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ABSTRACT  

Type 1 Diabetes (T1D) is an autoimmune condition caused by the lymphocyte-
mediated destruction of insulin-producing β cells in pancreatic islets. This thesis 
aims to unveil the final targets in the β cells responsible for the β cell loss caused by 
the lymphocytic attack. Microarray studies were performed to assess differentially 
expressed genes in islet endocrine cells as a consequence of insulitic infiltration by 
comparing the autoimmune-prone Non-Obese Diabetic (NOD) mouse model with its 
congenic, lymphocyte-free, NOD/SCID strain. Interestingly, we discovered that cyclin 
D3 (CcnD3) underwent downregulation in beta cells upon inflammatory insult in a 
dose-dependent manner, while the proliferative activity of beta cells downregulating 
CcnD3 was not altered. Moreover, NIT-1 cells stably overexpressing CcnD3 were 
protected from spontaneous apoptosis and from apoptosis induced by a pro-
inflammatory environment provided by IL-1β. To demonstrate the causal link 
between CcnD3 repression and β cell death in vivo, we studied spontaneous 
diabetes onset in CcnD3 deficient NOD mice (NODCcnD3KO). NODCcnD3KO mice 
developed exacerbated diabetes compared to the wild type (WT) littermates (88% 
versus 61% respectively), and this fact was solely due to the CcnD3 deficiency in the 
β cells and not to an increased diabetogenicity of the NODCcnD3KO lymphocytic 
repertoire. However, diabetes exacerbation required the complicity of both CcnD3 
deficiency and inflammation, since plain NOD/SCID CcnD3KO mice did not develop 
spontaneous diabetes. 

CcnD3 also plays an essential role in pancreatic β-cell fitness, since pancreatic islets 
deficient in CcnD3 do not experience proper intracellular Ca2+ influx changes in 
response to different concentrations of glucose. This impairment, coupling glucose 
concentration in the extracellular milieu and intracellular increase in Ca2+ 
concentration, is not due to changes in Glut-2 expression levels between the CcnD3 
KO and WT islets.  

Moreover, we developed transgenic mice overexpressing cyclin D3 in pancreatic β 
cells (NOD/RIPCcnD3). These mice exhibit protection from autoimmune diabetes 
and NOD CcnD3KO mice are prevented from developing exacerbated diabetes. 
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RESUMEN 

La diabetes tipo 1 (T1D) es una enfermedad autoinmune causada por la 
destrucción de las células β productoras de insulina en los islotes pancreáticos por 
parte de los linfocitos. En esta tesis pretendemos dar a conocer dianas moleculares 
de las células β responsables de pérdida de la célula β causadas por el ataque 
linfocitico. Desarrollamos un estudio de microarreglos en el cual encontramos genes 
expresados diferencialmente en células endócrinas del islote como consecuencia de 
la infiltración insulítica mediante la comparación de un modelo de ratón autoinmune 
susceptible No Obeso Diabético (NOD) con una  cepa  congénica libre de linfocitos  
NOD/SCID. Interesantemente, descubrimos que, la ciclina D3 (CcnD3) experimentó 
una disminución como consecuencia de un asalto inflamatorio de forma dosis 
dependiente, mientras que la actividad de proliferación de las células β no fue 
alterada. Además, células NIT-1 que sobreexpresan CcnD3 fueron protegidas de 
apoptosis espontánea y apoptosis inducida por un entorno proinflamatorio 
proporcionado por la IL-1β. Para demostrar la relación causal entre la represión de 
la CcnD3 y la muerte de las células β in vivo, hemos estudiado la aparición de la 
diabetes espontánea en ratones NOD deficientes en CcnD3 (NODCcnD3KO). Los 
ratones NODCcnD3KO desarrollan una diabetes exacerbada en comparación con 
sus compañeros de camada de tipo salvaje (WT) (88% contra el 61% 
respectivamente) y este hecho debido únicamente a la deficiencia de  CcnD3 de las 
células  β y no a un aumento de diabetogenicidad del repertorio linfocítico de los 
ratones NODCcnD3KO. Sin embargo, la exacerbación de la diabetes requiere la 
complicidad de ambos, la deficiencia de CcnD3 e inflamación, ya que los ratones 
NOD/SCIDCcnD3KO, los cuales carecen de linfocitos, no desarrollan diabetes 
espontánea.  
CcnD3 tiene también un papel escencial en la fisiología de las células β del 
páncreas, ya que los islotes deficientes de CcnD3 no experimentan cambios 
apropiados en las concentraciones intracelulares de Ca2+ en respuesta a diferentes 
concentraciones de glucosa en el medio. Este deterioro en el acoplamiento de la 
concentración de glucosa en el medio extracelular y aumento de la concentración 
intracelular de Ca2 + no es debido al cambio del nivel de expresión del transportador 
de GLUT-2 entre islotes NODCcnD3 KO y NODWT. 
Por otro lado, hemos desarrollado ratones transgénicos que sobreexpresan la 
ciclina D3 en células β pancreáticas (NOD/RIPCcnD3). Estos ratones muestran 
protección contra la diabetes autoinmune y rescatan a ratones NOD CcnD3KO de 
desarrollar diabetes exacerbada. 
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RESUM 

La diabetis tipus 1 (DM1) és una malaltia autoimmune causada per la destrucció de 
cèl·lules productores d'insulina β en els illots pancreàtics, aquesta destrucció és 
mediada per limfòcits. En aquesta tesi es pretén donar a conèixer les dianes 
moleculars de les cèl·lules β responsables de la mort de les cèl·lules β causada per 
l'atac limfocític. Es van realitzar assajos de microarrays per tal d’identificar els gens 
expressats diferencialment en les cèl·lules endocrines d’illots, com a conseqüència 
de la infiltració insulítica, mitjançant la comparació de cèl·lules endocrines d’ illots 
provinents de ratolins NOD (Non Obese Diabetic)- model de ratolí predisposat 
genèticament a la diabetis autoimmune-, amb les provinents del seu homòleg lliure 
de limfòcits, NOD / SCID. Curiosament, vam descobrir que la ciclina D3 (CcnD3) es 
regula a la baixa a conseqüència de la inflamació d'una manera dosi-dependent, 
mentre que l'activitat proliferativa de les cèl·lules β no es veu alterada per aquesta 
disminució en l’expressió de ciclina D3. A més, les cèl·lules NIT-1 que 
sobreexpressen Ciclina D3 resten protegides de l'apoptosi espontània i de l'apoptosi 
induïda per un entorn proinflamatori proporcionat per IL-β. Per demostrar la relació 
de causalitat entre la repressió de CcnD3 repressió i la mort de les cèl·lules β in 
vivo, hem estudiat l’aparició de diabetis espontània en ratolins NOD deficients en 
CcnD3 (NODCcnD3KO). Els ratolins NODCcnD3KO desenvolupen diabetis 
exacerbada en comparació amb companys de llodrigada de tipus salvatge (WT) 
(88% enfront de 61% respectivament), i aquest fet deu únicament a la deficiència de 
CcnD3 a les cèl·lules β i no a un augment de diabetogenicitat del repertori limfocític 
dels ratolins NODCcnD3KO. No obstant això, l'exacerbació de la diabetis requereix 
de la complicitat de tots dos, la deficiència CcnD3 i la inflamació, ja que els ratolins 
NOD/SCIDCcnD3KO, els quals no tenen limfòcits, no desenvolupen diabetis 
espontània. 
CcnD3 té també un paper essencial en la fisiologia les de cèl·lules β del pàncrees, 
ja que illots pancreàtics deficients en CcnD3 no experimenten canvis adients en les 
concentracions intracel·lulars de Ca2+ en resposta a concentracions canviants de 
glucosa en el medi, el qual denota una sensibilitat deficient a la glucosa en aquests 
illots. Aquest deteriorament d'acoblament concentració de glucosa en el medi 
extracel·lular i l’augment a la concentració intracel·lular de Ca2+ no és a causa dels 
canvis en els nivells d’expressió del transportador de glucosa GLUT-2 entre illots 
NODCcnD3 KO i NODWT. 
D'altra banda, hem desenvolupat ratolins transgènics que sobreexpressen ciclina D3 
en cèl·lules β pancreàtiques (NOD/RIPCcnD3). Aquests ratolins mostren protecció 
contra la diabetis autoimmune i rescaten ratolins NOD CcnD3KO de desenvolupar 
diabetis exacerbada. 
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4. Introduction 

7.1 Type 1 diabetes (T1D) 

Type 1 diabetes is a disease caused by organ-specific autoimmune destruction of 

pancreatic insulin-producing β cells in the islets of Langerhans leading to insulin 

deficiency and chronic hyperglycaemia(2) and numerous life-threatening 

complications including nephropaty, neuropathy and retinopathy.(3)  

T1D is a multifactorial disease developing as a consequence of the combination of 

genetic predisposition and environmental factors.(2)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. T1D as a multifactorial disease. T1D develops as a consequence of genetic factors and 
environmental factors. The most important genetic factors are related to the Major Histocompatibility 
Complex. In humans, some polymorphisms of class II loci of human leukocyte antigen (HLA) are the 
strongest genetic association with T1D. These include haplotype HLA-DR3-DQ2/DR4-DQ8. Other 
non-HLA genes, such as insulin polymorphisms or UBASH3A, and others that generate generalized 
autoimmunity have also been studied. Environmental factors like temperature, UV light, psychological 
stress, dietary, obesity, viral infections and intestinal microbiota and macrobiota are factors that 
contribute to the development of T1D. 
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7.1.1 Genetic factors 

The most relevant genes related to T1D are located within the Major 

Histocompatibility Complex (MHC), which in humans is called the Human Leukocyte 

antigen (HLA) region is located to the chromosome 6p. The class I genes include 

HLA-A, HLA-B, HLA-C and class II genes, HLA-DP, HLA-DQ and HLA-DR each one 

encoding for both, the α and beta β. Nine chains of these genes are highly 

polymorphic and play a role in immune responses: HLA-DPA-1, HLA-DPB1, HLA-

DQA1, HLA-DQA1, HLA-DQB1, HLA-DRB1 in the class II loci; and, HLA-A, HLA-B 

and HLA-C in the class I loci.  

The high-risk HLA class II alleles exhibit the strongest genetic association with T1D 

and individuals with the HLA-DR3-DQ2/DR4-DQ8 haplotype have approximately a 

20-fold higher risk of developing T1D than the general population(4). Some 

haplotypes confer a moderately increased risk of T1D, while others seem to be 

protective(5). Class I loci are not currently taken into account in risk models for 

T1D(6). 

Regarding the non-HLA loci, they only confer a small additional risk compared to the 

strong effect of the HLA-DR or HLA-DQ loci(7). The association of 20 genes with 

development of islet autoimmunity and T1D was tested among non-Hispanic white 

subjects with the high-risk HLA-DR, DQ haplotype in the Diabetes Association In 

Support of Youth (DAISY) cohort.  

Some interesting variations are polymorphisms in:  

 The associated ubiquitin and SH3 domain containing A (UBASH3A) gene, 

encodes for a suppressor molecule of T cell receptor signalling  

 Protein tyrosine phosphatase nonreceptor type 22 (PTPN22) whose gene is 

located on chromosome 1p13 predicted the development of T1D haplotype 

when assessing the family history and presence of the HLA-DR3/4-

DQB1*0302 haplotype.  

 Polymorphisms in the insulin (INS) gene. 
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 Although the effect of each individual gene is small, the combination of family 

history of T1D, the succeptibility haplotype and susceptibility variants of PTPN22, 

UBASH2 and INS increased the risk of islet autoimmunity 16-fold and that of T1D, 

40-fold(8).   

There are other genetic factors, not specifically related to T1D onset but rather to 

generalized autoimmunity. For instance, the Autoimmune Regulator (AIRE) that 

directs the expression of tissue-restricted antigens in the thymic medulla and the 

lymph node stromal cells. AIRE contributes substantially to the induction of 

immunological tolerance to self antigens. Mutations or lack of the expression of 

these genes can lead to an autoimmune condition.   

In addition to the possible effects on the thymic selection, PTPN22 may affect the T-

cell function in the periphery, as well as the function of the regulatory T cells and B 

lymphocytes(9, 10). Data emerging from both experimental and clinical studies 

support a role for B lymphocytes in T1D pathogenesis(11), and even C-peptide 

preservation has been reported following B-lymphocyte depletion in patients with 

new-onset diabetes(12). There are also reports of defects in B lymphocyte 

regulation(13).  

 

Polymorphisms of the IL2RA gene, which encodes for the α chain of the interleukin-2 

receptor (IL-2Rα, or CD25), modulate T1D risk(14). Functional studies of these 

polymorphisms include reduced levels of soluble IL-2 receptor(15), reduced Signal 

Transducer and Activator of Transcription 5A (STAT5a) responsiveness to IL-2 in 

antigen-experienced CD4+ T cells, lower levels of the regulatory T-cell Foxp3 

transcription factor, and reduced suppressive function of CD4+CD25+ regulatory T 

cells(15). IL-2 is a critical growth factor for lymphocytes and is important for the 

initiation of immune responses by promoting the proliferation and expansion of CD4+ 

and CD8+ T cells. IL-2 is also a key cytokine for immune homeostasis and for the 

development and function of CD4+CD25+ regulatory T cells (Treg)(16). The IL-2 gene 

is a susceptibility locus in Non-Obese Diabetogenic (NOD) mice, a mouse model of 

T1D in which abnormalities of the IL-2 pathway influence the development of 
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diabetes and the function of the regulatory T cells(17). In NOD mice, intra-islet 

CD4+CD25+ regulatory T cells express reduced amounts of IL2RA, which are 

associated with Treg increased apoptosis rates and disease development(18). 

Conversely, treatment of NOD mice with low doses of IL-2 corrects IL-2-dependent 

defects and reverses new-onset diabetes(19). Clinical trials with low-dose IL-2 

treatment show benefits in two other immune-mediated conditions, graft vs. host 

disease (GVHD) and hepatitis C virus-induced vasculitis(20, 21). However the 

treatment with IL-2 and rapamycin of patients with T1D results in a temporary 

worsening of C-peptide secretion. Apparently, the IL-2 dose used was not low 

enough only to stimulate regulatory T cells, but also induced effector cell types(22).   

 

7.1.2 Environmental factors. 

There are many potential candidates, including environmental factors, that may 

contribute to the onset of T1D. These include climate, dietary factors (such as gluten 

and cow’s milk), obesity, viral infections (particulary enterovirus) and intestinal 

microbiota and macrobiota. 

 

7.1.2.1 Climate 

Many of the countries with a high incidence of T1D are located close to the polar 

areas of the globe, both the North and the South Poles(23). Even within countries, 

latitude and seasonal shifts can make a difference: one Australian study, for 

example, found that T1D prevalence was three times higher in southern regions of 

that country than in northern areas(24). The hygiene hypothesis(1),  suggests that 

vaccination and better sanitation, that result in a decrease in chronic parasitic 

infections, can impair the development of robust immune regulatory networks, 

favoring autoimmune inflammatory reactions. 

Vitamin D, which is produced by the skin when exposed to sunlight, is a possible 

explanation for this pattern. In a study of 51 regions around the world(25), it 

was found that areas with lower levels of ultraviolet B radiation (the main source of 
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vitamin D in humans) had a higher incidence of T1D. Vitamin D deficiency appears 

to be a risk factor for type 1 diabetes, and vitamin D cannot be produced adequately 

by the skin during winter in areas close to the polar regions. Optimal vitamin D 

supplementation during early life has been shown to be protective. 

7.1.2.2 Dietary factors 

Dietary factors are related to the development of T1D. No breast milk uptake, the 

introduction of cereals (with or without gluten) before three months of age(26), a 

lower intake of omega-3 fatty acids and lower maternal consumption of vegetables 

and potatoes are associated with increased risk of early childhood islet 

autoimmunity(27). The “Accelerator Hypothesis” proposes that the rise in T1D, as 

well as type 2 diabetes (T2D), is related to increasing rates of childhood obesity and 

insulin resistance, and proposes that weight gain in both types of diabetes causes 

an increase in insulin resistance, which results in the weakening of glucose control. 

The rising blood glucose (glucotoxicity) accelerates β-cell apoptosis and promotes 

exposure to β-cell antigens, further accelerates β-cell destruction in a subset of 

individuals genetically predisposed to autoimmunity. The 'Accelerator Hypothesis' 

envisages an overlap between two types of diabetes. For this hypothesis, body 

mass is a key to the development and rising incidence of both types of diabetes, and 

the time frame will distinguish between 'types' of diabetes. Limiting weight gain, and 

with it, insulin resistance, could be the means of minimizing the development of both 

types of diabetes according to this hypothesis(28). 

7.1.2.3 Viral infections 

There is increasing evidence that viral infections are a factor in triggering the 

aetiology of T1D. To this effect, several viruses have been reported to have the 

capacity to induce or exacerbate T1D in both humans and mice. The most 

convincing evidence linking viral infection and autoimmunity comes from studies on 

enteroviruses, particularly Coxsackievirus. There is strong evidence associating 

coxsackievirus infection with T1D, presenting the current state of knowledge on the 

potential mechanism of coxsackievirus-mediated T1D(29). 
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7.1.2.4 Intestinal microbiota 

The NOD mouse strain is an excellent model of spontaneous autoimmune disease 

and an important tool for dissecting tolerance mechanisms. The strength of this 

mouse strain is that it develops spontaneous autoimmune diabetes, which shares 

many similarities with the human autoimmune T1D, including the presence of 

pancreas-specific autoantibodies, autoreactive CD4+ and CD8+ T cells, and genetic 

linkage to the MHC class II risk haplotype. Because of the above, the NOD mouse 

model was used for the research work in this thesis. 

 The incidence of spontaneous T1D in non-obese diabetic (NOD) mice can be 

affected by the microbial environment in the animal housing facility or by exposure to 

microbial stimuli, such as injection with mycobacteria or various microbial products. 

Specific pathogen-free NOD mice lacking the myeloid differentiation primary 

response gene 88 (MyD88) protein (an adaptor for multiple innate immune receptors 

that recognize microbial stimuli) do not develop T1D. The effect is dependent on 

commensal microbes, because germ-free MyD88-negative NOD mice develop 

robust diabetes, whereas colonization of these germ-free MyD88-negative NOD 

mice with a defined microbial consortium (representing bacterial phyla normally 

present in the human gut) attenuates T1D. MyD88 deficiency changes the 

composition of the distal gut microbiota, and exposure to the microbiota of specific 

pathogen-free MyD88-negative NOD donors attenuates T1D in germ-free NOD 

recipients. Together, these findings indicate that interaction of the intestinal microbes 

with the innate immune system is a critical epigenetic factor modifying T1D 

predisposition(30). 

7.1.2.5 Intestinal macrobiota: Helminths 

The incidence of autoimmune type-1 diabetes is increasing in developed countries 

but is still relatively uncommon in the developing world. Autoimmune diabetes 

affects approximately 1 in 300 children and is a considerable burden for healthcare 

systems(31). This fact is consistent with the hygiene hypothesis and coincides with a 
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decrease in helminth infection(32). Helminth infections are a worldwide phenomenon 

but are becoming increasingly less frequent in developed countries(1). 

Experimentally, helminths have been associated with protection against a number of 

autoimmune disorders, including inflammatory bowel disease and diabetes. Studies 

have now shown that chronic parasitic helminth infection in the non-obese diabetic 

(NOD) mouse, which spontaneously develops T1D, can dramatically reduce the 

onset of diabetes(31, 33-35). Components of the helminth-induced immune 

response, including both the cell surface and secreted molecules, have been 

proposed as potential agents that down-modulate the Th1-type inflammatory 

response that mediates β‐cell destruction(36, 37). Diabetes is also prevented despite 

blockage of the Th2-type response(38). Moreover, there is a mechanism of helminth-

induced Th2-independent control of T1D, which remains unclear. However, 

prevention requires IL-10(39).  

 

7.1.3 Pathogenesis of T1DM 

The etiopathogenesis of T1DM remains unclear, but clues to its origins and etiology 

can be gathered from studies of NOD mice and humans.  

An initial hit, probably a physiological wave of β-cell apoptosis after weaning, that 

would prone autoreactive T cells (CD8+ and CD4+) in the pancreatic LN, and, in 

NOD mice, cellular debris that would not be properly cleaned can be the first step 

towards autoimmune diabetes. NOD macrophages are less efficient at engulfing 

apoptotic cells, leading to a defective clearance of apoptotic cells. This accumulation 

of dying cells can promote inflammatory responses(40). This same accumulation and 

its products can be related to the physiological apoptosis of pancreatic β cells in 

NOD mice(41). It has been suggested that the products released by dying cells 

initiate T1D development in this strain, possibly activating other cells of the innate 

immune system, such as DC. 

 Pathogenic autoreactive T cells, which infiltrate (insulitis) and destroy the pancreatic 

islets, are required for the onset of T1D. The activation of autoreactive T cells in 
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NOD mice is initiated by dendritic cells (DCs), presenting islet self-antigens in the 

draining pancreatic lymph nodes (LN) following a wave of β-cell death(42). 

 Immune-mediated tissue damage results in additional shedding of islet antigens and 

epitope spreading in the autoreactive T cell response, leading to infiltration of the 

tissue by a varied population of autoreactive T cells that are nevertheless 

predominantly tissue-specific rather than recruited by bystander mechanisms(43). 

CD8+ and CD4+ T cells can transfer disease in the NOD mouse model of T1D(44). 

 T cells specific to islet self-antigens, including insulin, glutamic acid decarboxylase 

65 (GAD65), insulinoma-associated protein 2 (IA2), zinc transporter 8 (ZnT8), and 

islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP), have 

been found in the islets and peripheral blood of both NOD mice and T1D 

patients(45).  

Diabetogenic CD8+ T cells have a central role in the pathogenesis of T1D, as NOD 

mice deficient in CD8+ T cells do not develop autoimmunity(46-48). These cells 

induce β-cell destruction during the effector stage of disease, and are essential in 

priming and expanding diabetogenic CD4+ T cells. Effector CD8+ T cells or cytotoxic 

T lymphocytes (CTLs) are important killers of human β cells(49, 50) by releasing 

cytotoxic granules with perforins and granzymes, via exocytosis, after direct contact 

with target cells(51). Perforins create holes in the plasma membrane of islet β cells, 

allowing cytotoxic serine proteases (granzymes) to enter and induce β-cell death by 

apoptotic and necrotic pathways(51). CTLs also exert a killing role by engaging the 

Fas receptor expressed on β cells with the Fas ligand (FasL) expressed on 

CTLs(52). CTLs play a key role, but do not account for all the β-cell destruction(52); 

NOD mice lacking MHC class I proteins still develop insulitis, but the incidence of 

this and hyperglycemia is significantly reduced suggesting that MHC class I-

dependent cytotoxicity of the β-cells is a late event in the development of the 

disease(53). However this is not totally proved. In studies using a depleting α-CD8 

antibody at two different times (the first at two to five weeks and the second, at 

seven weeks of age), after the first depletion, the NOD mice are protected against 

T1D and in the second, the NOD mice develop the disease similarly to the 
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controls(54). Also CD8+ cells secrete IFN-γ and TNF-α to upregulate autoantigen 

presentation on DCs and enhance Fas and MHC class I expression in the β cells, 

augmenting T-cell mediated autoimmunity and promoting β-cell destruction(55). 

CD4+ T cells are also required to induce T1D pathogenesis through β-cell 

destruction but by different means than the CD8+ T cells. 

CD4+ T cells play a critical role in T1D disease pathogenesis. NOD mice deficient in 

CD4+ T cells are fully protected against the spontaneous onset of diabetes (56)(57). 

Only CD4+ T cells can invade NOD pancreatic islets, while CD8+ T cells do not enter 

islets unless CD4+ T cells are also present(58-60). CD4+ T cells act both early and 

late in T1D pathogenesis, as adoptive transfer of CD4+ T cells precipitates the 

disease, and depletion of CD4+ T cells protects against the onset of the disease(56). 

Autoreactive CD4+ T cells synthesize pro-inflammatory cytokines, such as IFN-γ and 

TNF-α, for β-cell destruction. CD4+ cells mediate β-cell death in a Fas-dependent 

manner, and the deficiency of CD4+ cells blocks insulitis(61). 

The synthesis of IFN-γ by diabetogenic T cells is an important contributor to the 

pathogenesis of the T1D(62). Blocking IFN-γ via specific antibodies(63) or soluble 

receptors(64) significantly reduces spontaneous T1D and prevents adoptive transfer 

of disease, while transgenic expression within the β cells exacerbates 

autoimmunity(65).  

 TNF-α promotes cell adhesion by endothelial cell activation(66, 67), leukocyte 

homing(68), upregulation of MHC class I and II within the islet(69, 70) and activation 

of T cells and antigen presenting cells (APCs). Production of TNF-α by CD8+ cells is 

directly cytotoxic to β-cells(71, 72). Like CD8+ cells, CD4+ T cells also produce TNF-

α. Adoptive transfer of diabetogenic CD4+ cells into a NOD mice deficient in TNF 

receptors 1 and 2 (TNFR1/2) significantly delayed T1D onset(72). The TNF-α of 

CD4+ T cells activates DCs, natural killer (NK) cells and macrophages to promote β-

cell destruction(73).  

In addition to being produced by T cells, pro-inflammatory cytokines are induced by 

reactive oxygen species (ROS) via redox-dependent signaling pathways. ROS 
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(superoxide, hydrogen peroxide, hydroxyl radicals) influence a variety of essential 

processes including pro-inflammatory signalling, autophagy, chemotaxis, antigen 

cross-presentation, and immune modulation(74). ROS have an important role in 

eradicating pathogens, and high concentrations of ROS and decreased expression 

of antioxidants can induce oxidative stress states, which, in turn, propagate 

pathological tissue destruction in various autoimmune and inflammatory diseases 

such as T1D(75). A recent study reported that sera from T1D patients exhibited 

enhanced reactivity with hydroxyl radical-modified glutamic acid decarboxilase 65 

(GAD65), an autoantigen in the T1D pathogenesis detected in 60% of patients 

diagnosed early(76, 77), and binding activity is more pronounced in T1D patients 

suffering diabetic complications (e.g. retinopathy and neuropathy). Hence, ROS may 

generate highly immunogenic neoepitopes that drive T1D pathogenesis(78). Acute 

fluctuations in extra- and intra-cellular ROS concentrations may have a function as 

intracellular signalling second messengers. 

Other factors, as well as enzymes, are also related with the development of T1D in 

rodent islets. Exposure to IL-1β alone or combined with IFN-γ induces expression of 

inducible nitric oxide synthase (iNOS). Inhibition of iNOS or a deletion of the iNOS 

gene has been shown to be protective in animal models of T1D. Transplanting 

pancreatic islets deficient in iNOS (iNOS-/-) would allow increased graft survival(79). 

Higher amounts of iNOS induce necrosis in the tissue, and lower amounts can 

induce apoptosis. 

Studies on the pathogenesis of type-1 diabetes have mainly focused on the role 

of the immune system in the destruction of pancreatic β-cells. Lack of data on the 

cellular and molecular events at the β-cell level is caused by the inaccessibility of 

these cells during the development of the disease. Indirect information has been 

collected from isolated rodent and human islet cell preparations that were exposed 

to inflammatory conditions.β-cells rapidly die by necrosis because of toxic levels of 

oxidizing radicals or nitric oxide. They become progressively apoptotic after 

prolonged culture at low glucose concentrations or after exposure to pro-

inflammatory cytokines. Their susceptibility to necrosis or apoptosis varies with their 

functional state and, thus, with the environmental conditions. A change in cellular 
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phenotype can alter their recognition of potentially cytotoxic agents and their 

defence mechanisms against cell death. β cells are not necessarily passive victims 

of a cytotoxic process but can actively collaborate in their own destruction(80).  

 

7.2 β‐cell function 

β cells are responsible for secreting insulin in response to an increase in blood 

nutrient levels during the postprandial state. Glucose is the most important nutrient 

for insulin secretion (secretagoge). The process by which glucose promotes insulin 

secretion through β-cells requires its sensing and metabolism, a process called 

glucose-stimulated insulin secretion. 

Glucose-stimulated insulin secretion is a biphasic and pulsatile process(81). The 

secretory pulses of beta-cells are associated with synchronous Ca2+ oscillations in 

response to the glucose stimulus(82), and they have been suggested to be coupled 

to glycolysis oscillations of the beta cell(83). Secretory pulses are also regulated and 

synchronized within the islet. Insulin and glucagon secretion show asynchronous 

patterns(81, 84), whereas somatostatin pulses are synchronized with insulin 

secretion(81).  

Glucose-stimulated insulin secretion also shows a biphasic pattern. Shortly after 

glucose stimulus, a first burst of insulin secretion occurs, followed by a decrease in 

the rate of secretion. A second sustained phase of insulin secretion can be observed 

just after this decrease, which can continue for up to several hours, until euglycemia 

is reached(85) (Figure 2).  

Although the mechanisms involved in the first phase of insulin secretion (termed the 

triggering pathway) are well understood, the mechanisms regulating the sustained 

second phase (or the amplifying pathway) have yet to be deciphered, and different 

players have been proposed to account for it. Notably, most of them are related to 

glucose metabolism inside the β-cell(86).  
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Figure 2. Mechanism of glucose-stimulated insulin secretion. Glucose enters the cell by glucose 
transporters (GLUT2 in rodents and humans, GLUT1 in humans) and enters glycolysis pathway, 
Krebs cycle and the respiratory chain, completing its oxidation and generating ADP, ATP. Increased 
levels of ATP close the ATP-sensitive K+ channel (KATP), allowing sodium (Na+) entry without 
balance. These two events depolarize the membrane and open voltage-dependent T-type calcium 
(Ca 2+) and sodium (Na+) channels. Na+ and Ca2+ entry further and depolarize the membrane and L-
type and perhaps other voltage-dependent calcium channels (VDCC) open. This activation increases 
intracellular Ca2+ ([Ca2+]i), which leads to the fusion of insulin-containing secretory granules with the 
plasma membrane and the first-phase insulin secretion (triggering pathway). A sustained second 
phase of insulin secretion happens when the granules from the readily releasable pool are converted 
to the immediately releasable pool, an ATP-dependent process termed “priming”. Most of the signals 
involved in this process also come from glucose mitochondrial metabolism, comprising the amplifying 
pathways. 
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Is important to mention that the nervous system has a strong influence on insulin 

secretion, since insulin secretion is stimulated by parasympathetic nerves or their 

neurotransmitters, and inhibited by sympathetic nerves or their neurotransmitters. 

The islet autonomic nerves seem to be of physiological importance in mediating the 

insulin secretion, synchronizing the islets to function as a unit allowing oscillations of 

islet hormone secretion and optimizing islet hormone secretion during metabolic 

stress, e.g. hypoglycemia (an abnormally low level of glucose in blood) and 

neuroglycopenia (shortage of glucose in the brain). The autonomic nerves could also 

be involved in the islet adaptation to insulin resistance with possible implications for 

the development of glucose intolerance and Type-II (non-insulin-dependent) 

diabetes mellitus. Islet innervation, through the contribution of all branches of the 

autonomic nerves and several different neurotransmitters, is of importance for both 

the physiology and patho-physiology of the islets(87). 

A recent study reported that the vagal nerve is involved in β-cell proliferation, the 

induction of endocrine progenitors and neogenesis of α- and β-cells. If the vagal 

nerve is blocked with atropine, proliferation of these cells is inhibited.(88). 

The first phase of glucose-stimulated insulin secretion is a multi-step process that 

requires internalization and oxidation of glucose (Figure 3). Glucose enters the cells 

by facilitated diffusion mediated by glucose transporters (mainly GLUT-2 in rodents 

and humans, GLUT-1 in humans). Glucose is then phosphorylated by glucokinase to 

form glucose-6-phosphate initiating glycolisis (89) and hence its metabolism through 

glycolysis and oxidation in the Krebs cycle.  

The generation of ATP by glycolysis, the Krebs cycle (or Tricarboxylic Acid (TCA) 

cycle) and the respiratory chain, leads to closure of the ATP-sensitive K+ channel 

(KATP) (an hetero-octamer comprised of four subunits of the sulphonylurea 1 receptor 

(SUR1) and four subunits of the inwardly-rectifying K+ channel Kir6.2)(90). The 

closure of the KATP channels permits the background sodium (Na+) to enter without 

balance. These two events depolarize the membrane to a range that allows the 

opening of voltage-dependent T-type calcium (Ca2+) and sodium (Na+) channels. 
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Na+ and Ca2+ entry further depolarizes the membrane and L-type and other voltage-

dependent calcium channels (VDCC) may open. Their activation triggers action 

potentials that increase the intracellular Ca2+ concentration ([Ca2+]i)(91). Together 

with calcium mobilized from intracellular stores, this increase in Ca2+ leads to the 

fusion of insulin-containing secretory granules with the plasma membrane and the 

release of insulin into the circulation(92). Following glucose metabolism, the rate-

limiting-step for the first phase lies in the rate of signal transduction between sensing 

the rise in [Ca2+]i and the exocytosis of the immediately releasable granules(93).  

The existence of a second phase of insulin secretion was first reported in the 1960s. 

Curry et al.(85) observed that total pancreas perfusion with glucose resulted in 

insulin release that showed an early and rapid increase 2 min after glucose infusion, 

peaking at 4 min.  

A second or “slow” phase, characterized by an increasing rate of insulin secretion 

was sustained during the whole period of glucose perfusion within approximately 2 

min. On the other hand, when the pancreas was perfused with tolbutamide, a 

sulfonylurea that blocks the potassium channels, only the first rapid release peak 

was observed, suggesting that this agent has no effect on insulinogenesis and/or the 

mechanism which gives rise to the second phase(85). It was in the 1990s that 

evidence of mechanisms for glucose-stimulated insulin secretion independent of 

ionic action (i.e. KATP potassium channel activation) was found(94, 95). Since then, 

the concept of a rapid first phase of glucose-stimulated insulin secretion, caused by 

a triggering pathway (or KATP-dependent mechanism), followed by a sustained 

second phase due to an amplifying pathway (or KATP-independent mechanism) has 

developed(96, 97). 

Biphasic insulin secretion has been explained by the existence of different pools of 

insulin containing granules inside the beta cell(94, 98). There is a reserve pool of 

granules located in the cytoplasm that accounts for approximately 94% of the total 

granules, and a releasable pool of granules that are docked to the plasma 

membrane. It has been suggested that in the docked granules there are two different 

subsets according to their ability to be released, the readily-releasable pool, and the 



15 
 

immediately-releasable pool. The granules from the immediately releasable pool are 

the first to be secreted in response to intracellular Ca2+ increase during the triggering 

pathway, leading to the first phase of insulin secretion. At the lowest point of 

secretion, in between the two phases, the granules from the readily-releasable pool 

are converted to the immediately-releasable pool, an ATP-dependent process 

termed “priming”.  

This priming has been suggested to be the rate-limiting step for exocytosis, and the 

target process for signals involved in the amplifying pathway that leads to the 

sustained second phase of insulin secretion(98) (Figure 2). Given the glucose-

stimulated nature of biphasic insulin secretion and the ATP-dependence of priming, 

it is suggested that most of these signals are derived from glucose metabolism. 

7.2.3 Regulation of β-cell function 

Transcription factors in β cells act in a cooperative manner, forming transcriptional 

networks, to induce not only insulin expression, but also the expression of other 

genes involved in insulin gene regulation and insulin secretion, thus establishing and 

maintaining the β-cell phenotype and function. Some of these factors include 

Pancreatic and duodenal homeobox 1 (PDX-1), Hepatocyte Nuclear Factor 4α 

(HNF4α), Musculoaponeurotic Fibrosarcoma oncogene homolog A (MAFA), 

Forkhead box A2 (FOXA2) and Neurogenic differentiation (NeuroD1)(99).  

PDX-1 is one of the most important transcription factors regulating the insulin gene 

transcription. This factor is determinant for pancreatic function. β-cell specific 

knockout studies show that when pdx1 is ablated in mice, β-cell function is impaired 

and mice exhibit a diabetic phenotype(100). Many of the target genes for pdx1 are 

crucial for glucose-induced insulin secretion, such as glucose transporter Glut-

2(100), the insulin gene(101), and other transcription factors(100-103).  PDX-1 also 

plays a role in the maintenance and proliferation of β	 cells(104). PDX-1 over-

expression in diabetic mice (Irs2 knockout) is involved in β-cell mass recovery and 

helps to ameliorate glucose tolerance(105), whereas pdx1 haploinsufficiency causes 

β-cell apoptosis(106). A decrease in PDX-1 has also been associated with apoptosis 
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and reduced expression of the antiapoptotic genes BclXL and Bcl-2(107), defects in 

post-translational processing of insulin, repression of the Glucagon-like peptide 

receptor (GLP-1R) expression(108), glucotoxicity(109) and lipotoxicity(110, 111). 

 

7.2.4 Metabolic factors and glucose-stimulated insulin secretion  

An increase in the ATP/ADP ratio caused by glucose metabolism in β-cells is the 

mechanism by which the first phase of glucose-stimulated insulin secretion is 

triggered. However, glucose metabolism can also render a series of signals, or 

metabolic coupling factors, that may initiate and sustain the second phase of insulin 

secretion, presumably by favoring mobilization of the insulin granules form the 

reserve pool, and by replenishing the immediately-releasable pool of insulin 

granules. Some of these metabolic coupling factors participate in mitochondrial 

shuttles, involving NADPH, pyruvate, malate, citrate, isocitrate, acyl-CoAs, and 

glutamate(112). 

There are also various signalling pathways that, when activated, may contribute to 

maintaining or increasing glucose-stimulated insulin secretion, for instance Calcium-

Calmodulin-Dependent Protein Kinase II (CaMKII), Protein Kinase A (PKA), Protein 

Kinase C (PKC) and Protein Kinase G (PKG) pathways. Notably, most of the other 

insulin secretagogues, namely nutrients, hormones and neurotransmitters, also 

modulate insulin secretion by these pathways. 

7.2.4.1 Mitochondrial signalling  

The role of mitochondria in the second phase of glucose-induced insulin secretion 

has been established by several studies in cell lines and humans(112, 113). There is 

even evidence of an uncommon sub-form of diabetes, mitochondrial diabetes, where 

mutations in mitochondrial DNA cause pancreatic β-cell dysfunction(113). 

Besides rendering the initial increase in the ATP/ADP ratio, mitochondrial 

metabolism and anaplerotic metabolites are also involved in sustaining the second 

phase of insulin secretion. 



17 
 

Pyruvate, the end-product of glycolysis, plays an important role in this process as it 

participates in several cycles whose final products constitute amplifying signals for 

insulin secretion. Particularly, NADPH, GTP, Malonyl-CoA, long-chain acyl-CoA, and 

glutamate have been suggested to sustain insulin secretion, although the exact 

mechanisms by which they exert these effects remain to be elucidated(112).  

After entering the mitochondria, pyruvate may be either converted into Acetyl-CoA 

by pyruvate dehydrogenase, or carboxylated to oxalacetate by pyruvate 

carboxylase, and therefore enter the Krebs cycle or Tricarboxilic Acid Cycle (TCA) 

(Figure 3). Moreover, pyruvate carboxylase is highly expressed in the pancreatic 

islets, similarly to gluconeogenic tissues, but islets lack phosphoenolpyruvate 

carboxykinase (PEPCK), the first enzyme in the glyconeogenic pathway(114). In 

addition, several studies have correlated pyruvate carboxylation with insulin 

secretion(115-118). 

Oxalacetate from pyruvate carboxylation may be converted to malate, exit the 

mitochondria, and be re-converted to pyruvate, producing NADPH (Pyruvate/malate 

cycle). Oxalacetate may also condense with acetyl-CoA to form citrate, which either 

continues in the TCA cycle, or exits the mitochondria, and is again converted into 

oxalacetate and acetyl-CoA by the ATPcitrate lyase (pyruvate/citrate cycle). 

Oxalacetate may re-enter the pyruvate/malate cycle, which will produce NADPH, 

while acetyl-CoA is carboxylated by Acetyl-CoA carboxylase and forms malonyl-

CoA, the initial step of fatty-acid synthesis(112). As the pancreatic islet is not a 

lipogenic tissue, the fact that acetyl-CoA activity is high in this tissue may indicate 

that malonyl-CoA can also act as a metabolic coupling factor for insulin 

secretion(119). 

Metabolites from the Krebs cycle can also exit the mitochondria and enter other 

cycles. Isocitrate, for example, is converted into α-ketoglutarate by the NADP-

dependent isocitrate dehydrogenase, rendering NADPH. α-ketoglutarate  may 

either re-enter the mitochondria to continue in the TCA cycle, or may be converted 

into glutamate by the glutamate dehydrogenase (GDH). Glutamate has been 
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suggested as another metabolic-coupling factor for insulin secretion, possibly by 

entering insulin secretory granules and promoting exocytosis(120). 

Finally, GTP may be produced by an isoform of the succinyl-CoA synthetase, which 

catalyzes the conversion of succinyl-CoA into succinate in the TCA cycle. It has 

been suggested that GTP participates in insulin secretion. In β	cells, suppression of 

GTP production by this pathway reduced glucose-induced insulin secretion, 

independently of changes in the NADPH or the ATP/ADP ratio(121).  

 

7.2.4.2 Calcium signalling and CaMKII 

As mentioned above, the glucose-stimulated insulin secretion is a Ca2+-mediated 

process. The increase in cytosolic calcium inside the β-cell must be sensed and 

transduced in order to exert a secretory response. One of the candidate proteins 

involved in this transducing system is calcium-calmodulin-dependent protein kinase 

II (CaMKII). CaMKII activation has been correlated with glucose-stimulated insulin 

secretion. Besides being localized in the insulin secretory granules, CaMKII 

phosphorylates proteins involved in the secretory machinery, include synapsin I(122), 

microtubule-associated protein 2 MAP-2(123),  Vesicle Associated Membrane 

Protein (VAMP)/ synaptobrevin(124) and others. Then, it is suggested that insulin 

release is modulated by CaMKII by mobilizing the secretory granules toward the cell 

membrane by MAP-2 phosphorylation and by potentially regulating the docking or 

priming mechanisms via VAMP and synapsin I protein phosphorylation. Since 

CaMKII remains active after glucose stimulation, it is suggested that it takes part in 

the mechanism of readily-releasable pool replenishment(125).  

7.2.4.3 The G-protein coupled signalling pathways: PKA and PKC  

The guanyl-nucleotide-binding (GTP) protein system, or G-protein coupled system, 

plays an important role in insulin secretion. In β cells, two G-protein regulated 

pathways, the Adenylate cyclase (AC)/Protein Kinase A (PKA), and the 

phospholipase C (PLC)/PKC pathways, modulate insulin secretion in response to 

nutrients and other peripheral signals(126).  
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Depending on the type of Gα subunit present, these signals will activate or inhibit 

Adenylate Cyclase (Gαs and Gαi subunits respectively). Gαq subunits are 

associated with the phosphatidyl inositol system.  

When Adenylate Cyclase is activated in β	 cells, it converts ATP into cyclic AMP 

(cAMP), which in turn either activates the cAMP-dependent protein kinase (PKA) 

and the Rap guanine nucleotide exchange factor (GEF) 4; or exchanges protein 

directly activated by cAMP 2 (Epac2). PKA will phosphorylate several proteins, 

including L-type voltage-dependent calcium channels and proteins from the 

exocytotic machinery, increasing sustained insulin secretion(127). Epac2 has been 

shown to favor insulin secretion by increasing the size of the reserve pool and, 

facilitating the recruitment of the granules to the plasma membrane(128), mediating 

the pulsatility of insulin secretion(129), and binding to the sulfonylurea receptor 

(SUR1) subunit of the KATP channels(130). The insulin gene itself has cAMP 

response elements in its promoter that modulate insulin transcription in response to 

this nucleotide(131). 

Therefore, ligands that increase the activity of adenylate cyclase and cAMP have a 

positive effect on insulin synthesis and secretion(132), while ligands that decrease 

adenylate cyclase activity affect insulin secretion negatively(133). Hormones and 

neurotransmitters mostly act on insulin secretion by this pathway.  

Phospholipase C (PLC) is the other effector protein regulated by G-protein coupled 

receptors in β cells. PLC activation cleaves phosphoinositides into two second 

messengers, inositol 1,4,5-trisphosphate (IP3), involved in Ca2+ release from the 

endoplasmic reticulum, and DAG. DAG is involved in the activation of the Protein 

kinase C (PKC). PKC phosphorylates the KATP channels and the voltage-dependent 

Ca2+ channels and mobilizes the secretory vesicles(126), thus promoting insulin 

secretion. Both nutrients and neurotransmitters may act through PKC activation, 

albeit by different mechanisms. It has been proposed that nutrients may activate 

atypical isoforms of PKC (ζ, ι and μ) by a non-identified mechanism independent 

from DAG, while the typical isoforms (α, β, δ and ε) of Protein Kinase C (PKC) are 

activated by DAG(133). 
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7.2.4.4 The cGMP/PKG pathway  

The cyclic GMP (cGMP) pathway is regulated basically by two factors: calcium and 

protein kinase G (PKG). Calcium increases the activity of calcium-dependent nitric 

oxide synthases, a key step in the synthesis of cGMP by soluble guanylyl cyclase 

(cGC). Calcium may also decrease cGMP synthesis by activating a calcium-

dependent phosphodiesterase 1 (PDE1). On the other hand, protein kinase G 

(PKG), an enzyme activated by cGMP, may phoshporylate different targets and 

modulate intracellular calcium concentration, primarily closing KATP channels(134). 

Although several studies have pointed to sGC and cGMP playing a role in insulin 

secretion(135, 136), a precise mechanism for action has yet to be elucidated for this 

pathway. A phosphorylation site for PKG has been identified in rat islets(133). This is 

likely the enzyme mediating cGMP actions in insulin secretion. It has also been 

shown that PKG activity is necessary to increase the ATP content in response to 

cGMP(137), and that glucose produces small increases in islet cGMP content(136, 

138). 

7.2.4.5 Other factors that can modulate insulin secretion 

Insulin secretion in response to plasma glucose can be increased or decreased by 

several hormones, like insulin itself acting in an autocrine way, and 

neurotransmitters, via activation of their membrane receptors on β cells(139). The G 

protein receptors and adenylate cyclase pathway are responsible for mediating most 

of these effects. 

The adenylate cyclase pathway may be activated by some neurotransmitters, like 

acetylcholine, and such hormones as Glucagon-like peptide-1 (GLP-1). GLP-1 is 

also an important factor for insulin synthesis and secretion, having a trophic effect on 

β cells as well(140). Other modulating pathways are activated in β cells in response 

to oxidative stress caused by high glucose levels, like the JNK pathway, which 

ablates insulin synthesis and interferes with its action(141). 
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Various studies have shown an autocrine role for insulin in β-cell function and 

survival(142-144). In this process, insulin binding to tyrosine-kinase insulin receptors 

located on the β-cell surface promotes insulin receptor autophosphorylation, 

regulating cell survival, proliferation, growth and nutrient metabolism, through 

engaged β-cell phosphorylation of different proteins (like Glycogen synthase kinase 

3 (GSK-3), FOX-O and cAMP Response Element-Binding (CREB)(145). The insulin 

receptor may be activating MAP kinases ERK1/2, regulating growth, cellular 

differentiation and protein synthesis(146).  

In human islets, insulin has a positive effect on insulin production at the 

transcriptional level, as well as on β-cell proliferation(147). 

Glucagon is considered the contrarregulatory hormone of insulin, as its systemic 

actions are contrary to the ones exerted by insulin. Glucagon stimulates glucose 

production by gluconeogenic organs, such as the liver and kidney, glycogen 

degradation, and lipolysis. Paradoxically, it has been shown that glucagon stimulates 

insulin secretion both in rats(148) and humans(149). Glucagon induces a transient 

increase in plasma insulin up to glucagon concentrations of 1 mg, and this increase 

is seen before a rise in glucose levels is detected(149). There is evidence that the 

positive effect of glucagon on insulin secretion is mediated by the activation of 

glucagon receptors in β	 cells (148)(148), and this activation may increase cAMP 

levels, leading to the PKA pathway (Figure 2). 

Besides nutrients, neurohormonal signals, such as autonomic innervation can 

markedly modulate glucose-stimulated insulin secretion. Islets are thoroughly 

innervated by autonomic nerves, which contain an extensive variety of neuropeptide 

transmitters. 

Increased sympathetic activity affects insulin secretion in situations of stress, 

exercise and trauma. Activation of parasympathetic nerves before and during 

feeding by smell, taste and the digestive tract, along with incretin hormones derived 

from the gut, are responsible for enhancing insulin response to meals. 

Parasympathetic neurotransmitters that stimulate insulin secretion include 

acetylcholine, vasoactive intestinal polypeptide and gastrin-releasing polypeptide. 

Sympathetic neurotransmitters inhibit insulin release. These include norepinephrine, 
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galanin and neuropeptide Y. The enteroinsular axis, mediated by incretin hormones, 

explains why the insulin secretion in response to an ingested nutrient load is greater 

than when the same load is given parenterally. Gastrointestinal hormones such as 

gastric inhibitory peptide, glucagon-like peptide-1 and cholecystokinin, exert 

physiological relevant insulinotrophic effects(139) In particular, GLP-1 has attracted 

attention due to its potential role in the treatment of diabetes. 

There are at least three potential sites where insulin can be modulated by hormones, 

peptides and neurotransmitters. Firstly, the ion channels that regulate membrane 

potential and calcium influx; secondly, the mobilization of intracellular calcium stores, 

mainly the endoplasmic reticulum, and therefore cytosolic calcium concentration; 

thirdly, the calcium sensibility of the contractile protein interactions that lead to the 

release of the insulin secretory granules(139). The two best-known targets of 

hormones, peptides and neurotransmitters within the β-cell, are related to adenylate 

cyclase and PLC. 

Activation of adenylate cyclase in β-cell converts ATP into cAMP, which can activate 

PKA. PKA phosphorylates several proteins including VDCC, and proteins from the 

exocytotic machinery, increasing sustained insulin secretion(139). 

PLC activation cleaves PIP2 in the membrane producing IP3, which in turn, inhibits 

calcium sequestration into the endoplasmic reticulum, while the adjacent cleavage 

product, diacylglycerol (DAG), activates PKC. 

Similarly to the effects of the adenylate cyclase signalling pathway, the activation of 

PLC alters insulin secretion by mechanisms related to calcium sensitivity and protein 

phosphorilation(139).  
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Figure 3. Regulation of glucose-stimulated insulin secretion by nutrients, hormones and 
neurotransmitters. Glucose-stimulated insulin secretion may be modulated by several mechanisms. 
Glucose metabolism increases the ATP/ADP ratio and closes ATP-sensitive potassium channels 
(KATP), depolarizing the membrane, opening voltage-dependent calcium channels (VDCC) and thus 
increasing intracellular calcium ([Ca2+]

i). Glucose metabolism by the Krebs Cycle also generates a 
series of metabolic coupling factors that may initiate and sustain insulin secretion. These metabolic 
coupling factors participate in mitochondrial shuttles, involving NADPH, pyruvate, malate, citrate, 
isocitrate, acyl-CoAs, and glutamate. Signalling pathways that contribute to maintaining or increasing 
glucose-stimulated insulin secretion include PKA and PKC. Glucagon, glucagon-Like peptide 1 (GLP-
1), and glucose-dependent insulinotropic peptide (GIP) acts through the PKA pathway, while 
acetylcholine and cholecystokinine act through the PKC pathway. Fatty acids may contribute to 
insulin secretion through the PKC pathway through the formation of diacylglycerol (DAG) or through 
protein acylation. Aminoacids may stimulate insulin release by increasing ATP production from the 
Krebs Cycle, by membrane depolarization, or by participating in intracellular calcium increase. (PIP2: 
Phosphatidyl Inositol Biphosphate, IP3: inositol 1,4,5-trisphosphate). 
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7.3 Cell cycle 

Every cell reproduces itself by perfoming an orderly sequence of events in which it 

duplicates its contents and then divides in two. This cycle of duplication and division 

is known as the cell cycle. To produce two genetically identical daughter cells, in 

eukaryotic cells, the DNA in each chromosome must first be faithfully replicated to 

produce two complete copies, and the replicated chromosomes must then be 

accurately segregated into the two daughter cells, so that each one receives a copy 

of the entire genome. Eucaryotic cells have evolved a complex network of regulatory 

proteins, known as the cell-cycle control system, that govern the progression 

through the cell cycle. The core of this system is an ordered series of biochemical 

switches that control the main events of cell cycle, including DNA replication and the 

segregation of the replicated chromosomes. 

Cell growth (i.e. increase in cell mass) and proliferation (i.e. increase in cell number) 

are tightly controlled by growth factors in multicellular organisms. The presence of 

nutrients, cause growth factors to activate signalling cascades that  trigger nutrient 

uptake and use(150). 

Over the last few decades, major advances have been made in understanding the 

machinery controlling cell progression through the cell cycle, in particular identifying 

cell-cycle regulatory proteins. These proteins are divided into families comprising 

cyclins (cyc), cyclin-dependent kinases (CDKs), cyclin-dependent kinases inhibitors 

(CKIs), the pocket protein retinoblastoma family and the E2F family of transcription 

factors(150). 

 

7.3.1 The family of cyclin proteins 

The first approach to cyclin proteins was taken on 1976, the existence of nuclear 

antigens related to cell cycle that could lead to develop leukaemia being 

reported(151). It was in 1982 when a series of polypeptides, the relative proportion of 
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which was sensitive to shifts during cell proliferation and to transformation, were 

given the name of cyclins(152).  

Cyclins are proteins that act as key controlling elements of the eukaryotic cell cycle. 

In mammalian cells, cyclins bind to CDKs and form complexes that are involved in 

the regulation of different cell cycle transitions: D-type cyclins (CcnD)-CDK4/6 

complex for G1 progression, E-type cyclins (CcnE) - CDK2 for the G1-S transition, 

A-type Cyclins (CcnA)-CDK2 for S phase progression and CcnA/B-CDC2 for entry 

into M-phase. Cyclins have been related to human cancers, because of the major 

role they play in starting cell cycle progression(153, 154). In addition to these 

functions, cyclins are also involved in some metabolic processes not directly related 

to the cell cycle(155). 

7.3.1.1  D-type Cyclins 

There is a great deal of evidence describing the role of D-type cyclins in β pancreatic 

islets, most of which is available on CcnD1 Figure 4.(156) The function of D-type 

cyclins is currently under study, but many functions that have already been found.  

7.3.1.1.1 CDK activation 

The earliest known and best-understood function for D-type cyclins is to promote cell 

proliferation as a regulatory partner for either CDK4 or CDK6.(157) The activation of 

the CcnD–CDK4/6 complex initiates the release of the pRB‑dependent cell cycle-

inhibitory ‘brake’ that governs cell cycle transitions during quiescence, senescence 

and differentiation. 

Specific inhibition of CcnD–CDK4/6 complex formation through the induction of 

Cyclin-dependent kinase inhibitor 4A (INK4A) promotes RB‑dependent cell cycle 

arrest in some circumstances,(158) such as during senescence. The model in which 

pRB phosphorylation by CDKs, including CcnD–CDK4/6, promotes the activation of 

E2F‑responsive genes that are necessary for DNA synthesis, has been elaborated 

to take into account interactions between the pRB family of proteins and various 

members of the E2F family. The latter includes both activator and repressor 

proteins, as well as some atypical E2Fs that repress transcription independently of 
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pRB family members(159). CcnD1 is not necessary for the proliferation of cultured 

cells in the absence of functional pRB. This finding suggest that pRB is the principal 

substrate for CcnD1–CDK4, and presumably for other CcnD‑associated CDKs(158), 

at least in terms of this specific end point of CcnD1 action.  

Recent studies have shown that CcnD–CDK4 has physiologically relevant 

substrates in addition to RB family members. These include binding sites for 

transcription factors, such as the transforming growth factor-β (TGFβ)-responsive 

transcriptional modulator Smad family member 3 (SMAD3)(160), members of the 

Runt-related transcription factor (RUNX) family(161, 162), GATA binding protein 4 

(GATA4)(163) and the Myocyte enhancer factor 2 (MEF2) family(164), which are 

involved in the proliferation and differentiation of specific cell lineages; and  Breast 

Cancer-1 gene (BRCA1)(165), which coordinates DNA damage repair, ubiquitylation 

and transcriptional  regulation to maintain genomic stability. 

 Other CDK4 targets have roles in processes that are linked to, and coordinated 

with, chromosomal DNA replication and segregation, such as centrosome 

duplication and separation(166), mitochondrial function(108, 167) and cell growth. 

CcnD–CDK4 regulation of cell growth occurs through effects on both protein 

synthesis(168) and ribosome biogenesis(169, 170).  

CDK4 and CDK6 have overlapping, but not identical, substrate specificity in vitro(65). 

The cyclin component of the kinase complex also confers some substrate specificity 

(65), and functional differences between CcnD1 and CcnD2 have been 

identified(171). 

Some CDK4/6 substrates take part in cellular processes that are less directly 

involved in cell cycle control, in particular cell motility, cell adhesion and cytoskeletal 

remodelling(172). Fibroblasts, epithelial cells and macrophages have increased 

adhesion and reduced migration in the absence of CcnD1(173-175), and thymocyte 

adhesion is decreased in the absence of either CDK4 or CcnD3(176). In fibroblasts 

and epithelial cells, the expression of a CcnD1 point mutant (K112E) that cannot 

activate CDK4 or CDK6 does not decrease adherence or enhance motility, unlike 

the wild-type protein(173, 174), indicating that these effects are dependent on CDK 

activity. 
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7.3.1.1.2 Non-catalytic functions. 

Not all of the actions of CcnD–CDK4/6 depend on substrate phosphorylation. 

One major non-catalytic function of the D‑type cyclins is transcriptional regulation. 

CcnD1 is tethered to the promoters of many genes during normal development, 

probably through interactions with various transcription factors(177). It also binds to 

regulators of histone acetylation and methylation(178-180), seeming to act as a 

bridge that links DNA-bound transcription factors with chromatin modifying enzymes 

and the transcriptional machinery in order to regulate cell proliferation and 

differentiation(177, 181, 182). 

CcnD1‑responsive genes also include some that promote migration and invasion, 

such as thrombospondin and the Rho effector, ROCK2(175). CcnD–transcription 

factor interactions commonly occur through motifs in regions that are not shared by 

D‑type cyclins, indicating that there is specificity in the transcriptional effects of 

individual D‑type cyclins, although this has not been thoroughly tested, and, much of 

the published literature only focuses CcnD1. However, ectopic expression of each of 

the D‑type cyclins in hepatocytes leads to distinct transcriptional profiles(183). 

Multiple members of the steroid hormone receptor superfamily and their co-

regulators interact with CcnD1(181, 182). Cyclin D1 regulates cell proliferation, 

growth and differentiation by binding representatives of several transcription factor 

families These include the nuclear hormone receptor family members, Estrogen 

Receptor-α (ERα), androgen receptor (AR) and peroxisome proliferator-activated 

receptor-γ (PPARγ) and their co-activators. CcnD1 enhances ERα activity, through 

interactions with ERα and its co-regulators. CcnD2 and CcnD3 interact poorly with 

ERα(184, 185). On the other hand, CcnD1 inhibits the activity of AR, thyroid hormone 

receptor-β and PPARγ, which has a crucial role in fatty acid metabolism, energy 

homeostasis and adipogenesis. Unlike CcnD1 and CcnD2, CcnD3 interacts with the 

cellular retinoic acid-binding protein 2 (CRABP2) and retinoic acid receptor-α 

(RARα)(186) but, like CcnD1, CcnD3 also inhibits AR and PPARγ(187, 188)(187, 189). 

Direct CcnD3–AR binding or CcnD3–CDK11 phosphorylation of AR have been 

implicated in fatty acid methabolism, energy homeostasis and adipogenesis(187, 

189). 
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Another non-catalytic role of cyclin D is the sequestration of p21 and p27 by CcnD–

CDK4/CDK6. The interaction with p21 and p27 has a key role in coordinating CDK 

activity during the G1 phase of the cell cycle, but may also be important for other 

end points. CcnD1 cannot promote migration following p27 knockdown, and p27 has 

effects on cell migration through Ras homolog gene family, member A (RHOA) and 

stathmin(190), suggesting that the CcnD1 association with p27 could contribute to 

the effect of CcnD1 on migration, independently of CDK4.  

Similarly, CcnD1 interaction with p21 contributes to its emerging non-catalytic 

function in DNA repair. CcnD1 regulates the expression of genes that are involved in 

DNA replication and the DNA damage checkpoint, and it also interacts with a 

number of proteins that are involved in the DNA damage response(191, 192). By 

binding Breast Cancer type 2 protein (BRCA2) and the recombinase RAD51, CcnD1 

facilitates the recruitment of RAD51 to sites of DNA damage and so promotes DNA 

repair by homologous recombination,(191, 192). Both the ability of CcnD1 to enhance 

the DNA damage response and the formation of RAD51 foci require p21(191, 193), 

suggesting that p21 may also be present in the CcnD1–RAD51–BRCA2 complex. 

Importantly, decreased CcnD1 expression, but not treatment with a CDK4/6 inhibitor, 

impairs DNA repair even in cells that lack pRB and so do not require CcnD1 for 

proliferation(192). In addition, both the CcnD1 K112E mutant and wild-type CcnD1 

are able to restore an efficient response to DNA damage in cells lacking all three D-

type cyclins(192). Thus, CcnD1 facilitation of DNA repair is independent of CDK4/6 

activation, and, distinct from CcnD1 regulation of proliferation. 

Many of the non-catalytic effects of the D‑type cyclins have been elucidated using 

cell culture models, and simultaneous knocking out of all three D‑type cyclins has a 

very similar phenotype to knocking out both Cdk4 and Cdk6(194, 195), leading to 

questions about the degree to which non-catalytic effects contribute to the normal 

cellular functions of CcnD1. However, defects in retinal and mammary gland 

development in mice lacking CcnD1 are largely restored when the K112E CcnD1 

point mutant is knocked in to the CcnD1 locus(196). Similarly, deletion of the gene 

encoding p27 (Cdkn1b) can rescue many of the developmental defects that are 

observed following the deletion of either the CcnD1 locus or Cdk4 locus respectively 
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(197, 198). Thus, the ability of the CcnD1–CDK4 complex to sequester p27 is 

required during development, but the kinase activity of this complex is not essential. 

This provides strong support for the idea that the non-catalytic functions of CcnD1, 

particularly its ability to sequester CDK inhibitors, are physiologically relevant.  

 

 

Figure 4. CDK-independent functions of cyclin D1. Although p21 and p27 are constituents of 
CcnD–cyclin-dependent kinase 4 (CDK4) or CDK6 complexes, CcnD1 can bind p21 or p27 
independently of CDK4 or CDK6 binding, leading to effects on cell migration and the DNA damage 
response, respectively. It also has effects on response to DNA damage through interactions with 
RAD51 and BRCA2. CcnD1 regulates cell proliferation, cell growth and differentiation by binding 
representatives of several transcription factor families. These include nuclear hormone receptor 
family members (oestrogen receptor-α (ERα), androgen receptor (AR) and peroxisome proliferator-
activated receptor-γ (PPARγ)) and their co-activators (SRC1, GRIP1 and AIB1), BMYB and the MYB-
related transcription factor DMP1, as well as the helix–loop–helix transcription factors neurogenic 
differentiation factor 1 (NEUROD1), MYOD and C/EBPβ. In addition, CcnD1 binds chromatin-
modifying enzymes, including histone acetyltransferases (HATs) such as P/CAF, p300/CBP and 
histone deacetylases (HDACs). More general effects on transcription can also result from cyclin D1 
binding to TAFII250 (also known as TAF1), a subunit of the basal transcriptional machinery. (Figure 
taken from Musgrove, E.A.et al. Nat. Rev. Cancer.2011). (156). 
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7.3.1.2 D-type cyclins and β  pancreatic cells 

Expression of D-type cyclins in pancreatic islets have been reported; CcnD1(199-

202), CcnD2(200, 201, 203), CcnD3 in mice, CcnD1, CcnD2 in rats(204) and in 

humans, CcnD1(205) and CcnD3(206). 

Overexpression of CcnD1 in β cells in vivo leads to islet hyperplasia without 

hypoglycemia, is not tumorigenic and does not result in diabetes(207). 

CcnD1 and CcnD2 are essential for normal postnatal islet growth(200). β-cell 

proliferation, adult mass, and glucose tolerance were decreased in adult CcnD2 

deficient (-/-) mice, causing intolerance to glucose that progressed to diabetes by 12 

months of age. Although CcnD1 semi-deficient (+/-) mice never developed diabetes, 

life-threatening diabetes developed in 3-month-old CcnD1(-/+) CcnD2 (-/-) mice, as 

β-cell mass decreased after birth. It seems that CcnD1 and CcnD2 are also 

important for the regeneration of the β pancreatic mass(201). 

 The Reg-Reg receptor system stimulates the PI(3)K/ATF-2/CcnD1 signalling 

pathway to induce β-cell regeneration(202). 

Most of the CDK4(−/−) C57/BL6 mice develop diabetes mellitus by 6 weeks of age, 

associated with a severe deficiency of β cell mass observed  in their pancreatic 

islets(198)  

7.3.1.1.2 Cell cycle proteins in glucose metabolism 

During the proliferation process, the cells have anabolic needs. Quiescent cells 

primarily metabolize glucose and do a full oxidation to carbon dioxide by glycolysis 

followed by TCA in the mitochondria. However, during proliferation, the cells have 

higher rates of lactate production derived from glycolysis, biosynthesis of lipids and 

other macromolecules(208). It seems that the rate of ATP production is lower, but it 

confers two advantages on the cell. First, when nutrient availability is not limited, 

high glycolytic fluxes can produce more ATP than the oxidative 

phosphorylation(209), and the second is that the glucose degradation in glycolysis 
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provides intermediates needed for anabolic biosynthesis. This glycolytic usage is 

exacerbated in cancer cells(210). 

There is a cross talk between cell cycle and the metabolic control of the cell, and 

glucose metabolism is a key process the cell needs to control. In the thesis, we 

focus on the influence that D-type cyclins have on glucose homeostasis, specifically 

CcnD3, but there is a compilation that shows studies about the influence of cell-cycle 

proteins (inhibitors, cyclins, E2F1 and CDKs) on glucose metabolism. 

7.3.1.1.2.1 Cyclins 

Many studies in flies, mice, worms and plants have suggested that CcnD/CDK4 

complexes function not only as cell-cycle regulators but also as key metabolic 

drivers. A first observation supporting this hypothesis came from phenotypic 

characterization of mice lacking either CcnD1 or CDK4, which were substantially 

smaller than wild type littermates(139, 211). The Cyclin D knockout mice models 

revealed that different members of the CcnD family can partially compensate for 

each other depending on the tissue expression pattern and their respective roles. 

The study of the participation of D-type cyclins in cell growth and proliferation is, 

thus, complicated by the potential functional redundancy of the three D-type cyclins. 

However, some individual D-type cyclins show marked metabolic phenotypes, first 

demonstrated for CcnD2 in the pancreatic tissue. Another report shows that glucose 

infusion increases both the total protein abundance and nuclear localization of 

CcnD2 in islets(212). 

The proliferation of β cells is a key mechanism for maintaining postnatal β-cell 

mass(213, 214) and it is the primary mechanism for β-cell regeneration(203, 215, 216). 

It is now well established that pancreatic β cells are able to replicate, although the 

origin of the newly formed islets remains controversial. CcnD2(-/-) mice showed 

decreased postnatal β-cell mass and disregulated glucose homeostasis, glucose 

intolerance as well as diabetes(203). Although CcnD1 (+/-) mice were normal, life-

threatening diabetes developed in 3-month-old cyclin D1(+/-)D2(-/-) mice as β-cell 

mass decreased after birth(200). Hence, CcnD2 and CcnD1 are essential for β-cell 

expansion in adult mice. A deeper analysis of the data presented in one of these 
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studies(203) allows further interpretations. CcnD2(-/-) mice have fasting insulin levels 

similar to CcnD2(+/+) mice. However, upon glucose stimulation, the levels of insulin 

do not increase in CcnD2 while they double in CcnD2 (+/+) mice(203). This suggests 

that in addition to the control of β-cell mass, CcnD2 also participates in the control of 

the β-cell function and is fully consistent with the function of E2F1 in these cells. 

 

7.3.1.1.2.2 CDKs 

CDK4 is the major partner of D-type cyclins and the most marked phenotype of mice 

lacking CDK4 is reduced body size and insulin-dependent diabetes due to a severe 

deficiency in pancreatic β-cell mass(198, 211). Re-expression of CDK4 in β-cells of 

the CDK4(-/-) mice restores cell proliferation and normoglycemic condition. 

However, re-expression of CDK4 does not rescue small body size suggesting that 

this phenotype is not due to endocrine defects, secondary to decreased insulin 

levels, but rather in peripheric tissues. As regulation of cell growth is dependent on 

cell metabolism, this phenotype suggests that CDK4 participates in metabolic 

control.  

CDK6 knockout mice do not display any metabolic phenotype, except that female 

mice are smaller(195). The mild phenotype of this knockout mice suggest that the 

functions of CDK6 are mainly compensated by CDK4, or by CDK2 which can 

interact with D-type cyclins in a CDK4/CDK6 double knockout background(195). 

Both the proliferative and metabolic effects of insulin on β cells appear to be 

mediated by an increase in CDK4 activity and the subsequent E2F1 transcriptional 

activity. This further suggests that both cell proliferation and metabolic responses 

are intimately linked and regulated by the same upstream factors. Transgenic mice 

that specifically overexpress a constitutively-active form of Akt in β cells show higher 

β-cell mass and proliferation rate with increased β-cell size. Interestingly, these 

effects were abrogated when mice were bred in a CDK4(-/-) genetic background, 

demonstrating that AKT induces β-cell proliferation in a CDK4-dependent 

manner(217). 
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7.3.1.1.2.3 E2F1  

Well-established E2F target genes include effectors of DNA replication, mitosis, 

DNA repair, apoptosis, differentiation and development(218, 219).  Disruption of 

E2F1 also highlighted its role in the regulation of glucose homeostasis. E2F1(-/-) 

mice have decreased pancreatic size, as a result of impaired postnatal pancreatic 

growth. On the other hand, E2F1 is also highly expressed in non-proliferating 

pancreatic β cells, which suggests that besides controlling β-cell numbers, the 

protein has a role in pancreatic β-cell function(220). Indeed, it has been 

demonstrated both in vitro and in vivo that E2F1 directly regulates the expression of 

Kir6.2, a key component of the KATP channel involved in the regulation of glucose-

induced insulin secretion in pancreatic β	 cells. Expression of Kir6.2 is lost in the 

pancreas of E2F(-/-) mice, resulting in insulin secretion defects in these mice. E2F1 

transcriptional activity is regulated by glucose and insulin through the CDK4-

dependent inactivation of the pRB protein(221). Interestingly, E2F1(-/-) mice are not 

diabetic. They have dramatically increased insulin sensitivity, secondary to 

decreased white adipose tissue. These effects are specific for E2F1, whereas the 

expansion of β cells can be compensated by E2F2. Consistently, E2F1/E2F2 

double-mutant mice display insulin-deficient diabetes(222, 223). 

 

7.3.1.1.2.4 Inhibitors 

CDK5, an atypical CDK family member with no known cyclin partner has also been 

implicated in the regulation of insulin secretion. Mice lacking p35, a CDK5 activator, 

have increased insulin secretion in response to elevated glucose(224). Chemical 

inhibition of CDK5, or p35 deficiency, resulted in increased insulin secretion in β 

cells. The effects of p35 deficiency were mediated by CDK5, since inhibition of 

CDK5 had no effect on insulin secretion in p35(-/-) β cells. The closure of KATP 

channels in response to glucose stimulation of pancreatic β cells is followed by Ca2+ 

influx through the L-VDCC channels, a required event in the insulin secretion 

process. Interestingly, it was shown in this study that the L-VDCC channel was not 

inhibited in p35 (-/-) or CDK5-inhibited β cells(224). Furthermore, the authors 
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concluded that the α1C subunit of L-VDCC was a target for CDK5 by an inactivating 

phosphorylation. Two other reports have implicated CDK5 in the regulation of 

glucose homeostasis in adipocytes. Okada et al reported that CDK5 phosphorylation 

of TC10α (a Rho family GTPase) increases GLUT4 translocation, and hence 

glucose import, in adipocytes(225). GLUT4 is a glucose transporter whose activity is 

markedly regulated by insulin in muscle and adipose tissue cells(226). The 

translocation of GLUT4 was also increased by CDK5 phosphorylation of E-Syt1 (a 

5C2- domain protein related to synaptotagmins). Phosphorylation of E-Syt1 leads to 

its increased association with GLUT4 and increased glucose uptake(227). Since 

CDK activity is regulated by CDK inhibitors, it is not surprising that CDK inhibitors 

also have a role in the control of glucose homeostasis. 

In another study, insulin secretion and sensitivity did not change in p21(-/-) mice 

under a chow diet, but these mice displayed higher insulin resistance under a high-

fat high-sucrose (HFHS) diet when compared to WT mice (228)(229). Deletion of p27 

increased islet mass and insulin secretion and prevented hyperglycemia in diabetic 

mice models. Since the metabolic effects of p21 and p27 are most likely mediated by 

the inhibition of CDKs, differences in CDK activity due to selective p21 or p27 

actions in these mice could explain these distinct phenotypes.  

7.3.1.1.3 Cyclin D3 

CcnD3 is a 292aa and approximately 42kDa protein mapped to chromosome 

band 6p21. This gene belongs to the D-type cyclin family, whose members are 

characterized by a dramatic periodicity in protein abundance through the cell cycle 

as regulators of CDK kinases. Different cyclins exhibit distinct expression and 

degradation patterns which contribute to the temporal coordination of each mitotic 

event(230). CcnD3 forms a complex with, and functions as a regulatory subunit of, 

CDK4 or CDK6 as the other D-type cyclins, whose activity is required for cell cycle 

G1/S transition. This protein has been shown to interact with, and be involved in, the 

phosphorylation of the tumor-suppressor protein pRb. The CDK4 activity associated 

with CcnD3 was reported to be necessary for cell-cycle progression through the G2 

phase into mitosis after UV radiation. Several transcript variants encoding different 
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isoforms have been found for this gene and also pseudogenes(230)(231)(Sicinska et 

al., 2003)231. 

Not much has been reported about the independent cell-cycle role of CcnD3, but 

there is a growing number of redundant properties being discovered among D-type 

cyclins. 

CB57/BL6 CcnD3(-/-) mice fail to undergo normal expansion of immature T 

lymphocytes and show greatly reduced susceptibility to T-cell malignancies triggered 

by specific oncogenic pathways(231). 

 B-lymphocytes from CcnD2(-/-) mice can proliferate in response to anti-IgM and 

anti-CD40, but the time taken to enter the S-phase is longer than for the 

corresponding CcnD2(+/+) cells. This is due to the compensatory induction of 

CcnD3, but not CcnD1, which causes pRb phosphorylation on CDK4-specific sites. 

Loss of a D-type cyclin causes specific expression and functional compensation by 

another member of the family in vivo and provides a rationale for the presence of 

mature B-lymphocytes in CcnD2(-/-) mice(232) 

Triple-mutant CcnD1(-/-), CcnD2(-/-), CcnD3(-/-) mice and double-mutant CcnD2(-/-

), CcnD3(-/-) mice showed that CcnD3 was uniquely required for the development of 

pre-B cells. In contrast, the expression of the pre-B cell receptor and the activation of 

'downstream' signalling pathways prevented proteasome-mediated degradation of 

CcnD3. CcnD3 has a key function in B-cell development by integrating cytokine and 

pre-B cell receptor-dependent signals to expand the pool of pre-B cells that have 

successfully rearranged immunoglobulin heavy chains(233). 



36 
 

 

 

RATIONALE AND

HYPOTHESIS 



37 
 

 

 



38 
 

 

8. Rationale and hypothesis 

Over the last few decades, important advances have been made in understanding 

the machinery controlling cell progression through the cell cycle, in particular 

identifying cell-cycle regulatory proteins. These proteins are divided into families 

comprising cyclins (cyc), cyclin-dependent kinases (CDKs), cyclin-dependent kinase 

inhibitors (CKIs), the pocket-protein retinoblastoma family and the E2F family of 

transcription factors. During the G1 phase of the cell cycle there are several proteins 

that have been related to independent cell-cycle metabolic processes, like CcnDs, 

CDK4, CDK6 and the E2F family of transcription factors. 

CcnD3 is the most important cyclin in the β-cell cycle in humans in spite of being the 

less-studied cyclin in mice. A priori since CcnD3 is a cell-cycle protein, it could be a 

target for preventing the development of T1D by slowing down β‐cell death rate and 

promoting β-cell proliferation.  

When we began this study, most of the previous work had been performed using in 

vitro models, such as insulinoma cell lines (NIT-1 or MIN-6) exposed to 

proinflamatory citokines. Thus, we became interested in gene expression changes in 

β cells in vivo as a consequence of leucocyte infiltration of islets.  

 We found that mRNA expression levels for a series of genes change during 

pancreatic islet infiltration (insulitis) in the autoimmune-prone non-obese 

diabetogenic (NOD) mouse genetic background, compared with the prone 

lymphocyte-free, because of a severe combined immunodeficiency in the same 

genetic background (NOD/SCID). Among these genes, CcnD3, a cell cycle protein 

that is downregulated, drew our attention.  

The trigger for initial β-cell damage is not well known. However, β-cell death in an 

inflammatory environment may expose β-cell antigens to productive presentation 

and lead to autoimmune attack. 
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Therefore, bearing in mind that CcnD3, the key protein in human and mouse β cells 

is downregulated during the autoimmune attack against pancreatic β cells in the 

mouse model, we hypothesized that: CcnD3 downregulation causes a dramatic 

decrease in the number of CcnD3/CDK4 complexes, leading to a functional impaired 

β-cell replication response towards inflammatory stimulus. 

If our hypothesis were correct, we could expect that a full CcnD3 deficiency would 

exacerbate diabetes, while its overexpression in β cells would lead to protection from 

diabetes in the NOD background, and this would be confirmed by in vitro models of 

either β cells or insulinoma cells submitted to a prinflamatory environment. 
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9. Objectives 

 
 

9.1  Main goal 
Determine the causal relationship between cyclin D3 downregulation and T1D 

onset in the NOD mouse model 

 

9.2 Specific goals 

 

9.2.1 Verify whether cyclin D3 mRNA downregulation is associated with a parallel 

Cyclin D3 protein downregulation in β cells in vivo and in vitro. 

9.2.2 Determine whether cyclin D3 overexpression on the NIT-1 NOD insulinoma cell 

line: 

 a) Protects these cells from cytokine induced apoptosis and/or necrosis 

 b) Promotes cell proliferation.  

9.2.3 Assess whether cyclin D3 deficiency in NOD mice exacerbates T1D 

9.2.4 Assess whether cyclin D3 overexpression in NOD β cells protects these mice 

from T1D phenotyping NOD β cells overexpressing cyclin D3 (generation of 

NODCcnD3Tg mice) 

9.2.5 Determine whether the restoration of cyclin D3 expression solely in β	 cells is 

enough to ameliorate the diabetic phenotype of CcnD3 NOD-deficient 

(NODCcnD3KO) mice. 

9.2.6 Phenotyping the diabetogenicity of the immune repertoire for the strains used. 

9.2.7 Phenotyping physiological competence of the NOD β cells either deficient or 

overexpressing CcnD3 compared to wild-type NOD β cells 
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10. Materials and methods 

All solutions and buffer compositions mentioned from here in bold, are included in 

the section 14.1 Buffer Preparation,  page 107.  

 

10.1 Mice 

The NOD colony originally derives from that of Chales A. Janeway, Jr. at the Yale 

University Mouse Facility. 

The mice were kept in Specific Pathogen Free (SPF) conditions, in a dark-light 12h 

dark/light cycle and fed ad libitum using standard rodent diet chow (Panlab, 

Cornellà, Spain) in a microisolator cage with positive pressure of HEPA air at 21ºC. 

The mice were sacrificed by cervical dislocation. For adoptive transfer experiments, 

inhaled anesthetic was used (Isoflurane; Abbot Laboratories, Madrid, Spain). All 

animal experimentation procedures performed in this work were overseen and 

approved by the Institutional Ethical Committee for Animal Experimentation at the 

University of Lleida (CEEA) in accordance with the European and U.S. Regulations 

on Animal Experimentation. 

The personal in charge of the food and water supply or for carrying out any 

procedure that involved any contact with the mice always wore sterilized lab-overall 

clothes. Manipulation of the animals was done in a laminar flow hood. All the animal 

food, material and water in contact with these mice was sterilized by autoclaving. 

Urine tests were performed routinely to check healthy levels of glucose with Medi-

Test Glucose 3 (Macherey-Nagel, Düren, Germany). If there was an increase of 

gluose in urine and glycemic of more than 200mg/dL Glucocard test strips 

(Glucocard Gsensor, Arkray Inc., Shiga. Japan), the animals were diagnosed as 

diabetic and euthanized.  

Mice carrying the SCID mutation were kept on Septrin antibiotic mixture 

(Sulfamethoxazole 1.2 g/l and trimethoprim 0.24g/l) on a week on-week off basis. 
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Except where otherwise stated, only female mice were used in the experiments 

described in the thesis. 

 

10.2 Generation of the NOD/CcnD3 KO mice.  

Mice homozygous for the deficiency null mutation in cyclin D3 were originally 

obtained in the C57BL/6 genetic background(231). Intensive backcrossing onto the 

NOD genetic background, and checking for the Idd markers as described(234) was 

performed to ensure the NOD genetic background. Genotyping for the Idd loci was 

performed by using PCR primers specific for the different loci that are polymorphic 

for the 129/Sv, C57BL/6, and NOD strains. The primers used were: Idd1 (H-2g7; for 

Idd1 screening two sets of PCR primers were used, a and b: a, D17 Mit34; b, 5′-

TGT CTT TTC TGT CAC CCT AGA ACA-3′, 3′-TAC ACC TCG TAG GGT CGG 

ACT TCT C-5′; the PCR product obtained by b primers (282 bp) was digested 

using MspI; the NOD allele is resistant to cleavage; Idd2, D9 Mit25; Idd3, D3Nds36; 

Idd4, D11 Mit 115, D11 Mit320; Idd5, D1 Mit24, D1 Mit26; Idd6, D6 Mit52; Idd7, D7 

Mit20; Idd8, D14 Mit11; Idd9, D4 Mit59; Idd10, D3 Mit103; Idd11, D4 Mit202; Idd12, 

D14Nds3; Idd13, D2 Mit395; Idd14, D13 Mit61; and Idd15, D5 Mit48. PCR 

conditions were 35 cycles of 95ºC for 1 min, 55ºC for 1 min, and 72ºC for 1 min. The 

PCR products were run in 4% agarose gels. We reached the 12th generation (N13), 

which was used for the experimental procedures. Genotyping of cyclin D3 gene 

targeting mutation was performed by PCR according to the literature(231). 

 

10.3 Generation of the NOD/RIPCcnD3 transgenic mice. 

We generated transgenic NOD mice by microinjection of the RIP-CcnD3-Eα 

construct into fertilized NOD oocytes (Taconic; NY, USA). The RIP-CcnD3-Eα 

construct consisted of the Rat Insulin Promoter 2 (RIP2) driving the murine cyclin D3 

cDNA (the construct was a generous gift from Martine Roussel(235)). A fragment 

obtained by the double digestion of the mouse CCnD3 cDNA with EcoRI and XbaI 

restriction enzymes (between nucleotides 105 and 1130), followed by the intronic 
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sequence provided by the Eα fragment, consisting of the 3´region of the mouse 

MHC Class II gene I-E alphad comprehending the restriction fragment by restriction 

digestion with AvaI and HindIII enzymes (between nucleotides 3635 and 5557). The 

progeny were analyzed for the insertion of the RIP CcnD3 transgene by PCR using 

the primers (Forward-RIP2: CAA GAC TCC AGG GAT TTG AGG GA; Reverse 

D3R1: GAC GCA GGA CAG GTA GCG ATC CAG) respectively. PCR conditions 

were 30 cycles of 95ºC for 1 min, 55ºC for 1 min, and 72ºC for 1 min, and the 

PCR product size was 460bp. 5 different founder lines with germ-line transmission 

were obtained: 6876, 6877, 6880, 6889 and 6896. Expression of the transgene by 

these transgenic lines was assessed by intracellular staining of cyclin D3 by flow 

cytometry.  

 

10.4 Generation of NODCcnD3KO/RIP CcnD3 mice. 

NOD mice deficient in CcnD3 overexpressing CcnD3 on β cells were generated by 

intercrossing NOD/CcnD3 KO with NOD/ RIP CcnD3 transgenic mice (founder line 

6896), and bringing the CcnD3 null mutation to homozygotig, while keeping the 

transgene in hemizigosity.  

 

10.5 Generation of the different NOD/SCID strains 

10.5.1 Genotyping of the SCID mutation in the different NOD strains.  

NOD/SCID mice were purchased from The Jackson Lab (The Jackson Laboratories, 

Bar Harbor, ME, USA). The scid mutation was genotyped by using the PCR protocol 

recommended by the Jackson laboratory.(Forward-oIMR803: GGA AAA GAA TTG 

GTA TCC AC and Reverse-oIMR804: AGT TAT AAC AGC TGG GTT GGC) 
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PCR was developed and AluI restriction enzyme was used at 37ºC Mutant=38bp, 

28bp and 11bp; HTZ=68bp, 38pb 28bp and 11pb WT= 68bp and 11bp. 

10.6 Assessment of diabetes. 

Female mice from each strain were monitored weekly for the development of 

glycosuria with Medi-Test Glucose 3 (Macherey-Nagel, Düren, Germany) starting at 

3 weeks of age in the case of natural history. In the case of adoptive transfer, 

recipient female mice were monitored once a week for glycosuria after adoptive 

transfer was performed. Diabetes was confirmed by measuring glycemia. Values 

over 200 mg/dL of glucose with the Glucocard test strips (Glucocard GSensor, 

Arkray Inc., Shiga. Japan) were considered to be a positive test for diabetes. 

Autoimmune diabetes were confirmed islet infiltration in tissues with Hematoxilin 

Eosine staining.  

 

10.7 Adoptive transfer experiments. 

Donors of total spleen cells were euthanized, and the spleens were extracted under 

a flow hood with autoclaved material. The total spleen cells were submitted to red 

blood-cell lysis by adding 900µL of pure water and immediately 100 µL of 10x PBS. 

The cells were washed with physiological saline solution 3 times and counted. The 

cells were transferred (10 million of cells per recipient/ 200µL) intravenously in 

physiological saline solution. 

 

 

WT allele 

SCID allele 
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10.8 Intaperitoneal Glucose Tolerance Test (IGTT). 

Before the test was performed, the mice were kept fasting overnight, for at least 16 

hours. Before the intraperitoneal glucose tolerance test (IGTT), the mice were 

anaesthetized using sodium pentobarbital (60 mg/kg). The mice received an 

intraperitoneal injection of 2g glucose per kg body weight. Glycemia and 

insulinaemia were measured at 0, 15, 30, 60 and 120 min after the injection. 

Insulinemia was determined by mouse Insulin ELISA kit (Mercordia, Uppsala, 

Sweden). 

 

10.9 Intravenous insulin tolerance test (IITT).  

Before the test was carried out, the mice were kept fasting overnight for at least 16 

hours. Before the intravenous insulin tolerance test (IITT), the mice were 

anaesthetized using sodium pentobarbital (60 mg/kg). 1 IU insulin per kg body 

weight (Regular Humulin; Lilly, Indianapolis, Ind. USA) was injected into the tail vein. 

Insulinemia and glycaemia was measured at 0, 15, 30, 45 and 60 min after the 

injection. Insulinemia and glycemia were determined as described above. 

 

10.10 Immunohistochemical analysis of CcnD3 expression 

The mice were euthanized, the pancreas and spleen were extracted and the tissue 

was immersed in 4% paraformaldehyde in PBS for 3 hrs. The tissue was dehydrated 

for 15 min in 70% ethanol 1h; and then, twice for 1h each time in 96% ethanol; three 

times, for 1h each time in 100% ethanol; and finally, 30 min in xylene. The tissue 

was then embedded in paraffin for 4h at 60ºC. Sections were cut 8-10µm thick, and 

placed the sections on Superfrost plus adhesion slides (Termo Scientific, 

Portsmouth, NH; USA). After the tissue sections were on the slides, they were kept 

overnight at 37ºC on a hot plate. 

To deparaffinize the slides, they were immersed three times for 10 min each time in 

xylene; twice for 5 min each in 100% ethanol; twice for 5 min each in 60% ethanol 

and distilled water for at least 10 min.   
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The unmasking procedure was performed by immersing the samples in citrate 

solution inside a pressure cooker until it reached to its maximum pressure, keeping 

it on the heat for 5 min. The pressure cooker was taken off the heat for 15 min. to 

allow the samples to reach room temperature. 

The slides were washed for 5 min in the Tris solution and then for 30 min in the 

Permeabilization solution, 5 min in the Tris solution, 1 hour in the Blocking 

solution, 5 min in the Tris solution and the tissues were incubated with the 

primary antibody overnight at 4ºC in a humidified chamber. 

The slides were washed 3 times, 5 min each, in the Tris solution and the tissues 

were incubated with secondary antibody for at least 3 hours at 4ºC in a humidified 

chamber in Blocking solution. After that, the slides were washed 3 times for 5 min 

each time in the Tris solution. Slides were mounted with mowiol. Epipluorescence 

images were captured with a Leica DM R microscope (Leica Microsystems Gmbh, 

Wetzler, Germany). 
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First antibodies   

αm-CcnD3 BD Pharmingen, clone 1, 

California, USA 

1:50 

polyclonal αGP-insulin   Dako, California, USA 1:1000 

Hoeschst 333421mg/mL Sigma Aldrich, St. Louis, 

USA 

1:200 

Secondary antibodies   

:αGP-IgG-Cy2 Jackson 

Immunoresearch 

laboratories, West 

Grove, PA, USA 

1:500 

αm-IgG-Cy3 Jackson 

Immunoresearch 

laboratories, West 

Grove, PA, USA 

1:500 

 

 

10.11 Immunohistochemical analysis of pancreatic infiltration. 

The tissues were fixed by immersion in 4% paraformaldehyde in PBS for at least 6 

to 8h. 

Tissue dehydration: 15 min in 70% ethanol 1h; and then twice for 1h each in 96% 

ethanol; three times for 1h each in 100% ethanol; and finally, for 30 min in xylene. 

The tissues were then embedded in paraffin for 4h at 60ºC.  
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Tissues were then cut into sections 8-10µm thick, and placed on Super frost plus 

adhesion slides (Termo Scientific, Portsmouth, NH; USA). After the tissue sections 

are on the slide, the slides were dried at least overnight at 37ºC on a hot plate. 

Deparaffinization of the slides: the procedure was performed by placing them three 

times for 10 min each time in xylene; twice for 5 min each in 100% ethanol; twice for 

5 min each in 60% ethanol and in distilled water for at least 10 min.   

The paraffin sections were counted and stained with Hematoxylin & Eosin (Sigma-

Aldrich): 1 bath 25 min of hematoxylin, washed once with distilled water to remove 

the excess during 20 min, 10 sec in Acid alcohol, washed once with distilled water 

for 10 min and put in a bath of Eosine solution for 1-2 min. For the infiltration 

studies, the images were captured with a Leica DM R microscope (Leica 

Microsystems Gmbh, Wetzler, Germany). To assess pancreatic infiltration, a 

minimum of 4 mice per experimental group were used (a minimum of 100 of islets 

counted/group). The infiltration score was: 0, no infiltration; 1, pancreatic infiltration 

or peri-insulitis; insulitis invading less; 2, or more; 3 than half of the islet area. (BD 

PharMingen, California, USA)  

 

10.12 Morphometric studies. 

The pancreatic paraffin sections were stained for insulin (Dako, California, USA) and 

detected by a biotinylated secondary Ab (Biogenex, California, USA). FastRed 

chromogen (SIGMA Aldrich, St. Louis, USA) was used as the alkaline phosphatase 

substrate. Hematoxylin was used for islet counterstaining. The insulin area was 

quantified in a blinded fashion using optical microscopy (Leica, Wetzler, Germany) 

and ImageJ software (NIH, Bethesda, Maryland; USA) using a microscopic scale 

provided by the program. A minimum of 4 females were used per experimental 

group. 
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10.13 Pancreatic islet isolation. 

The mice were euthanized by cervical dislocation. The islets were isolated by 

collagenase digestion, each pancreas was injected with 4 mL of collagenase P 

digestion solution (0.70 mg collagenase P/mL Hanks’ Balance Salt Solution 

(HBSS)(Lonza; Belgium) + 0.1%BSA ) through the pancreatic duct.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Pancreatic duct preparation to perform collagenase P infiltration of the pancreas. 
The pancreatic duct is found in the euthanized mice in the duodenum area, leakage of the 
colagenase P digestion solution is prevented by blocking the connection of the pancreatic duct- 
intestine with a Rochester haemostat 

 

After the pancreases were injected with 3mL of collagenase P digestion solution, the 

tissues were incubated for 5 minutes at 37ºC, disaggregated mechanically with a 

Pasteur pipet and, digestion was stopped by adding 45mL of cold HBSS+ 0.1%BSA 

to the homogenate obtained. After digestion, this was kept in ice during the whole 

procedure.  

The tubes stayed in the ice for 3 minutes and the lipid layer that remained on top 

was discarded. Individual islets were isolated by placing the disaggregated pancreas 

in Petri dishes and the islets were handpicked by pipetting them. The islets were 

Intestine
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distinguished from exocrine pancreas by using black contrast as a background since 

the islets exhibit a characteristic white glare under a magnifying glass. The islets 

were handpicked twice with a micropipette under the magnifying glass.  

 

10.14 Measuring islet insulin content.  

To obtain a total islet protein extract, the islets were then immersed in 50μL an 

acid–alcohol solution, the extract was vortexed and left overnight at 4°C. The next 

day, the protein extracts were centrifugated and the insulin content was determined 

by Insulin ELISA kit (Mercordia, Uppsala, Sweden). The results are expressed as 

insulin content per 10 islets in a mL.  

 

10.15 Islet cell staining for flow cytometry. 

The isolated islets underwent trypsinization with 500 μL of trypsin/EDTA (Lonza, 

Verviers, Belgium) for 5 min at 37ºC  to obtain a single cell suspension, and then, 

they were fixed with 1mL of cold methanol at -20ºC overnight prior to cellular 

staining. The cell suspension was centrifugated at 350xg 5 min, the supernatant was 

discarded and the cells were washed with 1mL of blocking solution and stained with 

the next antibodies in Blocking solution with 0.01% of triton X-100 (Sigma Aldrich, 

St. Louis, USA) choosing the staining with the antibodies: 

First antibodies   

αm- GLUT-2 biotinilated R&D, Germany 1:100 

αm- Ki67 mouse (Dako, California, USA 1:100 

αm- CcnD3 mouse BD, Pharmingen; 

California, USA 

1:100   

PE-conjugated αm-CD45 BD, Pharmingen; 

California, USA 

1:100 
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Secondary antibodies 

or reagents 

  

and  αmIgG APC Immunotools, Friesoythe; 

Germany 

1:200 

Streptavidin APC Immunotools, Friesoythe; 

Germany 

1:200 

The cells were washed twice with blocking solution with 0.01% of triton X-100. The 

samples were acquired using the FACS-CantoII Flow Cell Cytometer (BD; 

California, USA).  

 

10.16 Determination of early apoptotic and necrotic events by annexin V 

staining 

The cells were stained for annexin V and either 1:200 7-aminoactinomycin D (7AAD; 

Calbiochem) or Propidium Iodide (PI) following the protocol of the Annexin V 

Detection kit (BD Biosciences; California, USA). Cells in suspension were incubated 

with 7-AAD or PI (1:200) and AV 1:100 in calcium buffer 1X included in the kit for 15 

min at 37ºC in the dark. The samples were acquired using the FACS-CantoII Flow 

Cell Cytometer (BD; California, USA). 

 

10.17 Determination of late apoptotic events by TUNEL staining 

Tissues deparafinized as in 10.11 were incubated with a pool of TUNEL made with 

Tunel label mix and recombinant TdT (Roche, Penzberg, Germany) for 1 hour. 

The slides were washed for 5 min in the Tris solution and then for 30 min in the 

Permeabilization solution followed by 5 min in the Tris solution, 1 hour in the 

Blocking solution and 5 min in the Tris solution. The tissues were incubated 

overnight with a primary antibody, polyclonal αGP-insulin (Dako, California, USA), 

and Hoeschst 33342 1mg/mL (Sigma Aldrich, St. Louis, USA).  
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The slides were washed 3 times for 5 min each time in the Tris solution and the 

tissues were incubated with a secondary antibody in the Blocking solution of α-

GP-Cy3 (Jackson Immunoresearch laboratories, West Grove, PA, USA) 1:500. After 

that, the slides were washed 3 times for 5 min each time in the Tris solution. The 

slides were mounted with mowiol. Epipluorescence images were captured with a 

Leica DM R microscope (Leica Microsystems Gmbh, Wetzler, Germany) 

 

10.18 NIT-1 cell transfectants. 

The NIT-1 NOD insulinoma cell line was stably transfected by electroporation with 

either the pBSKNeo plasmid containing the RIP CcnD3 transgene or the empty 

plasmid as a control. Stable transfectants were selected in DMEM media (Lonza, 

Verviers, Belgium) supplemented with 10% Fetal Calf Serum (Lonza, Verviers, 

Belgium), Gentamycin 1.21mM (0.058mg/mL) (BioSera, Boussens, France), β-

mercaptoethanol (Invitrogen, Scotland), and G418 Sulphate 6 mM (0.4mg/mL) (PAA, 

Pasching, Austria). Cells from the flask were harvested with 1ml of trypsin/EDTA 

(Lonza, Verviers, Belgium). For cytokine-induced cell apoptosis, 100,000 cells per 

well were seeded in 12-well plates on day 0. On day 1, cytokines were added at a 

final concentration of 50U/mL for IL-1β (Prospect; Passaic County, NJ, USA) and 

200U/mL for IFN-γ (Prospect; Passaic County, NJ, USA). On day 2, the cells were 

harvested mechanically and assayed for either annexin V staining, or for a 

proliferation of Ki67 staining. 

 

10.19 Recording changes in intracellular calcium [Ca2+]i concentrations 

Freshly-isolated islets of Langerhans were loaded with 5 mM Fura-2 AM DMSO 

(Invitrogen, Carlsbad, CA, USA) for at least 1 hour at room temperature. The islets 

were placed on a perfusion chamber mounted on the epifluorescence microscope 

(Zeiss, Axiovert 200, Gottingen, Germany). The perfusion chamber was mounted on 

the stage of the microscope and a poly-L-lysine–treated coverslip was placed on it 

for 10 min before starting the experiments. Small-sized islets were preferably used 
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for [Ca2+]i measurements and the area of the islet was selected to measure these 

changes. The islets were then perfused at a rate of 1.5 ml/min with a modified 

Ringer solution containing (in mmol/l): 120 NaCl, 5 KCl, 25 NaHCO3, 1.1 MgCl2, and 

2.5 CaCl2, pH 7.35, then gassed with 95% O2 and 5% CO2. Ca2+measurements 

were performed on individual islets with a Zeiss LSM 510 laser confocal microscope 

equipped with a 40× oil immersion objective (numerical aperture = 1.3).  Calcium 

recordings in isolated cells were obtained by imaging intracellular calcium. Images 

were acquired every 2 s with an extended Hamamatsu Digital Camera C4742-95 

(Hamamatsu Photonics, Barcelona, Spain) using a dual filter wheel (Sutter 

Instrument CO, CA, USA) equipped with 340 nm and 380 nm, 10 nm bandpass 

filters (Omega Optics, Madrid, Spain). Data were acquired using Aquacosmos 

software from Hamamatsu (Hamamatsu Photonics, Barcelona, Spain). Fluorescence 

changes were expressed as the ratio of fluorescence at 340 nm and 380 nm 

(F340/F380). The results were plotted and analyzed using commercially-available 

software (Sigmaplot, Jandel Scientific). The time interval used for the measurements 

was 10 min for each concentration of glucose and 25mM of K+ for islets. The 

concentrations of glucose were 3mM, 8mM, 16mM and the solution for 25mM of KCl 

was done in 3mM of glucose. 
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11.  Results 

To identify genes differentially regulated in β cells by the inflammatory niche in NOD 

islets, pancreatic endocrine cells derived from either 11-week-old NOD non-diabetic 

females on the point of developing diabetes and the other from age-mated 

lymphocyte-free 11-week-old NODSCID female mice, which cannot develop T1D 

were compared. CcnD3 mRNA was found to be downregulated in the NOD 

endocrine cells to half of the expression levels found in the NODSCID as a 

consequence of pancreatic islet infiltration in the NOD female mice. 

 

11.1 Cyclin D3 protein expression is downregulated by islet infiltration in NOD 

mice without affecting the proliferative activity of beta cells.  

To prove that the amount of protein CcnD3 decreases during infiltration, islets were 

isolated from 11-week-old NOD, NODSCID and NODSCID mice that had received 

10 million NOD total spleen cells intravenously (NODSCIDT) two weeks before. 

CcnD3 expression was measured by flow cytometry. The NOD expression of CcnD3 

in the NOD β cells was lower than in the NODSCID mice, confirming the results 

obtained in the microarray experiment with mRNA (Figure 6A). The expression of 

CcnD3 for NODSCIDT is not statistically different to that found in NODSCID (Figure 

6A). A comparison was perfomed using the Kruskal Wallis comparison test and the 

Mann-Whitney U as the statistical analysis. Lymphocyte infiltration in the NOD 

pancreatic islets could be causing downregulation of the expression of CcnD3 in the 

NOD mice.  To prove the effect of infiltration on the expression of CcnD3, the 

NODSCID mice were given 0, 1, 3, 5 and 10 million of total spleen cells 

intravenously and two weeks later, the islets were isolated. We observed an inverse 

correlation between the CcnD3 expression and the number of total spleen cells 

transferred (Figure 6B). However, in spite of CcnD3 downregulation, the β cells did 

not exhibit impaired proliferation (Figure 6C). This may be due to the fact that the 
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function of CcnD3 is redundant with other CcnDs that are expressed in mouse islets 

and can compensate for CcnD3 repression in the proliferative activity of theβ 

cells(200-202).   

In humans, D-type cyclins have a redundant role in β-cell proliferation(236). 

However, CcnD3 is responsible for the most robust rate of proliferation in adult 

human β cells(237) when complexed with CDK6, which is not expressed in mouse 

islets. 

Downregulation of CcnD3 in a mouse model genetically prone to autoimmunity 

against β	 cells may point to a gene product requiring proper cell functioning. 

Therefore, we hypothesized that downregulation of CcnD3 precipitates T1D onset by 

compromising β-cell fitness in a cell-cycle independent manner. 
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Figure 6. Cyclin D3 protein expression is downregulated by islet infiltration in NOD mice in a 
dose-dependent manner, without affecting the proliferative activity of the β cells. A. Pancreatic 
islets from either 11-week-old NOD female mice, 11-week-old NOD/SCID female mice, or 11-week-
old NOD/SCID female mice which had been transferred with 10 million of NOD female total spleen 
cells at 9 weeks of age (NODSCID T) were extracted and disaggregated. Cyclin D3 staining IMF 
(Intensity of Median Fluorescence) was measured by flow cytometry on non-hematopoyetic CD45-

Glut2+ β cells. Comparisons were performed in relation to NOD results. B. Assessment of Cyclin D3 
expression levels in beta cells from NOD/SCID females adoptively transferred with different amounts 
of total spleen cells (0, n=6; 1, n=6; 3, n=7; 5,n=8 and 10, n=11) two weeks before the islet extraction 
at 11 weeks old. Cyclin D3 staining IMF (Intensity of Median Fluorescence) was measured by flow 
cytometry on CD45-Glut2+ (β) cells (y=-4.64x+101.69 P=0.00046348). C. Ki67 (proliferation marker) 
expression levels in beta cells from 11-week-old NOD/SCID females adoptively transferred with 
different amounts of total spleen cells two weeks before the islet extraction, measured as a 
percentage of CD45- Glut-2+ ki67+ cells. Statistical analysis performed in A and C was Wilcoxon-Cox 
and Mann-Whitney U; (0, n=7; 1, n=7; 3, n=6; 5,n=4 and 10, n=9). ** p≤0,01, ***p≤0,001. 
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11.2 Generation of the NODCcnD3KO and NODSCIDCcnD3KO mice strains 

Mice homozygous for the deficiency in cyclin D3 were originally obtained in the 

C57BL/6 genetic background(231). After intensive backcrossing into the NOD genetic 

background, checking for the NOD Idd (Idd1 to Idd15) T1D susceptibility loci, we 

reached the backcross 12th generation (N13). NOD female mice deficient in CcnD3 

(NODCcnD3KO) and female littermates heterozygous for the null mutation 

(NODCcnD3HTZ), and wild-type female littermates (NODccnD3WT) were used for 

the experimental procedures performed in this thesis. To obtain immunodeficient 

NODSCIDCcnD3KO mice, NODCcnD3KO mice were outcrossed to NODSCID mice 

until the SCID mutation was incorporated into homozigosity, together with the 

CcnD3n null mutation.  

The specificity of the α-mouse CcnD3 antibody was verified by using two techniques: 

flow cytometry (Figure 7A) and immunofluorescence (Figure 7B). In both cases, 

islets from 6-week-old NODCcnD3WT, NODCcnD3HTZ and NODCcnD3KO female 

mice were used. 

CcnD3 expression levels are lower in both the cytoplasm and nucleus of 

NODCcnD3HTZ compared with NODccnD3WT and it is not expressed in either the 

cytoplasm or nucleus of the NODCcnD3KO mice. There are some islets in the 

NODCcnD3KO that have a lower expression of insulin, and, in some of them, it 

seems they are the same compared with the WT, but there is no statistical difference 

between them.   

There are also phenotypical differences between the NODCcnD3KO and 

NODCcnD3WT littermates: a) the NODCcnD3KO mouse strain has a lower litter size 

(Figre 7C); b) a smaller size comparing with the CcnD3WT (Figure 7 D), c)  at 11 

weeks of age, the female NODCcnD3KO weighed less than the female WT 

littermates (Figure 7E); d) regarding pancreatic islets, the β cell area of 6-week-old 

female NODCcnD3KO mice is smaller than in their NODCcnD3WT female littermates 

and this is effect is insulitis-independent, because the size measured in the 

NODSCIDCcnD3KO is similar. The statistical analysis performed in A, C, E and F 

was the Wilcoxon-Cox and Mann-Whitney U; n=9. ** p≤0,01, ***p≤0,001. 
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Figure 7. Generation of NODCcnD3KO mice. A. Pancreatic islets from 6-week-old NODCcnD3WT 

(n=24) and NODCcnD3KO (n=12) female mice, were extracted and disaggregated. Cyclin D3 staining 

IMF (Intensity of Median Fluorescence) was measured by flow cytometry on the CD45-Glut2+ β cells. 

The measurements were performed taking the IMF of the WT values as 50%. B. Pancreatic islet cell 

immunofluorescence labeled for insulin (green), CcnD3 (red) and nucleus (blue) of 6-week-old 

NODCcnD3WT, NODCcnD3HTZ and NODCcnD3KO females C. individuals per litter were counted 

(NODCcnD3WT n=38, NODCcnD3KO n=36) D. Picture of the size of the NODCcnD3WT and 

NODCcnD3KO E. The weight of mice (NODCcnD3WT n=23, NODCcnD3HTZ n=12, NODccnD3KO 

n=9) and F. The size of the β cell area was measured labelling insulin and taking photographs with 

an optical microscope and the measurement of the area was performed with the ImageJ software 

(NODCcnD3WT n=104, NODCcnD3HTZ n=5, NODCcnD3KO n=58, NODSCIDCcnD3WT n=101, 

NOD/SCIDCcnD3KO n=101). The statistical analysis performed in A, C, E and F. was the Wilcoxon-

Cox and Mann-Whitney U; n=9. * p≤0,05, ** p≤0,01, ***p≤0,001. The statistical comparisons reflected 
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by stars on error bars refer to thw WT group; the stars on top of horizontal lines refer to comparison 

between the experimental groups ay both extremes of this line. 

11.2.1  NODCcnD3KO mice exhibit exacerbated diabetes. 

To demonstrate the causal link between cyclin D3 repression and β-cell death in 

vivo, we studied spontaneous diabetes onset in NOD female mice deficient for 

CcnD3 comparing to either female littermates, heterozygous for the mutation or WT, 

(Figure 8A). 

 NODCcnD3KO develop accelerated T1D, since at 9 weeks of age, some of them 

had already developed diabetes, while none of the NODCcnD3HTZ or 

NODCcnD3WT strains started before 12 weeks of age. We observed that at 12 

weeks of age, 43% of the NODCcnD3KO females had already developed the 

disease.  

The age at which 50% of mice were diabetic was higher if the mice expressed more 

CcnD3 in the β cells: 13 weeks for -NODCcnD3KO, 18 weeks for-NODCcnD3HTZ, 

21 weeks for-NODCcnD3WT showing that the expression of CcnD3 is important for 

the speed of the kinetics in T1D disease development. 

 Moreover, the cumulative incidence of diabetes is higher in the NODCcnD3-

deficient mouse strain with: 89.38%-NODCcnD3KO, 90.6%-NODCcnD3HTZ, 

63.49%- NODCcnD3WT and 68.96%-NODCcnD3TG and this fact was due to the 

deficiency of CcnD3 in theβ cells.  

Because NODCcnD3-deficient mice develop diabetes at an early age, pancreatic 

islet infiltration was assessed in 6-week-old female mice. NODCcnD3KO, 

NODCcnD3HTZ and NODCcnD3WT were scored for insulitis (Figure 8B). Insulitis 

was seen to be higher in the NODCcnD3KO and NODccnD3HTZ than in the 

NODCcnD3WT, as shown by the percentage of each kind of infiltration (Figure 8C). 

Proliferation rates were measured by flow cytometry by assessing the percentage of 

CD45-Glut2+ki67+, and no differences in proliferation rates between different 

genotypes were found. The Mantel-Cox test and Man Withney U statistic analyses 

were performed (Figure 8D).  
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Figure 8. Downregulation of CcnD3 contributes to the development of T1D and insulitis 
without altering proliferation rates. A. Cumulative incidence of diabetes in NODCcnD3KO (n=63), 
NODCcnD3HTZ (n=62) and NODCcnD3WT (n=56) female littermates; B. Pancreas from 6-week-old 
female mice was embedded in paraffin and sections were stained for Hematoxilin-Eosin (n=4, for 
each experimental group: NODCcnD3KO, NODCcnD3HTZ and NODCcnD3WT), level of infiltration 
was counted, and B. scored taking 0 as non-insulitic; 1 as peri-insulitic; 2 intra-insular insulitis, less 
than 50% islet infiltration and 3, more than 50% of islet infiltration; C. the plot of the percentage of 
each kind of insulitis. D. proliferative activity of pancreatic β cells: islets were extracted from 6-week-
old NODCcnD3WT and NODCcnD3KO female mice and trypsinized; the % of proliferative cells was 
plotted as CD45-Glut2+Ki67+. The statistical analysis performed in A was the Mantell–Cox and 
Logrank test and in B and D, the Wilcoxon-Cox and Mann Whitney U. * p≤0,05, ** p≤0,01, 
***p≤0,001. All statistical comparisons performed took as a reference the WT group. 
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11.2.2  Exacerbated diabetes in NODCcnD3KO mice is not due to an alteration 

in the diabetogenicity of the immune repertoire 

To prove that NOD female mice deficient in CcnD3 are more susceptible to 

develop diabetes solely because of the deficiency of CcnD3 in theβ cells, we did 

adoptive transfers of diabetogenic NOD spleen cells into 3- to 5-week-old female 

NOD/SCIDCcnD3KO, NOD/SCIDHTZ and NOD/SCIDWT mice. At 3-5 weeks of 

age, we transferred 10 million of total spleen cells from NOD female mice donors (>8 

weeks) and monitored diabetes on a weekly basis for 16 weeks. In Figure 9A, the 

NOD/SCIDCcnD3KO-recipient mice show a higher susceptibility to develop diabetes 

than either the NOD/SCIDCcnD3 HTZ or the NOD/SCIDCcnD3WT. Thus, 

susceptibility to develop T1D seems to be inversely correlated to the amount of 

CcnD3 expressed in the β	 cells, the NODCcnD3HTZ exhibiting an intermediate 

phenotype between the NODCcnD3KO (more susceptibility) and the 

NODCcnD3WT.  

To corroborate that the lymphocytes in all the experimental groups studied have the 

ability to generate the disease because they have an autoimmune repertoire,  

NODCcnD3KO, NODCcnD3HTZ and NODCcn3WT female mice (>8 weeks of age) 

were used as donors of 10 million of total spleen cells to be transferred into female 

recipient NOD/SCID mice (3-5 weeks of age). The incidence of diabetes was 

monitored weekly during 16 weeks. The results show that, independently of CcnD3 

expression levels, the immune repertoire of all the experimental groups can 

generate diabetes (Figure 9B). Furthermore, spleen cells from the NODCcnD3WT 

female donors are more diabetogenic than those from either the NODCcnD3HTZ or 

NODCcnD3KO donors. 

This observation supports the idea that CcnD3 expression in the β cells is 

responsible for exacerbated T1D in NODCcnD3KO and NODCcnD3HTZ female 

mice, rather than a more diabetogenic immune repertoire. Moreover, the insulitis 
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score is higher in the NODCcnD3KO mice, which implies that the islet niche in the 

NODCcnD3KO islets is influencing the insulitis score. 

 

 

 

Figure 9. CcnD3 downregulation in solely β pancreatic cells generates susceptibility to 
develop T1D independently of repertoire changes. A. Cumulative diabetes incidence in female 
NOD/SCIDCcnD3KO (n=15), NOD/SCIDCcnD3HTZ (n=44) and NOD/SCIDCcnD3WT (n=37) mice of 
3-5 weeks of age that were adoptively transferred with 10 million total spleen cells from female NODs 
older than 8 weeks of age. B. Female NOD/SCID mice of 3-5 weeks of age were adoptively 
transferred with 10 million total spleen cells from either NODCcnD3KO (n=10), NODCcnD3HTZ 
(n=11) or NODCcnD3WT (n=26) mice aged over 8 weeks. The statistics were performed in A and B 
using the Log-rank and Gehan-Breslow-Wilcoxon tests * p≤0,05, ** p≤0,01, ***p≤0,001. All 
comparisons are refered to the WT group. 
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11.2.3 Exacerbated diabetes in NODCcnD3KO mice requires the autoimmune 

attack 

To assess whether the sole absence of CcnD3 is sufficient to promote β-cell death. 

NOD/SCIDCCnD3KO, NODCcnD3HTZ and NODCcnD3WT female mice were 

monitored weekly for the onset of spontaneous diabetes (Figure 10). Neither 

NOD/SCIDCcnD3KO, NOD/SCIDCcnD3HTZ nor NOD/SCIDCcnD3WT female mice 

developed spontaneous diabetes. Therefore, leucocyte action is required to induce 

β-cell death in NODCcnD3KO mice, showing that CcnD3 deficiency is not enough to 

promote β-cell death. This is confirmed by the phenotype of the CcnD3KO mice in 

the C57BL/6 genetic background for which diabetes did not develop spontaneously. 
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Figure 10. Exacerbated diabetes in CcnD3KO mice requires leucocyte action. Cumulative 
incidence of diabetes in NODCcnD3Wt (n=56), NOD/SCID CcnD3WT (n=9), NOD/SCIDHTZ (n=11) 
and NOD/SCIDCcnD3K0 (n=3). The statistics in A and B were performed with the Log-rank and 
Gehan-Breslow-Wilcoxon tests ***p≤0,001. All comparisons performed are refered to NODWT group.  
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11.2.4 CcnD3 deficiency in β-cell affects the response to blood glucose 

challenges in NOD mice 

To assess β-cell fitness in NODCcnD3KO mice, we performed intraperitoneal 

glucose tolerance tests. We used 11-week-old NODCcnD3KO, NODCcnD3HTZ and 

NODCcnD3WT female mice littermates. After overnight fasting, we challenged them 

with 2g of glucose/kg of body weight intraperitoneally. 

At first, NODCcnD3KO female mice seemed to have the same response to blood 

glucose (Figure 11A). NODCcnD3KO islets can even improve the response to 

glucose observed in NODCcnD3WT. However, at 11 weeks of age, 23% of the 

NODCcnD3KO female mice were already diabetic so the results were biased. 

Because of this, we have separated the results into two sets: prediabetic or 

normoglycemic mice, taking the glycemia values from  the NODSCID mice, which 

are lymphocyte free and hence do not develop diabetes, as the control. The highest 

glycemic values in NODSCID mice when they were administered 2g of glucose/kg of 

body weight  was 320mg/dL and it was reached after 30 min.  

The glycemic response  of the normoglycemic group is shown in Figure 11B, and 

that for the pre-diabetic in Figure 11C, where NODCCnD3KO and NODCcnD3WT 

were compared. As Figure 11B shows, the NODCcnD3KO mice and WT littermates 

responded similarly to glucose, and 60 minutes after the glucose stimulus, the 

NODCcnD3KO mice showed better glucose clearance than the WT mice and 

generated enough insulin to control the glycemia properly. On the other hand, 

severe islet infiltration in islets in pre-diabetic mice begin to provoke difficulties in the 

glycemic control 15 and 30 minutes after the glucose challenge , as it shown in 

Figure 11C.  

In Figure 11D, glycemic values from pooled NODCcnD3HTZ (normoglycemic and 

prediabetic) are compared with NODCcnD3WT and at 30 min, as with pre-diabetic 

NODCcnD3KO mice, the response to glucose is deficient in NODCcnD3HTZ, 

showing that lower or absent CcnD3 expression levels causes a poorer glycemic 

control.  
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Figure 11. CcnD3 deficiency causes an impaired β‐cell response to blood glucose response in 
an intraperitoneal glucose challenge. 2g of intraperitoneal glucose per kg mouse body weight was 
administred intraperitoneally to 11-week-old NODCCnD3KO, NODCcnD3HTZ and NODCcnD3WT 
females and glycemia was measured. A. The results from NODCcnD3KO (n=11) and NODCcnD3WT 
(n=23) B. Results from the normoglycemic 11-week NODCcnD3KO (n=8) and NODccnD3WT (n=8) 
females; C. Pre-diabetic NODCcnD3KO and NODccnD3WT and D. Results from the total 
NODCcnD3HTZ and NODCcnD3WT mice.  The statistical analysis to compare to the values obtained 
for the WT group was done with the two-way Anova and Bonferroni post tests. * p≤0,05, ** p≤0,01, 
***p≤0,001. 
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11.3.1 Generation of NODRIPCcnD3 founder  line 6896 and 

NOD/SCIDRIPCcnD3 6896 mice. 

Transgenic NOD mice overexpressing CcnD3 in β	 cells were generated by 

microinjection of the RIP-CcnD3-Eα construct (Figure 12A) into fertilized NOD 

oocytes (Xenogen, now, Taconic; NY, USA). Six different founder lines were 

generated, one of which was lost during the SPF rederivation process.  Expression 

of the RIP-CcnD3-Eα transgene was verified in the 5 different founder lines using 6-

week-old NODCcnD3TG+ verified female mice and NODCcnD3TG- female 

littermates by flow cytometry (6876, 6877, 6880 and 6896) (Figure 12B). The only 

founder line to overexpress CcnD3 in the β cells was the founder line 6896. 

NOD/SCIDRIPCcnD3 6896 mice were also generated by intercrossing 

NODRIPCcnD3 with NOD/SCID mice until progeny homozygous for the SCID 

mutation and hemizigous for the transgene were obtained.  

Immunofluorescence staining was also performed on the pancreatic reaction from 6-

week-old NODCcnD3Tg+ or Tg- female mice (Figure 12 C) and we observed that, in 

both cases, CcnD3 is located in both the nucleus and cytoplasm of the β cells. 

Regarding the macroscopic phenotype features of NODRIPCcnD36896 female 

mice, there are no significant differences between the NODCcnD3TG+ and 

NODCcnD3TG- littermates. NODRIPCcnD3TG+ and TG- have the same size and, 

at 11 weeks old, the females have the same body weight  (Figure 12D). On the 

other hand, both groups have the same β cell area (Figure 12E).  
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Figure 12. Generation of NOD mice overexpressing CcnD3 in β cells (NODRIPCcnD3). A. 

Diagram showing β-cell specific CcnD3 construct NOD 6896 Tg strain construct: RIP-CcnD3-Eα, RIP, 

Rat insulin promoter; Eα, 3´region of E alpha gene (I-Ed); CcnD3, mouse cDNA without endogenous 

polyadenilation sequence; H, HindIII; N, NruI; Nh, NheI; Nt, NotI; P, PmeI; R, EcoRI; Xo, XhoI 

restriction sites. The RIP-CcnD3-Eα homogene was escissed from the pUC19-backbone for 

microinjection by Not I digestion B. Pancreatic islets from 6-week-old CcnD3 transgenic founder 

female mice were extracted and diseggregated and trypsinized, fixed, permabilized and stained for 

CcnD3. CcnD3 expression levels in the β cells were measured by Flow Cytometry selecting the 

CD45-Glut2+ cell population as the β cells. The IMF (Intensity of Median Fluorescence) of the CcnD3 

staining (6876Tg- n=11, 6876Tg+ n=16; 6877Tg- n=16, 6877Tg+ n=5; 6880Tg- n=28, 6880 n=21; 

6889Tg- n=10, 6889Tg+ n=5; 6896Tg- n=22, 6896Tg+ n=13). C. Immunofluorescence staining on 

pancreatic sections from either 6-week-old NODCcnD3TG+ and NODCcnD3TG- female littermates. 

Insulin staining appears as green, CcnD3 as red and nucleus as blue. D. Body weight measurement 

on 12-week-old female mice (NODCcnD3TG- n=23, NODCcnD3TG+ n=13) and E. Size of β cell area 

was measured labelling insulin and photographs taken with an optical microscope. The area was 

measured with ImageJ software (NODCcnD3TG- n=104, NODCcnD3TG+ n=94). Statistical analysis 

was carried out on B, D and E with the Wilcoxon-Cox and Mann-Whitney U; n=9; ***p≤0,001. All 

comparisons performed in  B are refered to the WT group for each founder line; in D and E the 

statistical comparisons refer to the WT group. 
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11.3.2 NODRIPCcnD3 6896 female mice are protected from T1D 

As we have seen, loss of CcnD3 leads to an accelerated onset of T1D. To assess 

whether CcnD3 overexpression in the β cells delays T1D onset, we studied the 

spontaneous onset of diabetes in NODRIPCcnD3TG+ (founder line 6896) female 

mice compared to their transgenic negative female littermates, (Figure 13A). 

NODRIPCcnD3TG+ mice develop a delayed T1D, compared to transgenic negative 

littermates: the age at which 50% of mice are diabetic is delayed in mice expressing 

more CcnD3 in the β cells:  for NODRIPCcnD3TG is 21 week old and 

NODRIPCcnD3TG+ is 25 weeks. These results, together with those obtained with 

NODCcnD3KO, show that CcnD3 is relevant for T1D kinetics, although the 

cumulative incidence of diabetes up to 30 weeks is not statistically different. The 

statistical analysis was carried out with the Log-rank and Gehan-Breslow-Wilcoxon 

tests. 

Islet infiltration was examined in 6-week-old female NODRIPCcnD3TG-, 

NODRIPCcnD3TG+ mice (Figure 13B). No difference was detected in the insulitis 

score between the two groups. 

We also assessed proliferation rates by flow cytometry in both groups; the % of 

proliferative cells was plotted as the % of CD45-Glut2+ki67+ cells. There was not 

statistically difference between both experimental groups (Figure 13C). The Mantel-

Cox and Man Withney U statistical analyses were performed.  
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Figure 13. CcnD3 overexpression  delays diabetes onset in NOD mice. A. Cumulative incidence of 
diabetes in NODRIPCcnD3TG+ (n=29) and NODRIPCcnD3TG- (n=30) female mice; B. The pancreas of 6-
week-old NOD female mice was embedded in paraffin and sections were Hematoxilin-Eosin stained (n=4, 
each group of NODRIPCcnD3TG+ and NODRIPCcnD3TG-). The level of infiltration was quantified, taking 0 
as preinsulitic; 1 as peri-insulitic; 2 intra-insular insulitis and 3 as complete islet destruction; the results are 
plotted as the % of each kind of insulitis. C. The pancreatic islets of 6-week-old NODRIPCcnD3TG- and 
NODRIPCcnD3TG+ were extracted, trypsinized and stained. The % of proliferative cells was plotted as 
CD45-Glut2+Ki67+ cells. Statistical analysis performed A. Log-rank test and Gehan-Breslow-Wilcoxon test 
and, B and C Wilcoxon-Cox and Mann Whitney U. * p≤0,05, ** p≤0,01, ***p≤0,001. All statistical 
comparisons were performed taking the WT group values as reference. 
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11.3.2.1 NOD/SCIDRIPCcnD3 are not protected against adoptive transferred 

T1D. 

 NODCcnD3KO female mice are more susceptible to develop T1D, and 

NODRIPCcnD3TG+ mice are protected against it. To probe that this is due to 

expression changes in CcnD3 just in β cells, we performed adoptive transfer in 

NOD/SCIDRIPTG+, and NOD/SCIDRIPTG- females at 3-5 weeks of age with 10 

million spleen cells, taking an NOD female mouse (>8 weeks) as a donor. The onset 

of diabetes was tested weekly for 16 weeks (Figure 14A).  NOD/SCIDRIPTG+ mice 

had the same susceptibility to the disease as NOD/SCIDRIPTG-littermates, although 

a tendency to develop delayed disease could be observed (Figure 14A).  

To test whether the immune repertoire from NODRIPCcnD3TG+ was altered, we 

used spleen cells from NODRIPCcnD3TG+ and NODRIPCcnD3TG- females (>8 

weeks of age) to be transferred into NOD/SCID females (3-5 weeks of age). The 

incidence of diabetes was tested weekly for 16 consecutive weeks. The results show 

that the immune repertoire of all NOD mouse strains used, regardless of CcnD3 

expression levels had the same ability to confer diabetes (Figure 14B).  
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Figure 14. CcnD3 overexpression in β pancreatic cells protects from T1D. A. NOD/SCIDCcnD3TG 
(n=7) and NOD/SCIDTG- (n=16) female mice of 3-5 weeks of age were adoptive transferred with 10 
million total spleen cells from female NOD aged over 8 weeks. B. Female NOD/SCID mice of 3-5 weeks 
were adoptive transferred with 10 million total spleen cells from different donors NODCcnD3TG and 
NODCcnD3TG- (n=20 and 26 respectively). The statistics were analysed in A and B with the Log-rank 
and Gehan-Breslow-Wilcoxon tests comparing to values obtained for the TG- group.   
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11.3.3 CcnD3 overexpression protects β cells from apoptosis	

The comparison of the severity of the insulitic attack amongst NODCcnD3WT, 

NODCcnD3KO and NODRIPCcnD3TG+ female mice show that the level of 

expression of CcnD3 influences the severity of infiltration (Figures 8B, 8C and 

13B). Therefore, we can presume that the higher incidence of diabetes observed in 

association to  lower cyclin D3 expression levels, is a consequence of the 

autoimmune attack, (due to exacerbated insulitis and diabetes at low levels of cyclin 

D3 expression). Moreover NOD Antigen Presenting Cells (APCs) engulfing dead 

cells due to the insulitic assault in an inefficient fashion, will promote inflammation 

and attraction of phagocytes amplifying in this way the autoimmune response. To 

prove this, we performed TUNEL assay, counting the number of TUNEL-positive 

nuclei per insulin positive cells with each islet and, calculating the ratio of TUNEL- 

positive nuclei per total  insulin positive area, having always a relationship between 

the number of apoptotic cells per β‐cell  area. As expected, the number of apoptotic 

cells per β-cell area (Apoptotic cells/mm2) was higher in NODCcnD3KO than in 

NODCcnD3WT which, at the same time, was even higher than in 

NODRIPCcnD3TG+ female mice, (Figure 15A). The number of monocyte cells 

(CD11b+ cells/mm2) was the same in all three experimental groups(Figure 15B), but 

the number of activated macrophages (Mac-3+ cells/mm2) was higher in the islets of 

6-week-old NODCcnD3KO female mice than in those from NODCcnD3WT and 

NODRIPCcnD3TG+ age, gender matched mice (Figure 15C).
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Figure 15. CcnD3 overexpression protects β cells from apoptosis. Immunofluorescence staining 
was carried out on pancreatic sections from 6-week-old NODCcnD3KO, NODRIPCcnD3TG+ and 
NODCcnD3WT females. A. The number of TUNEL-positive nuclei/insulin positive area was 
measured. B. The number of monocyte (CD11b+) per insulin area was measured and C.Number of 
activated macrophages (Mac-3) per insulin area were measured. A statistical analysis was carried out 
on A, B and C with the Wilcoxon-Cox and Mann Whitney U tests. * p≤0,01, ** p≤0,01, ***p≤0,001. 
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11.3.4 CcnD3 overexpression in NOD β-cell improves the response to blood 

glucose challenges 

To determine if CcnD3 is relevant for the islet response to glucose challenges, we 

used 11-week-old NODRIPCcnD3TG+ and NODRIPCcnD3TG- females. After 

overnight fasting, we challenged them with 2g of glucose/kg of body weight 

intrapertoneally. NODCcnD3TG+ female mice as we seen have and improved 

glucose response at 15, 30 and 60 min after glucose challenge showing, as we have 

seen in the NODccnD3KO and HTZ female mice, that the expression of insulin 

confers not only β-cell protection, but also leads to an improved response to blood 

glucose challenges (Figure 16). 

 

 

 

 

 

 

 

 

 

Figure 16. CcnD3 overexpression in β cells improves the response to blood glucose. 2g of 
glucose per kg of body weight was administered intraperitoneally to 11-week-old NODRIPCCnD3TG+ 
and NODRIPCcnD3TG- female mice; Glycemia was measured at 0, 15, 30, 60 and 120 min. 
NODCcnD3TG (n=13) and NODCcnD3WT (n=20) female mice. The statistical analysis was carried 
out with the two-way Anova and Bonferroni post tests.  ***p≤0,001 
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11.4 Generation of NODCcnD3KO/ RIPCcnD36896 and NOD/SCIDCcnD3KO/ 

RIPCcnD3 6896 mice  

To demonstrate the causal relationship between CcnD3 deficiency and β-cell death, 

in conjunction with the leucocyte assault we needed to prove that the sole 

restoration of CcnD3 expression in the β cells is enough to revert the exacerbated 

diabetic phenotype in NODCcnD3KO female mice. To this end intercrossed 

NODCcnD3KO mice and NODRIPCcnD36896TG+ mice to homozigozity for CcnD3 

null mutation, while keeping the RIPCcnD3 transgene in hemizigozity. 

We also obtained NOD/SCIDCcnD3KO/RIPCcnD36896TG+ by introducing the SCID 

mutation to homozigozity.  

11.4.1 NOD/SCID CcnD3KO/ RIPCcnD3 6896 mice are protected from 

adoptively transferred diabetes 

NODCcnD3KO/RIPCcnD3TG+ exhibit small body size like the NODCcnD3KO mice. 

The sole restoration of CcnD3 expression in the β-cells is not enough to restore the 

normal size (Figure 17A).  

The cumulative incidence of adoptive transfered (10 million spleen cells from  8-

week-old NOD female mice donors) show that β cells from NODCcnD3KO/ 

RIPCcnD3TG+ recipient mice are protected from T1D (Figure 17B) compared with 

NODCcnD3KO/ RIPCcnD3TG- mice. These results confirm the causal relationship 

between CcnD3 and β cell survival.  
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Figure 17. NOD mice deficient in CcnD3 overexpressing CcnD3 on β cells are protected from 
adoptive transferred diabetes. A Mean of body weight of 11-week-old NODRIPCcnD3TG (n=13), 
NODCcnD3KO/RIPCcnD3TG+ (n=5) and NODCcnD3KO/RIPCcnD3TG- (n=9) and 
NODCcnD3KO/RIPCcnD3TG- (n=15) littermate females. B Either 3-5 week old NOD/SCIDCcnD3KO/ 
RIPCcnD3TG+ (n=11) or NOD/SCIDCcnD3KO/RIPCcnD3TG- (n=15)  were adoptively transferred 
with 10 million total spleen cells from NOD females aged over 8 weeks. The statistical analysis was 
done with the A Wilcoxon-Cox and Mann-Whitney U and B Log-rank and Gehan-Breslow-Wilcoxon 
tests. * p≤0,05, ** p≤0,01, ***p≤0,001 
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 11.5 β pancreatic cell sensitivity to glucose challenges in relationship to CcnD3 
expression levels 

Pancreatic islets from 6-week-old NODRIPCcnD3TG+, NODCcnD3WT, 

NODCcnD3HTZ and NODCcnD3KO mice were extracted and loaded with 5 mM of 

Fura-2 AM, placed on a perfusion chamber, taking individual measurements of each 

islet mounted on the epifluorescence microscope in which was perfused with 

different glucose concentrations 3mM, 8mM, 16mM, and, at the end 25mM KCl in 

3mM of glucose in a modified Ringer’s solution. Each time interval measured was 10 

min for each concentration of glucose (Figure 18A.) Similar results were obtained 

for NODRIPCcnD3TG+ and NODCcnD3WT islets on one hand; and for 

NODCcnD3HTZ and NODCcnD3KO islets on the other. Figure 18A shows a 

representative example of the Ca2+ response pattern from either NODCcnD3WT or 

NODCcnD3KO females, in which it can seen that at 8mM glucose  NODCcnD3WT 

female islets respond at the wavelength ratio 340/380 which leads to an increase in 

the Area Under Curve (AUC) measurement, and thus oscillations, are marked at 

8mM (Figure 18B) while in islets from NODCcnD3KO and NODCcnD3HTZ mice 

response is absent in most of the analyzed islets(Figure 18C). This impaired 

sentitivity to glucose evhibited by islets from NODccnD3KO and NODCcnD3HTZ 

female mice is observed at 8mM glucose (Figures 18B and 17C). However, at 

16mM, glucose only islets from NODCcnD3KO show impaired changes in the 

intracellular concentration of Ca2+ [Ca2+]i , but not those from NODCcnD3HTZ female 

mice (Figure 18D). These changes in Ca2+ oscillations among the different strains 

are not due to impaired sensitivity of the K+ channels and there is no difference 

between any of the strains (Figure 18E). 

To see if these changes in [Ca2+]i  in CcnD3KO and CcnD3HTZ were due to 

changes in the expression levels of  Glut-2, a glucose transporter expressed in the β 

pancreatic cells, in the β cells we measured Glut-2  expression. However, there is no 

difference in the expression of Glut-2 between the strains(Figure 18F).  

We also checked the insulin islet content by ELISA using islets from the same mice 

that we had used to measure changes in intracellular Ca2+ levels in response to 
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glucose and we found no difference in the amount of insulin that the islets from 

different phenotypes had (Figure17G). 
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Figure 18. Downregulation of CcnD3 expression in β cells decreased sensitivity to islet 
response glucose challenges. Pancreatic islets from 6-week-old NODCcnD3WT(n=20), 
NODRIPCcnD3TG+ (n=18), NODCcnD3HTZ(n=30) and NODCcnD3KO(n=18) female mice were 
loaded with 5 mM Fura-2 AM. They were then placed in a perfusion chamber mounted on the 
epifluorescence microscope in which the islet was perfused with glucose concentrations of 3mM, 
8mM, 16mM and 25mM KCl in 3mM of glucose in a modified Ringer solution. The time interval 
measured was 10 min for each concentration of glucose for each islet. A The application of 3mM, 8 
mM, 16mM of glucose, and, 3mM of glucose with 25mM of K+ elicited a intracellular concentration of 
Ca2+ [Ca2+]i . B. Graph plots the Area Under Curve (AUC) for 5 min in response to 8mM of Glucose 
C. The frequency of [Ca2+]i oscillations in pancreatic islets is shown D. Graph plotting AUC/5 min  in 
response to 16mM E. Graph plotting AUC/5 min in response to 3mM of Glucose and 25mM of K+ F. 
Assessment of the Glut-2 expression levels in pancreatic cells taking as a plot CD45- cells by MFI G. 
ELISA Insulin content in a pool of 20 islets in a mL. The statistical analyses were carried out on B, C, 
D, E, F and G with the Wilcoxon-Cox and Mann-Whitney U tests. * p≤0,05, ** p≤0,01, ***p≤0,001. All 
statistical comparisons take WT group as control. 
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11.6 NIT-1 cells 

11.6.1  NIT-1 cells overexpressing CcnD3 are protected from spontaneous and  

IL-1β-induced apoptosis 

The NOD insulinoma cell line (NIT-1) was stably transfected by electroporation with 

either the pBSKNeo plasmid containing the rat insulin promoter driving the mouse 

CcnD3 cassette (RIP-CcnD3) transgene or the empty plasmid as the mock control 

insert (Figure 19A). Stable transfectants were selected in the DMEM media (Lonza, 

Verviers, Belgium) supplemented with 10% Fetal Calf Serum (Lonza, Verviers, 

Belgium), Gentamycin 1.21mM (0.058mg/mL) (BioSera, Boussens, France), β-

mercaptoethanol (Invitrogen, Scotland), and G418 Sulphate 6 mM (0.4mg/mL) (PAA, 

Pasching, Austria). Cells from the flask were harvested with 1ml of trypsin/EDTA 

(Lonza, Verviers, Belgium). For cytokine-induced cell apoptosis, 100,000 cells per 

well were seeded in 12-well plates on day 0. On day 1, cytokines were added at a 

final concentration of 50U/mL for IL-1β (Prospect; Passaic County, NJ, USA) and 

200U/mL for IFN-γ (Prospect; Passaic County, NJ, USA). On day 2, the cells were 

harvested mechanically and assayed for either annexin V staining or Ki67 

proliferation. NIT-1 cells stably overexpressiong CcnD3 are protected against both 

spontaneous and IL-1β-induced apoptosis (Figure 19B), but not against IFN-γ-

induced or IL-1β+IFN-γ induced apoptosis while no change in necrosis was 

observed (Figure 19D.) amongst the different genotypes studied. 

The NIT-1 cells did not show either enhanced proliferative activity when 

overexpressing CcnD3 or impaired necrosis compared with mock-transfected cells 

(Figure 19C). Only IFN-γ alone, or in association with IL-1β, promotes NIT-1 cell 

replication regardless of CcnD3 overexpression. 

For the experiments shown, the statistical analysis was done with the Wilcoxon-Cox 

and Mann-Whitney U tests and * shows differences with respective internal controls; 

_ * shows differences between same stimuli but different cell clones NIT-1 Neo and 

NIT-1 Neo/CcnD3 respectively; * p≤0,05, ** p≤0,01, ***p≤0,001. 
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Figure 19. NIT-1 cells overexpressing CcnD3 are less succeptible to basal and IL-1β induced 
apoptosis.  A. Map of the plasmid pBSKNeo containing the RIP-CcnD3 cassette used to stably 
transfect NIT-1 cells; H, HindIII; N, NruI; Nh, NheI; Nt, NotI; P, PmeI; R, EcoRI; Xo, XhoI restriction 
sites. B. The NIT-1 Neo cell line with either the empty CcnD3 construct or with the RIP-CcnD3 
construct were cultured for 24h with DMEM in prescence or absence of IL-1β, IFN-γ or both; the % of 
early apoptosis was measured as AnnexinV+ PI- cells in each experimental group C. Proliferation 
levels were measured as the % of Ki67+ cells in each group and D. Necrosis was plotted as the % of 
PI+ cells in each group. The statistical analysis was done with the Wilcoxon-Cox and Mann-Whitney U 
tests. * p≤0,05, ** p≤0,01, ***p≤0,001. Statistical comparisons are performed between treatments with 
each type or transfected cells, taking as reference the values obtained in the control group (no 
cytokines added); for comparisons between the same treatment in different types of cells, orizontal 
lines are used. 
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11.5.2 NIT-1 cells overexpressing CcnD3 are protected against NOD leucocyte-

induced necrosis 

Total spleen cells from non diabetic NOD females older than 8 weeks of age were 

co-cultured with NIT-1 cells for 24 hours in the absence of G418. Stable 

transfectants were selected in the DMEM media (Lonza, Verviers, Belgium) 

supplemented with 10% Fetal Calf Serum (Lonza, Verviers, Belgium), Gentamycin 

1.21mM (0.058mg/mL) (BioSera, Boussens, France), β-mercaptoethanol (Invitrogen, 

Scotland), and G418 Sulphate 6 mM (0.4mg/mL) (PAA, Pasching, Austria). Cells 

from the flask were harvested with 1ml of trypsin/EDTA (Lonza, Verviers, Belgium). 

For leucocyte-induced cell apoptosis, 100,000 cells per well were seeded in 12-well 

plates on day 0. On day 1, the total spleen cells were added in different proportions 

(NIT-1: leucocyte ratio; 1:0,1:0.1; 1:0.5 and 1:1). On day 2, they were harvested 

mechanically ( with cell scrappers) and assayed for either annexin V staining, or for 

proliferation Ki67 staining. The harvested cells were assayed for necrosis 

(Figure20A), apoptosis (Figure 20B) and proliferative activity (Figure 20C). The 

results show that at a low splenocyte ratio (1 NIT-:0.1 splenocyte), NIT-1 cells 

overexpressing CcnD3 are protected compared to NIT-1 Neo cells. However, no 

protection against spleen-cell induced apoptosis is observed in NIT-1 neo/CCnD3 

compared with the NIT-1 Neo cells, suggesting that IFN-γ+ IL-1β	 (Figure 18A) is 

responsible for spleen cell induced NIT-1 cell apoptosis, and not IL-1β alone. CcnD3 

overexpression does not alter the proliferative capacity of these cells. Four pooled 

experiments are shown. For the experiments shown, the statistical analysis was 

performed by using the Wilcoxon-Cox and Mann-Whitney U tests. * show differences 

with internal controls (i.e. no spleen cell); _ * shows differences between the same 

stimuli between different cell lines, NIT-1 Neo and NIT-1 Neo/CcnD3 respectively; * 

p≤0,05, ** p≤0,01, ***p≤0,001. 
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Figure 20. NIT-1 overexpressing CcnD3 cells are protected against necrosis. NIT-1 cells stably 
transfected with either the PBSKNeo plasmid or the PBSKNeo plasmid containing the RIP-CcnD3-Eα 
construct were cultured for 24h in DMEM with different ratios of total spleen cells from NOD female 
mice older than 8 weeks. The ratios shown state for  the number of spleen cells  per one NIT-1 cell 
(e.g. 1:0.1 means 0.1 spleen cells per 1 NIT-1 cell) A. % of apoptotic NIT-1 cells is plotted as % of 
CD45- Glut2+ PI- AnnexinV+ B. The % of Necrotic NIT-1 cells is plotted as % of CD45- Glut2+ PI+ cells; 
and C. The % proliferation NIT-1 cells is plotted as CD45- Glut-2+ Ki67+ cells (Ki67 is a cell 
proliferation marker). The statistical analysis used the Wilcoxon-Cox and Mann-Whitney U tests. * 
show differences with controls; _ * shows differences between same stimuli but different transfectants 
(NIT-1 Neo or NIT-1 Neo/CcnD3respectively); * p≤0,05, ** p≤0,01, ***p≤0,001. 
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12. Summary of results 

To unveil the final targets in the beta cells responsible for the β cell loss caused by 

the lymphocytic attack that generates T1D, we performed microarray studies to 

assess differentially expressed genes in islet endocrine cells as a consequence of 

insulitic infiltration by comparing the Non-Obese Diabetic (NOD) autoimmune-prone 

mouse model with its congenic, lymphocyte-free, NOD/SCID strain. We discovered 

that CcnD3 underwent downregulation in the β cells upon inflammatory insult in a 

dose-dependent manner (Figure 6), while the proliferative activity of the beta cells 

downregulating CcnD3 was unchanged. 

To demonstrate the causal link between CcnD3 repression and β cell death in vivo, 

we studied the spontaneous onset of diabetes in CcnD3-deficient NOD mice 

(NODCcnD3KO) (Figures 7 and 8). NODCcnD3KO mice developed exacerbated 

diabetes compared to wild-type (WT) littermates (88% versus 61% respectively), and 

this was solely due to the deficiency of CcnD3 in the β cells and not to a CcnD3 

more diabetogenic lymphocytic repertoire in the NODCcnD3KO mice (Figure 9). 

However, diabetes exacerbation required the complicity of both CcnD3 deficiency 

and inflammation, since plain NOD/SCID CcnD3KO mice did not develop 

spontaneous diabetes (Figure 10).  

CcnD3 overexpression in the β cells of transgenic mice delayed the onset of 

diabetes and protect against developing T1D (Figures 13) because the cells that 

overexpress CcnD3 are protected from apoptosis  (Figure 15). 

Adoptively transferred T1D was not significantly impaided in NOD/SCID RIPCcnD3 

TG+ recipient mice (Figure 17), although a certain tendency to be delayed could be 

observed (Figure 14).  

We have chosen 11-week-old female mice that were about to develop T1D because 

is near to the disease onset to be challenged with glucose.  
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The onset of T1D in NODCcnD3KO female mice happened at an earlier age 

(beginning at 9 weeks old) than the other strains under study (12 weeks). 23% of 

NODCcnD3KO mice already had diabetes showing that a normal comparison with 

the mice at this age is biased. Because of that, we decided to separate pre-diabetic 

mice of NODCcnD3KO and NODCcnD3WT and compare them. The blood glucose 

response of NODCcnD3KO mice was affected (Figure 11C). The same effect was 

shown by the NODCcnD3HTZ (Figure 11D) while the NODCcnD3TG+ strain had an 

improved glucose response (Figure 16). 

CcnD3 also has an essential role in pancreatic β-cell fitness, since pancreatic islets 

deficient in CcnD3 do not experience proper changes in intracellular Ca2+ influx in 

response to a deficient sensitivity to glucose (Figure 18). This impairment coupling 

glucose concentration in the extracellular milleau and an intracellular increase in 

Ca2+ concentration is not due to either sensitivity to K+ or to changes Glut-2 

expression levels between the CcnD3 KO and WT islets. 

 Finally, NIT-1 cells stably overexpressing CcnD3 are less susceptible to a basal and 

IL-1β	induced apoptosis (Figure 19), and less susceptible to necrosis when the cells 

are in contact with lymphocytes (Figure 20); no alteration in the proliferation rates 

were observed. 
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The mouse experimental groups generated for the work in this thesis were: 

NODCcnD3KO 

NODCcnD3HTZ 

NODCcnD3WT 

NOD/SCIDCcnD3KO 

NOD/SCIDCcnD3HTZ 

NOD/SCIDCcnD3WT 

NODRIPCcnD3TG+ 

(6 different strains: 6876, 6877, 6880, 6889 and 6896; only 6896 in the TG+ 

littermate mice were used in the experiments of the thesis) 

NODRIPCcnD3TG- 

(6 different strains: 6876, 6877, 6880, 6889 and 6896; only 6896 TG- littermate 

mice were used in the experiments of the thesis) 

NOD/SCIDRIPCcnD3TG+ 

NOD/SCIDRIPCcnD3TG- 

NODCcnD3KO/RIPCcnD3TG+ 

NODCcnD3KO/RIPCcnD3TG- 

NOD/SCIDCcnD3KO/RIPCcnD3TG+ 

NOD/SCIDCcnD3KO/RIPCcnD3TG- 
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13. Discussion  

Studies of the pathogenesis of T1D have mainly focused on the role of the immune 

system destruction of pancreatic β cells, but most lack data on the cellular and 

molecular events at the β-cell level. A change in cellular phenotype because of the 

change in the environment of the pancreatic islets can alter its recognition of 

potentially citotoxic agents and its defence mechanisms against cell death. β-cell are 

not necessarily passive victims of a cytotoxic process but can actively collaborate in 

the process of their own destruction. Basing on this idea, we performed microarray 

assays and we found CcnD3 underwent downregulation in β cells upon inflammatory 

insult and we proved that this happened in NOD mice in a dose-dependent manner 

without affecting the proliferative activity of the β cells.  

Different strains of mice used in this study demonstrate that changes in CcnD3 

levels of expression are related to changes in the severity of infiltration, susceptibility 

to death, and the response to glucose challenges. NOD mouse models show that if 

there is no expression of CcnD3, or it diminishes, there is a  exacerbated 

spontaneous and adoptive transferred T1D, while the opposite happens when there 

is an overexpression of CcnD3. This, is not due to an alteration of the 

diabetogenicity of the immune repertoire and it that requires immune attack. We 

hypothesize that loss of CcnD3 enhances β cell apoptosis, leading to APC engulfing 

of autoantigens in a proinflamatory niche due to the reported inefficient scavenger 

activity of macrophages in the NOD strain, and promoting cellular autoimmune 

response. Also we have seen that there is the same number of monocytes inside the 

islets but the number of activated phagocytic macrophages is higher in islets from 

those mice lacking than in those that overexpress CcnD3,  in agreement with our 

hypothesis. 

β-cells are responsible for secreting insulin, a key hormone for regulating the 

glucose metabolism, and changes in expression of CcnD1, CcnD2 and cell-cycle 

proteins, lead to phenotype changes of pancreatic islets as hyperplasia. We were 

then interested in assessing whether CcnD3 is crucial for β-cell physiology, since, 

althought there are redundant roles for the 3 different D-type cyclins reported in 
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humans, CcnD3 yields the most robust rate of proliferation in pancreatic islets(237). 

In NODRIPCcnD3 6896 TG+ mice, there is no hyperplasia of pancreatic islets unlike 

the one exhibited by the CcnD1 transgenic mouse(207). However, loss of expression 

of CcnD3, causes a reduction in the size of the islets.When either CcnD3 or CDK4 

expression levels one of the major kinase partners of D-type cyclins are reduced or 

lost, reduced body size is observed, however this is not due to endocrine defects. 

There is a cross talk between the cell cycle and the metabolic control of the cell. The 

glucose metabolism is a key process the cell needs to control, and we have seen 

that if there is overexpression of CcnD3, there is an improvement in the response to 

blood glucose and also in the sensitivity of glucose by the β pancreatic islets. The 

opposite happens when there is a downregulation or loss of the expression of 

CcnD3. These changes are not due to a change in the activity of the KATP channels, 

and/or to downregulation in the expression of Glut-2. However, there is a report that 

shows that if an enzyme from glucolysis is overexpressed, the levels of expression 

of CcnD3 increase(238). There may be an alteration in the glycolisis or TCA activity 

levels that leads to a drop in the ATP generation and also diminish the CcnD3 

expression in NOD WT infiltrated islets. Also CcnD3 deficiency diminishes the 

generation of the complex CcnD-CDK4/6 that limits the release of E2F1 that directly 

regulates the expression of Kir6.2, a key component of the KATP channel involved in 

the regulation of glucose-induced insulin secretion in pancreatic β cells(221). We 

have seen that the response to high concentrations of K+ (25mM) and the KATP 

channels is similar in all experimental groups tested, regardless of CcnD3 

expression levels. Maybe , the differences in between genotypes could be 

detectable on lower, more physiological, K+ concentrations. However E2F1(-/-) mice 

are not diabetic. They have dramatically increased insulin sensitivity, secondary to 

decreased white adipose tissue. These effects are specific for E2F1, whereas the 

expansion of β-cells can be compensated by E2F2 (mainly released in the S phase 

of the cell cycle). E2F1/E2F2 double-mutant mice consistently display insulin 

deficient diabetes. It may be that redundancy of the cell-cycle proteins is one of the 

reasons why the results are not more dramatic.  
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Here we demonstrate that NIT-1 cells overexpressing CcnD3 are less susceptible to 

both, basal and IL-1β-induced apoptosis. It is noteworthy that cyclin D3 

overexpression does not protect NIT-1 cells from residual apoptosis induced by IFN-

γ although the apoptosis levels are not higher those achieved by mock-transfected 

NIT-1 cells in basal conditions. Anyhow, the extent to which IFN-γ is able to induce 

apoptosis in NIT-1 cells is very limited in comparison to that exhibited by IL-1β. 

These observations, in agreement with what has already been described, evidence 

that both cytokines signal by two different pathways to promote apoptosis, one of 

which, is severely negatively affected by cyclin D3, the one triggered by IL-1β, while 

the other, the one related to IFN-γ is not affected by changes in cyclin D3 expression 

levels. Although IFN-γ signals through the JAK2/STAT1 pathway, and IL-1β through 

the NFκB pathway, both pathways, however, can crosstalk through the MAPK 

kinase cascade(239, 240). Moreover, both, TNF-α and IFN-γ have been reported to 

potentiate IL-1β effects on β cells(240). Signaling through IL-1β receptor causes 

induction of Fas receptor, Caspase-1, iNOS, AP1 expression in beta cells amongst 

other genes(241) , and it has been reported to cause also β- cell dysfunction(242); 

while, signaling through IFN-γ receptor induces caspase genes, amongst many 

other genes(243), including iNOS, thus priming cells to be more sensitive to 

proapoptotic stimuli (244). 

The mechanism accounting for CcnD3 protection against IL-1β induced apoptosis in 

NIT-1 cells is very probably due to some negative interference with either NFκB-

mediated action, by acting on any/some of gene products encoded by its target 

genes, AP1-transcription factor, or with MAPK signaling. This would not be 

surprising, since CcnD3 has also been reported to bind certain transcription factors 

such as PPAR-γ, ATF-5(188, 245, 246) or nuclear receptors(187). CcnD3 potentiates 

the action of the ATF-5 (Activating Trancription Factor 5 alpha/beta) which is a 

transcription factor which binds to cAMP response element (CRE) existing in a 

number of promoters(245). It is interesting that ATF-5 transcriptional activity is 

enhanced by CcnD3, while CDK4 has the opposite effect on it (245).   
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There is a number of non-overlapping functions performed by CcnD1 and CcnD3 

regardless of those being CDK-dependent or independent, which rely on 

transcription factor modulation: for example, CcnD3 enhances peroxisome 

proliferator-activated receptor-γ action through CDK-dependent mechanisms; while 

CcnD1 inhibits it in a CDK-independent mechanism(188, 247).  Although not explored 

as thoroughly as CcnD1, CcnD3 seems to act preferentially on cAMP-regulated 

transcription while CcnD1 on nuclear-receptor regulated transcription(181, 182, 188, 

245, 246).  

CcnD3 has been described as a D-type cyclin associated with differentiation(248), for 

instance, it has been reported to participate in adipogenesis(188), muscle 

differentiation(249),  and regulation of granulocyte differentiation(231, 250). 

Furthermore, direct interaction between CcnD3 and ERK3, an atypical mitogen 

activated kinase (MAPK) has been reported(251). ERK kinases are an important 

subgroup in the MAPK family, which are involved in IL-1β signaling in addition to 

NFκB.   Since overexpression of ERK3 causes G1 arrest in several cell lines(252-

254), and CcnD3 is involved is cell differentiation and interacts with ERK3, it has 

been suggested that the tandem ERK3/CcnD3 is restraining proliferation for the 

sake of differentiation.  

Furthermore, CcnD3 associates with androgen AR in Prostate Cancer (PCa) cells 

and represses its ligand-dependent activation through CDK4-independent 

mechanisms, through a repressor motif that regulates ligand-induced intramolecular 

interactions. In addition CcnD3 can associate with HDAC3 and impede this way AR 

recruitment to endogenous target genes (187).  

For all of the above mentioned potential points in which CcnD3 could intervene to 

protect β cells from apoptosis further work in this area need to be done to give 

insight into those CcnD3 partners involved in pancreatic β-cell fitness and viability. 

However this is beyond the scope of this work.    

In the future, to find the signalling pathway and molecular partners that could explain 

the results that are shown in this thesis, is necessary. Some specific points, like the 
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function of the KATP channels, the levels of expression of Glut-2, and the amount of 

insulin, have been checked, but other remain to be explored. 

 

 

 

 
Figure 21. Search for the CcnD3 signalling pathway that contributes to an improvement 
response to blood glucose and sensitivity of glucose in β	cells.	Regulation of glucose-stimulated 
insulin secretion by nutrients, hormones and neurotransmitters can be influenced by the CcnD3 
change of expression. The blue circles are clues about thesis explored information like Glut-2 
expression, function of KATP channels and content of insulin in pancreatic isles in NOD mice and in a 
red circle literature results indicate as interesting targets that can be analyzed in the future by the 
group. 
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14. Conclusion 

CcnD3 promotes pancreatic β-cell survival by protecting cells from inflammation, 

induced apoptosis in a cell cycle independent manner; and is required forβ-cell 

fitness in response to glucose challenges. 
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15. Supplementary information 

15.1 Buffer preparation 

Citrate solution 

Sodium citrate tribasic dehydrate 99% Na3C6H5O7 0.01M   2.60g/L 

Adjust pH to 6 

 

TRIS solution 

TRIS C4H11NO3         12.1g/L 

Adjust pH to 7.4 

 

Permeabilization solution 

TRIS solution         50mL 

Triton X-100         500µL/50mL 

 

Blocking solution 

Permeablilization solution              50mL 

BSA          1.5g/50mL 

Serum blood of NOD              500μL 

 

Acid alcohol 

EtOH 80%/H20         250mL 

HCl 37%/H20             3mL 
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Tail lysis Buffer 

50mM Tris pH=8        6.055g 

50mM KCl        3.72g 

2.mM EDTA        0,93g 

0.45% NP-40       4.5mL 

0.45% Tween-20       4.5mL 

Adjust the volume to 500mL an then solution is sterilized. 

Modified Ringer solution media 

120mM NaCl         7.01g 

3mM KCl          0.0372g 

25mM NaHCO3         2,1g 

21.1mM  MgCl        0.233g 

2.5mM CaCl2        0.27g 

Adjust to 1L 

The pH of the solution is equilibrated gassing 95% O2 and 5%CO2 during the 

experiment. It is important to add CaCl2  after the solution has some time  been 

gassed for some time, otherwise CaCl2 precipitates. 
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15.2 Forms 

15.2.1 Glucose Tolerance Test 

Pentobarbital concentration 60mg/kg 

Original concentration of Dolethal (Vetoquinol, Spain) 0.2g Pentobarbital/mL 

Dilution of Dolethal in physiological saline solution: 0.03mL Dolethal/mL  

Glucose solution 5% 

Weight 
(g) 

Diluted Dolethal(mL)  Glucose solution (mL) 

 

15 0.15 0.6 

15.3 0.153 0.612 

15.6 0.156 0.624 

16 0.16 0.64 

16.3 0.163 0.652 

16.6 0.166 0.664 

17 0.17 0.68 

17.3 0.173 0.692 

17.6 0.176 0.704 

18 0.18 0.72 

18.3 0.183 0.732 

18.6 0.186 0.744 

19 0.19 0.76 
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19.3 0.193 0.772

19.6 0.196 0.784

20 0.2 0.8

20.3 0.203 0.812

20.6 0.206 0.824

21 0.21 0.84

21.3 0.213 0.852

21.6 0.216 0.864

22 0.22 0.88

22.3 0.223 0.892

22.6 0.226 0.904

23 0.23 0.92

23.3 0.233 0.932

23.6 0.236 0.944

24 0.24 0.96

24.3 0.243 0.972

24.6 0.246 0.984

25 0.25 1

25.3 0.253 1.012

25.6 0.256 1.024

26 0.26 1.04
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Mouse ID  Genotype  Weight (g)  Glycemia  

(mg/dL) 

t=0 

15 min  30 min  60 min  120 min 
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15.2.2 Monitoring the spontaneous onset of diabetes  
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15.2.3 Monitoring induced diabetes in Adoptive Transfers 
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