mCherry); Tg(nkx6.1:GFP) larvae were exposed to EdU. However, 

assessment of EdU in the ductal cells did not show any difference of proliferation between wild 

type and mutant larvae (Figure 24).  

 

Figure 24 : tp53M214K do not affect the ductal cell proliferation during β cell regeneration 
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Barplot representing the percentage of GFP+ ductal cells that incorporated EdU+ in pancreatic tail of tp53M214K 

homozygous mutant or WT in Tg(ins:NTR-P2A-mCherry) ; Tg(nkx6.1:GFP) larvae at 5dpf. The gray spheres 

represent non-ablated condition ; the pink triangles the ablated condition ; the black squares tp53M214K condition 

and inverted green triangles tp53M214K ablated condition. Data are presented as mean values ± SD. Two-way 

ANOVA test with Tukey’s multiple comparisons test, *p-value<0.05 ; **p-value<0.005 ; ns = non-significant. 

 

Overall, these results show that PFTα strongly diminished the proliferative response in the ducts 

and subsequent β cell formation triggered by β cell ablation. Interestingly, PFTα treatment has 

only an effect during regeneration and not during normal development or under Notch 

signalling repression. Nevertheless, we could not reproduce these results in the tp53M214K 

mutant line, rising the questions whether PFTα effect is mediated by p53 inhibition in this case, 

or if all p53 functions are repressed in the tp53M214K mutant line. Notably, p21 activation and 

the apoptosis are blocked in this mutant (Berghmans et al. 2005). However, there is a possibility 

that others function of p53 could be conserved. Our transcriptomic data indeed suggest that the 

apoptosis is not activated, underlying that p53 could have other function in the ducts during 

regeneration. As a consequence, it would be interesting to test another mutant line as the full 

KO and study more deeply the effects of PFTα in this system.  
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3. The origins and function of bi-hormonal sst1.1+/ins+ cells 

 

The intriguing observation that β cells co-express the insulin and the somatostatin hormones 

after ablation, led us to characterized more deeply the regenerated β cells. An exploratory 

transcriptomic study of regenerated β cells showed that these cells express the sst1.1 hormone, 

which has not yet been described. The study of this new δ cells population and its contribution 

in β cell regeneration was published in a paper entitled “ A δ-cell subpopulation with a pro-β-

cell identity contributes to efficient age-independent recovery in a zebrafish model of diabetes” 

in eLife (Carril Pardo et al. 2022).  

I contributed to this manuscript by exploring the origins of the bi-hormonal cells ins+/sst1.1+ 

during β cell regeneration. Time lapse experiment performed on transgenic Tg(sst1.1:GFP); 

Tg(ins:NTR-mCherry) larvae strongly suggest that sst1.1+ δ cells in the primary islet switch on 

insulin production after β cell ablation. While genetic lineage tracing would have been an ideal 

approach to follow the sst1.1+ δ cells, unfortunately, despite our efforts, we were unable to 

design an efficient sst1.1:creERT2 transgenic line to carry out this experiment. However, an 

independent study (Singh et al. 2022) led to the same conclusions without genetic lineage 

tracing, highlighting the significance of sst1.1+ δ cells in β cell regeneration.  

Additionally, we wondered if the bi-hormonal cells were also involved in β cell regeneration 

occurring in the pancreatic tail, where the ductal network is highly represented. A first set of 

FACS experiments showed that the vast majority of regenerated β cells co-express sst1.1 and 

ins in the adult zebrafish, similarly as in the primary islet of young larvae. As such, the bi-

hormonal cells are also important for regeneration in the pancreatic tail. Moreover, we showed 

in an experimental setting enabling assessment of β cell regeneration from the ducts in the 

zebrafish larvae (detailed in Massoz et al. 2023), that bi-hormonal cells arise from the ducts. 

Overall, we showed that sst1.1+ δ cells rapidly convert into ins+ bi-hormonal cells and that 

these cell arise as well from the ducts.  
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The main interest of this study was deciphering mechanisms of β cell regeneration occurring 

spontaneously in zebrafish, with particular emphasis on the contribution of the ductal 

progenitors. To this end, we followed several directions. Firstly, we improved the NTR-

mediated ablation system by using nifurpirinol (NFP) instead of metronidazole (MTZ) prodrug. 

We showed that the utilization of NFP significantly improved the quality and the robustness of 

ablation at non-toxic doses. Overall, these results enabled the establishment of an experimental 

pipeline for functional tests in the zebrafish larvae.  

Secondly, we determined the importance of several candidates highlighted by transcriptomic 

profiling of ductal cells after β cell ablation in zebrafish. The major part of this thesis consisted 

of unravelling the function of the protein phosphatase calcineurin (CaN) in β cell regeneration. 

We showed that CaN inhibition increased ductal cell proliferation and as a consequence, 

accelerated the formation of endocrine progenitors and subsequent β cells. Interestingly, this 

phenomenon is coupled with an exhaustion of the pool of ductal progenitors. On the opposite, 

CaN overactivation decreased β cell regeneration resulting in a delayed glycemia recovery. 

Additionally, our results showed that CaN acts with Notch pathway, a master regulator of the 

specification of ductal progenitors. Overall, CaN appears as a guardian of the pool of 

progenitor, preventing an excessive proliferation to ensure a proper regeneration.  

Another interesting candidate revealed by the same transcriptomic study, was the tumour 

suppressor p53. To determine the function of p53, we used a well-known inhibitor, the pifithrin 

α (PFTα). We showed that PFTα decreased ductal cell proliferation and β cell formation only 

in a regenerative context, suggesting that p53 is important for β cell regeneration. However, 

these results could not be reproduced in a p53 mutant and require more investigations.  

Surprisingly, we observed that regenerated β cells co-express the insulin and the 

somatostatin1.1 hormones in zebrafish. We identified a novel population of delta cells 

expressing sst1.1, these cells can rapidly convert into insulin producing cells, resulting in bi-

hormonal cells able to efficiently regulate the glycemia. Interestingly, transcriptomic profiling 

and preliminary experiments suggest that p53 is also important in these bi-hormonal cells. 

Importantly, we showed that these cells can also arise from the ductal progenitors.  
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1. Tissue injury and selective ablation models : at the core of regeneration 

 

In order to decipher regenerative mechanisms, an essential and critical step is to provoke tissue 

injury or selective ablation of the specific cell type of interest to trigger regeneration. Several 

techniques have been developed from surgical to chemical or genetically induced cell 

destruction, which collectively contributed to significant advancements in the field. In  

zebrafish, a powerful regenerative organism, the NTR mediated ablation with the MTZ pro-

drug is widely used (Curado et al. 2007; Harsan Pisharath et al. 2007). However, this system 

had certain drawbacks such as toxicity related to pro-drug treatment. The dose of MTZ needed 

(10mM) is indeed slightly toxic for the fish, since non-specific apoptosis could be detected 

(Mathias et al. 2014). A triple mutant of the NTR showed 2x improvement towards MTZ 

utilization for cell ablation (Mathias et al. 2014). In our study, we used that system to induce β 

cell ablation thanks to the transgenic line Tg(ins:NTR-mCherry), in which the NTR was 

modified according to (Mathias et al. 2014), combined with MTZ treatments. However, the 

severity of ablation was not reproducible between individuals, which could lead to 

misinterpretation of data. For example, in the liver, regeneration from the ducts takes place only 

when hepatocyte ablation is complete or when hepatocyte proliferation is repressed (W. Y. Lu 

et al. 2015), underlying that the ablation system and its severity need to be tightly controlled.  

By replacing the MTZ by another nitro-aromatic compound, the NFP, not only β cells ablation 

was more efficient, but the efficiency of ablation was more reproducible between individuals 

(Bergemann et al. 2018). Of note, some cell types such as neurons that require higher dose of 

MTZ were successfully ablated with NFP. Importantly, the concentration of NFP used is 2x 

below the general toxicity dose, enabling the combination with other chemical compounds for 

functional studies.  

Since the publication of these data, several studies used the NFP to perform ablation of various 

cell types as osteoblasts (McDonald et al. 2021), neurons (Corradi et al. 2022) or capillary (Senk 

and Djonov 2021), underlying the efficiency of NFP. Interestingly, the use of NFP is under 

investigation in Xenopus laevis to trigger oligodendrocyte ablation (Mannioui and Zalc 2019). 

Another group aimed at replacing the MTZ with others pro-drugs to ablate spinal cord neurons 

and found ronidazole, which can efficiently induce ablation in the NTR system (Lai et al. 2021). 

Both ronidazole and NFP showed better efficiency for spinal cord neurons ablation compared 

to MTZ (Lai et al. 2021). Another way to improve this ablation system is to use another form 

of the NTR enzyme. Sharrock and colleagues developed a mutated variant of the NTR, which 
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they called NTR 2.0, that showed 100 times increased activity for MTZ ablation (Sharrock et 

al. 2020). As a consequence, the NTR 2.0 enable the use of lower concentrations of MTZ and 

prolonged treatment duration without toxicity. Nevertheless, the NTR 2.0 did not show an 

increased activity towards the pro-drug NFP, showing substrate specific activity (Sharrock et 

al. 2020). As such, the development of NTR variants specific to NFP could enable independent 

ablation of different cell types expressing distinct variants of the NTR enzyme (Sharrock et al. 

2020).  

The NTR system has been widely used to study β cell regeneration and enable to identify several 

cellular mechanisms that takes place to regenerate β cells (i.e. β cell proliferation, 

transdifferentiation or differentiation from progenitors). Acute β cell ablation is particularly 

valuable to mirror long stage diabetes, especially type 1 diabetes when the presence of β cells 

can no longer be detected. On the other hand, other models can be beneficial to replicate 

different aspects of diabetes as chronic β cell loss or inflammation. To perform chronic ablation, 

the NTR system as well as the DTA system that constitutively ablate β cells can be used (Ninov 

et al. 2013). Additionally, zebrafish models that induce inflammation in β cells with the 

transgenic line Tg(ins:il1b) enabled the identification of wedelolactone, which is able to protect 

the islet from chronic inflammation (Delgadillo-Silva et al. 2019).  

When it comes to regenerative studies, the choice of the ablation/injury model is obviously a 

key point. However, every model comes with its own limitations. Hence, their constant 

improvement and the development of new pertinent models enable to study more deeply and 

precisely regenerative mechanisms.  

 

2. Molecular mechanisms controlling β cell regeneration from pancreatic progenitor  

 

Drug and genetic screenings were previously performed in zebrafish larvae to identify 

modulators of the endocrine islet (Andersson et al. 2012; Karampelias et al. 2021; K. C. Liu et 

al. 2017). This identified chemicals compounds or secreted factors impacting β cell 

regeneration from several pancreatic cellular sources. For example, cdk5 repression (K. C. Liu 

et al. 2017) as well as folinic acid/Folr1 (Karampelias et al. 2021) promote β cell regeneration 

from the pancreatic ducts. Even though these studies bring interesting elements of molecular 

mechanisms, they only focused on the principal islet of larvae. Hence, it persists a necessity for 

a comprehensive understanding of the signalling pathways involved in this process at adult 

stage. To gain insights in molecular mechanisms occurring in ductal cells during regeneration, 
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we established the transcriptomic profile of these cells after β cell ablation in the adult zebrafish. 

These data showed that the regulated genes encompass most of the genes and pathways 

identified in previous studies (igfbp1a (J. Lu et al. 2016), mTor, Notch (Ninov et al. 2013), 

carbon metabolism (Karampelias et al. 2021), etc.), confirming their observations. Still in 

accordance with previous studies (A.P. Ghaye et al. 2015), the transcriptomic analyses during 

regeneration revealed that DNA replication is the most enriched signature. This attests that 

ductal cells undergo a strong proliferative response after β cells ablation. Intriguingly, our data 

uncover the unanticipated upregulation of many genes implicated in DNA repair and cell cycle 

arrest, suggesting that highly proliferating ductal cells activate counteracting mechanisms. Our 

findings strongly suggest that these mechanisms preserve robust regeneration via the safeguard 

of efficient progenitor proliferation and the maintenance of the pool of progenitors. Based on 

functional assays in zebrafish larvae, we not only confirmed the activation of the proliferation 

of ductal cells soon after β cell ablation, but also that the rate of progenitor proliferation is 

carefully controlled by CaN in order to achieve proper and timely regeneration of β cells. While 

CaN prevents premature β cell formation and regeneration, our results obtained with PFTα 

suggest that p53 is necessary for progenitor proliferation and β cell regeneration. 

Diverse functions of CaN in cell proliferation are already well described in the literature. For 

example, stressing the cell provokes an entry of calcium and subsequent CaN activation 

resulting in cell cycle arrest (Leech et al. 2020). Nevertheless, depending the cell type, CaN can 

be either necessary or deleterious to cell proliferation (Goshima et al. 2019; Masaki and 

Shimada 2022). The intriguing dual role of CaN is well illustrated in β cell regeneration. While 

CaN should be repressed to enable ductal progenitor amplification and subsequent endocrine 

differentiation, CaN is then necessary for β cell function and for their replication (Dai et al. 

2017; Heit et al. 2006).  

CaN has been reported as a key regulator of proliferation dynamics during fin regeneration 

(Tornini et al. 2016). In the regenerating fin, low CaN activity is found in the proximal region 

of the blastema characterized by a high rate of proliferation and regeneration and its activity 

increases distally to lower proliferation (Cao et al. 2021). It was suggested that CaN controls 

blastemal cell progeny divisions (Tornini et al. 2016). In differentiating keratinocytes, CaN 

cooperates with Notch signalling to regulate p21/cdkn1a (which is upregulated in the ducts at 

3 dpt), cell cycle withdrawal and differentiation (Mammucari et al. 2005). In other progenitors, 

as neuronal, hematopoietic progenitors and in stem cells, premature differentiation results from 

a switch in the mode of cellular division, from symmetric amplifying division to asymmetric 
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differentiating division (Ho and Wagner 2007; Huttner and Kosodo 2005). Notch determines 

the choice between both types of divisions (Bultje et al. 2009; Guo, Jan, and Jan 1996). 

Furthermore, CaN is known to control polarized growth in fission yeasts (Kume et al. 2011), a 

process underlying asymmetric division not only in yeast but in vertebrate tissues as well. The 

importance of progenitor cell polarity and symmetric endocrinogenic divisions has been shown 

during embryonic development of the murine pancreas (Kim et al. 2015). Hence, a possible 

mechanism whereby Notch and CaN together maintain an appropriate number of progenitors 

and guarantee efficient β cell regeneration could be via the regulation of cell polarity and 

differentiating divisions. 

In contrast to CaN, our results with the p53 inhibitor PFTα suggest that the tumour suppressor 

p53 is necessary for progenitor proliferation and β cell regeneration. This pro-regenerative 

function of p53 seems distinct from the one previously described in the zebrafish heart 

(Shoffner et al. 2020b). In that case, p53 is downregulated following damage, relieving 

proliferation suppression in differentiated cardiomyocytes and enabling their re-entry in cell 

cycle. Contrasting with this conventional role, inhibiting p53 after β cell ablation instead leads 

to a global reduction of ductal cell proliferation. In line with this, recent studies showed that 

DNA repair and senescence, usually thought to be negative for growth, are in fact necessary for 

developmental processes and regeneration in other systems (Da et al. 2020; Sousounis et al. 

2020). Our transcriptomic data showed enrichment of DNA repair signatures and 

downregulated ribosome biogenesis, which are two hallmarks of p53 activity. Together, they 

provide the bases for a mechanism whereby a subset of ductal cells experience stress, activate 

p53 to promote their repair and/or adaptation. Our results suggest that failure of this mechanism 

compromises β cell regeneration. More experiments are required to firstly demonstrate that this 

effect observed is truly due to p53 repression. Secondly, it would be interesting to address the 

importance of the cellular senescence and DNA repair pathways in β cell regeneration. This 

study should determine if CaN and p53 fall into these cellular mechanisms to enable proper 

ductal cell proliferation. 

In addition to replication, the analysis of the ductal transcriptome points to metabolic changes. 

p53 is an increasingly recognized master regulator of metabolism that coordinates cell cycle 

with metabolic adaptation and response to stress (Lacroix et al. 2020). Signatures linked to 

energy production (fatty acid degradation), nucleotide synthesis and carbon metabolism suggest 

that acute β cell ablation causes anabolic and catabolic adaptations. It is therefore intriguing to 

investigate the importance of p53 in the metabolism of the ductal cell during regeneration using 
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metabolomic techniques. Such experiments were performed in zebrafish to unravel the 

importance of the One-Carbon metabolism, fuelled by folinic acid, to promote β cell 

regeneration from ductal progenitors in zebrafish (Karampelias et al. 2021). 

A compelling question within the field of regeneration is to which extent regenerative 

mechanisms mimic developmental processes. Notably, the activation of pancreatic progenitors 

residing within the ducts (Delaspre et al. 2015; Ghaye et al. 2015), and the involvement of  

pathways such as Notch signalling or mTor (Ninov et al. 2013) for β cell neogenesis is evident 

in both developmental and regenerative contexts. This underscores that β cell regeneration is 

orchestrated by developmental mechanisms. Intriguingly, the signalling pathways identified in 

our study exhibit specificity to the regenerative context, as they do not impact normal larval 

development. Collectively, these findings suggest that β cell regeneration is governed by 

developmental processes that can be modulated by signals unique to the regenerative context. 

Taken together, our study underlines proliferation of ductal progenitors as a cornerstone in β 

cell regeneration. Interestingly, several studies reported ductal cell proliferation in diabetic 

patients (Md Moin, Butler, and Butler 2017; Pagola et al. 2008), which can be translated as an 

attempt to form new β cells. As such, an important axis would be now to determine if CaN 

could be exploited to activate β cell regeneration in mammals. Even though in vitro or ex vivo 

experiments could bring relatively quickly interesting knowledge, this system does not enable 

to study regeneration and could not reflect the complexity of an in vivo model. However, since 

the cellular mechanism of regeneration depends on the type of injury model in mouse (Aguayo-

Mazzucato and Bonner-Weir 2018), the choice of the model is a crucial aspect. To tackle the 

function of CaN in the ductal cells, the ideal model should at least show an activation of ductal 

cell proliferation. The model from Collombat group (Al-Hasani et al. 2013) could be an 

interesting possibility since by inducing alpha cell transdifferentiation in the STZ-model, it 

stimulated ductal cell proliferation and endocrine differentiation. Nonetheless, it is important 

to keep in mind the different role of CaN in the β cells versus ductal cells. CaN is indeed 

necessary for β cell function (Heit et al. 2006), and its inhibitors FK506 and CsA both decreased 

β cell regeneration by their proliferation in the DTA mice model with only 70% ablation (Nir, 

Melton, and Dor 2007). Therefore, it becomes evident that CaN inhibition needs to be only 

transient, in a model of complete β cell ablation, to trigger their regeneration from the ductal 

progenitors. 
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3. The δ1.1 as a new source for β cell regeneration : towards a global view of regenerative 

mechanisms  

 

In this study, we showed that regenerated β cells co-express the ins and sst1.1 genes. These 

cells appear quickly, i.e. 3 days after β cell ablation, in the islets and stay long after ablation 

(Carril Pardo et al. 2022). Our live imaging experiments strongly suggest that pre-existing 

sst1.1+ cells start to express insulin in response to β cell destruction. Moreover, transcriptomic 

study of these sst1.1 δ cells highlights that they are similar to β cells and already possess the 

cellular machinery to produce hormones. These characteristics could explained how the 

conversion can be that quick. Unfortunately, we could not formally confirm the origin of these 

bi-hormonal by cell lineage tracing. However, another study draw the same conclusions (Singh 

et al. 2022), confirming the conversion of the δ 1.1 cells. Future studies will aim at deciphering 

the molecular mechanisms under bi-hormonal cell formation. Preliminary  results highlight that 

CaN (data not shown) and p53 (Marie Dupont, personal communication) are not involved in 

the first steps of this process.  

Importantly, we showed that bi-hormonal cells also arise later from ductal progenitors. 

Differentiation from progenitors appears to be a slower process. Overall, our results suggest 

that in a first instance, δ1.1 cells within the islets rapidly convert to insulin producing cells to 

respond to β cell destruction. In a second time, progenitors give rise to newly formed endocrine 

cells. This mechanism is similar to one described in mice (Al-Hasani et al. 2013), where 

massive α cell transdifferentiation towards β cells results in a depletion of α cells. In response 

to this need, ductal cells proliferate and give rise to new α cells (Al-Hasani et al. 2013). An 

important characteristic of progenitor cells is indeed their ability to proliferate in order to keep 

the pool of progenitors. On the opposite, mature endocrine cells are usually quiescent, as 

illustrated by β cells (Teta et al. 2005). Overall, these data suggest that both δ1.1 and ductal 

progenitor contribution are not mutually exclusive but instead work together to handle a critical 

situation, meaning β cell destruction. Still in line with this, we showed that most regenerated β 

cells in the pancreatic ducts are bi-hormonal in the adult zebrafish, enabling a dynamic 

regulation of the glycemia. Nevertheless, we showed that after ablation, overactivation of CaN 

leads to inhibition of regeneration from the ducts in the larvae causing a delay of glycemia 

recovery. As a conclusion, while most regenerated β cells are bi-hormonal, the contribution of 

the ducts is still crucial since repression of ductal regeneration leads to hyperglycaemia. 



Discussion 

 

164 

 

These results emphasize the need to understand how β cell regeneration is coordinated within 

the endocrine islets and the ducts through lineage tracing experiments. Two intriguing studies 

have shed some light on this coordination in mice (Gribben et al. 2021; Magenheim et al. 2023). 

On the opposite to all previous studies using genetic lineage tracing (Zhao et al. 2021), Gribben 

and colleagues demonstrated that in physiological conditions, ductal cells contribute to the 

generation of new endocrine cells in the adult mice (Gribben et al. 2021). Remarkably, the 

driver they used, Hnf1b-CreERT2, also labelled some isolated δ cells within the islets and in 

the ducts. Furthermore, with the Neurog3-CreER driver, they found that Neurog3+ cells within 

the ducts expressed somatostatin and eventually delaminated within the islets where they found 

insulin expression. These results were further supported by sg-cell RNA-sequencing data of 

Neurog3-traced cells, found in β and δ cell populations. Gribben et al., concluded that Neurog3+ 

cells in the ductal tree first activate the expression of somatostatin and then insulin (Gribben et 

al. 2021). However, this conclusion was challenged by Magenheim and colleagues (Magenheim 

et al. 2023). Since both drivers used in the study also labelled δ cells, it suggests that newly 

generated β cells might originate from δ cells rather than the ducts. Even though more 

experiments are necessary to show the contribution of the ducts, both studies corroborate the 

presence of Neurog3+ cells expressing somatostatin within the ducts (Gribben et al. 2021; 

Magenheim et al. 2023), a promising population to characterize. Furthermore, future 

investigations in the zebrafish model could provide crucial insights into the coordination of β 

cell regeneration, since both origins of regeneration are clearly demonstrated. Notably, single 

cell RNA-sequencing of the ducts and the endocrine islets, not only from the principal islet but 

comprising the pancreatic tail during regeneration could be ideal to tackle firstly the 

heterogeneity of ductal cells and the connections between the ducts and δ1.1 conversion. 

The observation of poly-hormonal cells in diabetic patients suggest that endocrine cells retain 

plasticity to produce insulin in humans as well. The contribution to endocrine cell conversion 

is also demonstrated in mice model of pancreas injury (Chera et al. 2014b; Perez-Frances et al. 

2021; Thorel, Népote, et al. 2010). However, the presence of the specific subtype of δ1.1 cells 

in zebrafish raises questions about their existence in mammals, particularly in humans. Notably, 

the presence of δ1.1 cells and the absence of PP-cells in zebrafish necessitate further exploration 

through cross-species comparisons, extending previous investigations (Tarifeño-Saldivia et al. 

2017) to include the study of δ1.1 cells. Moreover, it would be interesting to compare zebrafish 

δ1.1 cells and mice δ Neurog3+ cells (Gribben et al. 2021; Magenheim et al. 2023) and 

characterise these populations.  
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4. Concluding remarks 

 

The reminiscence of multipotent pancreatic progenitor in the adult represents a hope for 

diabetes therapy. Observation of β cells near the ductal tree and detection of C-peptide in long 

term diabetic patients led the possibility of the persistence of progenitor cells during the 

adulthood. However, cell lineage tracing studies performed in mouse model of pancreas injuries 

led to different results, nourishing the debate. While cell lineage tracing is an impactful tool to 

determine the origin and the descendance of a cell, the technique is limited by the need of a 

specific promotor. When it comes to ductal cells, their high heterogeneity increases the 

difficulty of the choice of the driver. In addition, often the transgene is not expressed in all cells, 

resulting in mosaic expression. Coupled with the poor regenerative capacities of mammals, this 

could explain why cell lineage tracing studies could not clearly identify a pancreatic progenitor 

(Kopp et al. 2011; Zhao et al. 2021). Nonetheless, the development of technologies as single 

cell sequencing enabled the identification of a ductal sub-population that behave as multipotent 

pancreatic progenitor (Qadir et al. 2020), keeping the debate open. On the opposite to mammals, 

it is well established that pancreatic progenitors remains within the ductal network in the adult 

zebrafish (A.P. Ghaye et al. 2015). As such, that is enthralling to understand how regeneration 

occurs in zebrafish.  

In the present thesis, we bring new insights into β cell regeneration mechanisms and we 

highlighted that progenitor proliferation is critical in this process. Furthermore, we showed that 

the protein phosphatase calcineurin fine tunes the balance between progenitor proliferation and 

endocrine differentiation. Since ductal cell proliferation was observed in diabetic patients, 

balancing towards endocrine differentiation could be a key for diabetes therapy. Future studies 

should determine if CaN function can be translated in mammals.  

We also emphasize that most regenerated β cells co-express the insulin and the somatostatin 

1.1 hormones, and called them bi-hormonal cells (Carril Pardo et al. 2022). Our results strongly 

suggested that δ1.1 cells can rapidly convert to bi-hormonal cells and that later, newly generated 

cells arise from the ductal tree, whose can either express insulin alone or are bi-hormonal. 

Further studies are required to unravel bi-hormonal cell formation and to establish a global view 

of β cell regeneration from these different cellular sources. Altogether, this thesis bring 

important new insights into β cell regeneration in zebrafish. This knowledge could improve 

regenerative competences in mammals and be a basis for new diabetic therapies.  
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V. Material and Methods 
 

 

 

 

1. Fish husbandry and transgenic lines  

 

Zebrafish (Danio rerio) were raised in compliance with standard protocols at the GIGA-

zebrafish facility. The Techniplast system was used to ensure the temperature, pH, and salinity 

of water were properly maintained. The fish were fed with Zebrafeed and living food, with 

paramecia provided for larvae and Artemia nauplii for juveniles and adults. All experimental 

procedures were approved by the ULiège Ethical Committee. 

List of the transgenic lines used in this study : 

• Tg(ins:NTR*-P2A-mCherry)ulg034 (Bergemann et al. 2018) referred as Tg(ins:NTR-

mCherry) 

• TgBAC(nkx6.1:eGFP) (Aurélie P. Ghaye et al. 2015)  referred as Tg(nkx6.1:GFP) 

• Tg(TP1bglob:VenusPest)S940 (Ninov, Borius, and Stainier 2012) referred as 

Tg(tp1:VenusPest) 

• Tg(neurod1:GFP) 

• Tg(sst1.1:eGFP) (Carril Pardo et al. 2022) 

• Tg(cftr:gal4) 

• Tg(hsp70:ppp3ccaCA-P2A-eGFP) 

• Tg(UAS:ppp3ccaCA-P2A-eGFP) 

• tp53M214K mutant line (Berghmans et al. 2005) 

 

Generation of transgenic lines is detailed in the associated papers.  
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2. β cell ablation  

 

The transgenic line Tg(ins:NTR*-P2A-mCherry)ulg034 was used to drive the expression of the 

nitroreductase in β cells. Two different pro-drugs, the metronidazole (MTZ) and the nifurpirinol 

(NFP) were used to trigger ablation. MTZ (Sigma M1547) was prepared freshly at 10mM in 

fish water supplemented with 0.2% DMSO. NFP (Sigma 32439) was dissolved in DMSO at 

2.5mM to make the stock solution, and was kept at -20°C. NFP treatments depended of the 

stage and are described below. All treatments were performed in the dark for 18 hours.  

Larvae were treated with NFP at 4µM, or at 2.5 µM when other treatments with signalling 

pathway inhibitors were performed after. To ablate β cells in adult, a first treatment with 

Baktopur (BKT, active molecule is NFP) (Sera) concentrated at 25X was performed for 30 

minutes in the dark, before NFP treatment at 2.5 µM.  

3. Treatment targeting signalling pathways   

 

Larvae were treated with different compounds targeting signalling pathways (see Table X for 

more details). The drugs were dissolved in fish water (E3 for larvae and water from the system 

for juveniles and adults). Larvae were treated in 6-well plate and the juveniles/adults in small 

tank.  Control treatments consisted of fish water containing the same amount of DMSO than 

drug treatment. All treatment last for 18 hours in the dark, expect for the NAC. NAC was added 

in the fish water and was renew every day.  

Drug Target Stock 

concentration 

Treatment 

concentration 

Reference 

Cyclosporin A calcineurin 10mM (DMSO) 1µM Selleckchem 

S2286 

FK506 calcineurin 10µg/mL 

(DMSO) 

0.1µg/mL Sigma, F4659 

LY411575 Notch pathway 10mM (DMSO) 1-5-10 µM Sigma 

SML0506 

CHIR99021 GSK-3 10mM (DMSO) 10µM Sellekchem 

CT99021 

Pifithrin α p53 10mM (DMSO)  Sigma P4236 
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Table 1 : Inhibitors of signalling pathways used in this study 

 

4. EdU incorporation assay 

 

EdU was dissolved in DMSO at 400mM for the stock solution that was kept at -20°C. Zebrafish 

larvae were incubated in 4 mM EdU dissolved in E3 water for 8 hours in the dark, before 

euthanasia and fixation. EdU was detected according to the protocol of Click-iT™ EdU Cell 

Proliferation Kit for Imaging, Alexa Fluor™ 647 (ThermoFisher C10340) after whole mount 

immunodetection. 

5. Heat shock 

 

Successive heat shocks of 30 minutes and 12 hours apart were performed in fish water at 39°C 

for larvae and 37°C for juveniles and adults zebrafish. 

6. Glucose measurements 

 

Fasted adult zebrafish were euthanized and a drop of blood from the tail is directly collected to 

measure the glycemia with the Accu-Check Aviva glucometer (Roche Diagnostics). The 

maximum measure with this system is 600mg/dL.  

7. Fish euthanasia and fixation  

 

Zebrafish were euthanized by their immersion in a concentred tricaine solution (MS222, at 200-

300 mg/L), before fixation in paraformaldehyde (PFA) (Thermo Scientific, 28908) at 4%. Adult 

fish were injected in intraperitoneal with PFA and the abdomen was open before immersion in 

PFA 4% for 24 hours at 4°C. Juveniles fish were kept two days, and larvae 24 hours in the PFA 

at 4°C.  

8. Whole mount immunohistochemistry (IHC) 

 

After washing the fixative agent with PBTr0.3%, pigments from larvae were removed using 

3% H2O2/1% KOH in PBS1X, followed by washes with PBTr0.3%. The duration of the 

depigmentation depended on the larvae stage, see Table X. Permeabilization of membranes was 

carried out with PBS 1X/ Triton X-100 for 30 minutes at RT, before washed with PBTr0.3%. 

Non-specific binding sites were blocked with 2 hours incubation in blocking buffer (4% goat 
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serum/1% BSA/PBS/0.3% Triton X-100), before incubation of primary antibodies for at least 

24 hours at 4°C. After extensive washes, larvae were again incubated with blocking buffer, 

followed by incubation of secondary antibodies for 18 hours, in the dark at 4°C. Samples were 

mounted on slides in Prolong antifade after extensive washes. 

As for the juveniles fish, the digestive tract was dissected and kept in methanol for at least 18 

hours  at -20°C, prior immunodetection. After rehydration of the tissues, depigmentation with 

3% H2O2/1% KOH, they were incubated for two hours in blocking buffer (4% goat serum/1% 

BSA/PBS/0.1% Triton X-100). Primary antibodies were incubated at 4 °C for two days and 

secondary antibodies for 18 hours.  

 Fixation 

duration 

Depigmentation 

duration 

Permeabilization 

solution (30 min) 

Permeabilization 

duration  

5-10 dpf 18 hours 15 min  PBTr 0.05% 30 min 

13-17 dpf  36 hours 20 min  PBTr 2% 30 min  

2months 

(digestive 

tract) 

18 hours 15 min / / 

 

Table 2 : IHC conditions from zebrafish at different stages 

 

Anti-GFP (chicken polyclonal) Aves Labs GFP-

1020 

1:1000 

anti-mCherry/dsRed (Living 

Colors Polyclonal) 

Clontech 632496 1:500 

Anti-glucagon (mouse polyclonal) Sigma G2654 1:300 

Goat anti-Chicken IgY (H+L), 

Alexa Fluor™ 488 

Invitrogen A-11039 1:750 

Goat anti-dsred 568 Invitrogen  1:750 

Goat anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary antibody, 

Alexa Fluor 633 

Invitrogen  1:750 

 

Table 3: Antibodies  
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9. Image acquisition and analysis  

 

The GIGA Imaging facility was used to acquire images. Fixed samples were imaged using a 

Leica SP5 confocal microscope with LAS AF software. Qualitative analysis and image 

capturing were performed using Imaris 8.1.2 (Bitplane). For quantitative analysis, manual cell 

counting was done using ImageJ (Fiji) software.  

In vivo imaging was conducted using a Light Sheet Zeiss Z1 microscope, equipped with a 20X 

water immersion objective. Zebrafish larvae were treated with 1-phenyl 2-thiourea (PTU) from 

1dpf to inhibit pigment synthesis. Following β cell ablation with NFP, anesthetized larvae were 

embedded in 0.25% low melting agarose in E3 and placed into FEP tubes. The tubes were then 

immersed in water at 28°C within an immersive chamber. Images were captured at 30-minute 

intervals and analysed using Imaris 8.1.2 software (Bitplane). 

10. Statistical analysis 

 

Graphs and subsequent statistical analysis were realised using GraphPad 8 software. Statistics 

are described in the legend of every figures.  

11. Pancreas dissection 

 

Pancreatic tissues were collected from euthanized adult zebrafish. The abdominal cavity was 

incised to provide access to the digestive tract, which was then gently uncoiled without breaking 

it. Using forceps, the pancreatic tissues were carefully dissected and collected in cold dissection 

buffer (HBSS from Lonza, 10mM Hepes, 2mM EDTA, and 0.16µl/mL RNasin from Promega).  

12. Cell dissociation and FACS 

 

The protocols of cell dissociation were adapted from (Aurélie P. Ghaye et al. 2015) and 

(Tarifeño-Saldivia et al. 2017). Protocol to dissociate ductal cells for RNA-sequencing is 

detailed in (Massoz et al., 2023). FACS analysis and transcriptomic QC analysis can be found 

in David Bergemann’s thesis, 2018: “Pancreatic β cell regeneration in zebrafish : investigation 

of the ductal contribution and involved molecular mechanisms.”  Protocol to dissociate the main 

islet is detailed in (Carril Pardo et al. 2022).  
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UNRAVELLING THE CONTRIBUTION OF DUCTAL PROGENITORS DURING  

BETA CELL REGENERATION IN ZEBRAFISH: A FOCUS ON CALCINEURIN 

Diabetes is a global epidemic affecting nearly 10% of the population worldwide. The disease is coupled 

with a significant loss of the β cell mass, leading to dysregulation of the glycemia. Stimulating β cell re-

generation holds great promise as a potential treatment for curing diabetic patients. Observations in 

diabetic patients and studies in mouse models of pancreatic injury showed that mammalian pancreatic 

cells exhibit plasticity towards insulin production. However, the regeneration process is slow and ineffi-

cient, posing challenges in understanding the underlying mechanisms. In contrast, the zebrafish, a mod-

el organism known for its remarkable tissue regeneration capabilities, can spontaneously and efficient-

ly regenerate β cells after their destruction. This raises the intriguing question of how zebrafish are able 

to regenerate β cells. Therefore, the goal of our laboratory is to unravel the cellular and molecular 

mechanisms of β cell regeneration in zebrafish. In this thesis, we focus on investigating the contribution 

and the mechanisms underlying regeneration from pancreatic progenitors residing within the ductal 

tree. 

To gain insights into the mechanisms of β cell regeneration from ductal progenitors, we conducted 

transcriptomic profiling of ductal cells following β cell ablation. Our data revealed intriguing candi-

dates, including the protein phosphatase calcineurin and the tumour suppressor p53. We demonstrat-

ed that repression of calcineurin accelerates β cell regeneration, whereas overactivation of calcineurin 

suppresses regeneration, leading to dysregulation of blood glucose levels. Specifically, calcineurin re-

pression enhances ductal cell proliferation and the subsequent formation of endocrine progenitors, ul-

timately depleting the progenitor pool. Overall, our findings indicate that calcineurin finely regulates 

the balance between progenitor proliferation and endocrine differentiation, ensuring proper β cell re-

generation. Calcineurin emerges as a crucial guardian of the progenitor pool. Conversely, our results 

also highlight the importance of p53 in promoting ductal cell proliferation and subsequent β cell regen-

eration, as demonstrated by the inhibitory effect of the p53 inhibitor, PFTα. 

Furthermore, we observed that regenerated β cells exhibit a bi-hormonal phenotype, co-expressing the 

sst1.1 and ins hormones. We discovered that the δ1.1 sub-population rapidly converts into insulin-

producing cells. Notably, these cells also originate from the ducts, suggesting that the two cellular 

sources of regenerated β cells are not mutually exclusive but rather coordinately involved. 

Our study uncovers novel cellular and molecular mechanisms underlying β cell regeneration in 

zebrafish. These findings shed light on the pivotal role of progenitor proliferation and the contribution 

of δ sst1.1 cells in this process. Collectively, these insights provide valuable clues that may contribute to 

improving β cell regeneration in mammals. 


	I. Introduction
	1. The pancreas : structure and function
	1.1. The exocrine pancreas
	1.2. The endocrine pancreas
	1.3. Glycemia regulation
	1.4. A zoom on β cells and insulin signalling
	1.5. A zoom on the α and δ cells

	2. Diabetes mellitus
	2.1. Generalities
	2.2. Type 1 Diabetes Mellitus (T1D)
	2.3. Type 2 Diabetes Mellitus (T2D)
	2.4. Others forms of diabetes

	3. Treatments of Diabetes Mellitus
	3.1. Current therapy
	3.2. Future therapies

	4. β cell regeneration in mammals
	4.1. Generalities
	4.2. Pancreas development : a focus on β cell neogenesis
	4.3. Evidences for intrinsic capacity of β cell regeneration in human
	4.4. Murine models of pancreas injury
	4.5. Pancreatic cellular sources of β cell regeneration
	4.5.1. β cell proliferation
	4.5.2. Transdifferentiation of other pancreatic cell types
	4.5.3. Neogenesis from the ducts


	5. Zebrafish
	5.1. Generalities
	5.2. Zebrafish as a powerful model of regeneration
	5.3. The zebrafish pancreas
	5.3.1. Anatomy and physiology
	5.3.2. Development : a focus on the second wave of endocrine cells formation


	6. β cell regeneration in zebrafish
	6.1. Nitroreductase mediated β cell ablation
	6.2. Cellular origins of regenerated β cells
	6.2.1. β cell proliferation
	6.2.2. α cell trans-differentiation
	6.2.3. Neogenesis from ductal- associated progenitors
	6.3.  Calcineurin
	6.4. P53


	II. Objectives
	III. Results
	1. Improvement of β cell ablation in the NTR system
	2. Unravelling the role of candidate signalling pathways in β cell regeneration from the ducts
	2.1.  Calcineurin
	2.2.   p53/PFTα

	3. The origins and function of bi-hormonal sst1.1+/ins+ cells

	IV. Discussion and Perspectives
	1. Tissue injury and selective ablation models : at the core of regeneration
	2. Molecular mechanisms controlling β cell regeneration from pancreatic progenitor
	3. The δ1.1 as a new source for β cell regeneration : towards a global view of regenerative mechanisms
	4. Concluding remarks

	V. Material and Methods
	1. Fish husbandry and transgenic lines
	2. β cell ablation
	3. Treatment targeting signalling pathways
	4. EdU incorporation assay
	5. Heat shock
	6. Glucose measurements
	7. Fish euthanasia and fixation
	8. Whole mount immunohistochemistry (IHC)
	9. Image acquisition and analysis
	10. Statistical analysis
	11. Pancreas dissection
	12. Cell dissociation and FACS

	VI. Supplemental Material
	VII. References

