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Abstract 27 

Insulin is a key hormone controlling metabolic homeostasis. Loss or dysfunction of 28 

pancreatic β-cells lead to the release of insufficient insulin to cover the organism needs, 29 

promoting diabetes development. Since dietary nutrients influence the activity of β-cells, 30 

their inadequate intake, absorption and/or utilization can be detrimental. This review will 31 

highlight the physiological and pathological effects of nutrients on insulin secretion and 32 

discuss the underlying mechanisms. Glucose uptake and metabolism in β-cells trigger 33 

insulin secretion. This effect of glucose is potentiated by amino acids and fatty acids, as 34 

well as by entero-endocrine hormones and neuropeptides released by the digestive tract in 35 

response to nutrients. Glucose controls also basal and compensatory β-cell proliferation 36 

and, along with fatty acids, regulates insulin biosynthesis. If in the short term nutrients 37 

promote β-cell activities, chronic exposure to nutrients can be detrimental to β-cells and 38 

causes reduced insulin transcription, increased basal secretion and impaired insulin 39 

release in response to stimulatory glucose concentrations, with a consequent increase in 40 

diabetes risk. Likewise, suboptimal early-life nutrition (e.g. parental high-fat or low-41 

protein diet) causes altered β-cell mass and function in adulthood. The mechanisms 42 

mediating nutrient-induced β-cell dysfunction include transcriptional, post-transcriptional 43 

and translational modifications of genes involved in insulin biosynthesis and secretion, 44 

carbohydrate and lipid metabolism, cell differentiation, proliferation and survival. Altered 45 

expression of these genes is partly caused by changes in non-coding RNA transcripts 46 

induced by unbalanced nutrient uptake. A better understanding of the mechanisms 47 

leading to β-cell dysfunction will be critical to improve treatment and find a cure for 48 

diabetes. 49 
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Introduction 50 

Appropriate nutritional intake and utilization are essential for proper functioning of our 51 

organism. Indeed, deficiency or excess of certain nutrients are at the origin of many 52 

diseases, including diabetes mellitus. Nutrients can be subdivided in two main categories, 53 

micronutrients and macronutrients. Micronutrients include vitamins and minerals and are 54 

essential for the function of cells and organ systems (1, 2). Macronutrients include 55 

carbohydrates, amino acids and fat, and serve as energy sources and structural 56 

components of the cells (1). The fate of the ingested macronutrients is determined by an 57 

integrated network of hormonal and neural signals which, according to the metabolic 58 

status of the organism, orchestrate the immediate use of the ingested molecules, their 59 

biochemical transformation or their long-term storage (3). An in depth knowledge of the 60 

processes regulating nutrient uptake and utilization is essential for understanding the 61 

mechanisms responsible of metabolic homeostasis and for elucidating the causes of 62 

metabolic disorders such as diabetes mellitus.  63 

Sensory contact with food and stimulation of the oral cavity elicit salivation, 64 

gastric acid production and pancreatic exocrine and endocrine secretions (4, 5). These 65 

early responses referred to as cephalic phase serve to prepare the digestive tract for 66 

digestion, absorption and utilization of nutrients and are followed by a gastro-intestinal 67 

phase when food reaches the stomach (4-6). During this second phase, the gastro-68 

duodeno-jejunal mucosa and the enteric nervous system release numerous peptides, 69 

entero-hormones and neurotransmitters via paracrine, endocrine and neural mechanisms 70 

that coordinate nutrient absorption and utilization to achieve metabolic homeostasis (7, 71 

8). 72 

Insulin, a peptide hormone produced by pancreatic β-cells within the islets of 73 

Langerhans is at the core of this complex regulatory network and plays an essential role 74 

in blood glucose homeostasis and in the control of body metabolism. The amount of 75 

insulin released in the circulation is precisely tuned to prevent tissue damage caused by 76 

chronic hyperglycemia and the life-threatening effects of prolonged hypoglycemia (9, 77 

10). The aim of this review will be to discuss the direct and indirect impacts of 78 

macronutrients on β-cells and to evaluate their contribution to the control of insulin 79 

secretion under physiological and pathological conditions.   80 
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81 

Pancreatic β-cells as nutrient sensors 82 
83 

Pancreatic β-cells, are highly differentiated cells that are often referred to as the “fuel 84 

sensors” because of their capacity to monitor and respond to dietary nutrients (11, 12). 85 

The task of β-cells is to detect the changes in the concentration of nutrients in the 86 

bloodstream and to release appropriate amounts of insulin to ensure prompt and efficient 87 

metabolic disposal (13). Insulin secretion in man and animals is pulsatile and follows the 88 

oscillatory metabolism of nutrients (14, 15). The β-cells are able to integrate a variety of 89 

signals elicited by nutrients in the gut, brain and in the β-cells them-selves permitting the 90 

fine-tuning of insulin release (16-18) (Figure 1).  91 

92 

Cephalic insulin release: far from anecdotic 93 

In humans and rodents there is a robust cephalic phase insulin release (CPIR) that occurs 94 

in response to sensory stimulation of the oral cavity caused by mastication, tasting or 95 

food ingestion (19, 20). Several studies in humans and rodents demonstrated that 96 

blockade of the insulin response during this phase results in poor glycemic control and 97 

reduces the immediate food intake (21). Insulin release during the pre-absorptive period 98 

is believed to contribute to the optimization of postprandial glucose homeostasis by 99 

preventing a rapid rise in plasma glucose levels and an exaggerated insulin peak. CPIR 100 

permits also to inhibit glucose production in the liver and lipolysis in adipose tissue and 101 

thus to regulate energy homeostasis (22, 23). Obese and type 2 diabetes (T2D) subjects 102 

who are insulin resistant and hyperinsulinemic display a reduced CPIR, resulting in 103 

elevation of postprandial glucose levels by about 40% (21, 24). Remarkably, mimicking 104 

CPIR by the infusion of tiny insulin amounts prior or during the first 10 min of food 105 

ingestion, had no effect on postprandial insulin or glucose levels in lean subjects but 106 

improved glucose control in obese (25) and in both, T1D (26) and T2D patients (27). 107 

These data strengthen the importance of early insulin release for maintaining postprandial 108 

glucose clearance and homeostasis and suggest that defective CPIR may contribute to 109 

perturbed glucose tolerance associated with metabolic disorders and diabetes. 110 

111 

Gastro-intestinal phase of insulin secretion 112 
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Upon arrival into the gut, the nutrients activate a regulatory signaling network between 113 

the gut and the pancreatic islets that plays a central role in metabolic homeostasis (28). 114 

This entero-insular axis involves the release of numerous hormones by entero-endocrine 115 

cells of the gastric-duodeno-jejunal mucosa exerting an insulinotropic action (29) (Table 116 

1). This so-called incretin effect is responsible for the differences observed in the amount 117 

of insulin released following oral and infused food intake (30). Although the list of 118 

gastric and gut-derived hormones and peptides is still expanding, the strongest candidates 119 

for the incretin effect are the glucose-dependent insulinotropic polypeptide (GIP) and 120 

glucagon-like peptide 1 (GLP-1) (31, 32). Recently, evidence for an entero-endocrine 121 

signal attenuating insulin secretion under fasting conditions has also been provided. 122 

Indeed, the Drosophila peptide Limostatin released from nutrient sensing-cells in the gut 123 

and its mammalian orthologue Neuromedin U were proposed to decrease insulin 124 

production by directly targeting the β-cells (33).  125 

The passage of nutrients through the gastrointestinal tract stimulates also the 126 

secretion of numerous neuropeptides (neuropeptide Y, neuromedin, opioid-like peptides 127 

(enkephalin and endorphin), galanin, vasoactive intestinal polypeptide (VIP), calcitonin 128 

gene-related peptide (CGRP), substance P, taurine, etc) and neurotransmitters 129 

(acetylcholine, norepinephrine, serotonin, GABA, ATP, nitric oxide, etc) by the enteric 130 

nervous system (34) (Table 1). These molecules can affect pancreatic secretion through 131 

the vagal nerve and contribute to the regulation of insulin release both in the early and 132 

postprandial phases (7). The activation of enteric neurons is a major component of the so-133 

called “gut-brain axis”. The complex and fascinating connections between the 134 

gastrointestinal tract and the central and peripheral nervous systems has been extensively 135 

reviewed elsewhere (35, 36) and will not be discussed further in this paper. 136 

137 

Impact of nutrients on β-cell signaling 138 

The metabolic signaling pathways elicited in β-cells by nutrients and culminating in 139 

insulin secretion are intensively investigated since decades. Because of space constrains, 140 

in this section we will only highlight the main molecular mechanisms governing the 141 

effects of macronutrients on β-cells and we refer the reader to other excellent reviews that 142 

have extensively addressed this matter (11, 12, 37). Nutrient-induced insulin secretion 143 
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from β-cells occurs through a unique signal transduction system, which differs 

considerably from that of neuromodulators or peptide hormones. Indeed, nutrients must 

be metabolized in the β-cell to cause insulin secretion (12). In contrast, other 

secretagogues, such as incretins, cytokines, neurotransmitters etc. modulate insulin 

secretion by binding to specific cell-surface receptors and by activating signaling 

cascades that involve the production of classical second messengers such as Ca
2+

 and 

cAMP (38, 39). Nutrients, such as glucose and fatty acids, have a dual effect on β-cell 

function. Acute exposure of β-cells to elevated glucose or fatty acid concentrations 

stimulates insulin secretion while prolonged exposure to these same nutrients causes 

impaired insulin secretion, characterized by excessive hormone release at low glucose 

concentrations and no further increase upon glucose rise (40, 41). Glucose enters the β- 

cells and is metabolized, resulting in an increase in the ATP/ADP ratio, closure of ATP- 

sensitive K
+
 channels and membrane depolarization. This will in turn trigger the opening 

of L-type Ca
2+

 channels, causing a rapid rise in intracellular Ca
2+

 concentration and the 

fusion of insulin-containing granules with the plasma membrane (42). Although glucose 

is unequivocally the principal factor triggering insulin release, several other macro- and 

micronutrients act synergistically with glucose to potentiate secretion. Until recently, the 

dietary monosaccharide fructose was believed to be unable to stimulate insulin secretion 

because β-cells do not express the fructose transporter GLUT5 (43, 44). However, recent 

work has provided evidence that fructose can potentiate glucose-induced insulin secretion 

by binding to the sweet taste receptors that are present both in mouse and human β-cells 

(45-47). Free fatty acids (FFA) have also the capacity to amplify insulin secretion, 

through three interdependent processes, defined as the “trident model” of β-cell signaling 

(48). Two pathways involve intracellular fatty acid metabolism, whereas the last one 

relies on the activation of a membrane-bound FFA receptor. FFA potentiation of glucose- 

induced insulin secretion is particularly effective and vital under conditions of insulin 

resistance, when β-cells are called to compensate for the increased insulin needs (49, 50). 

Although dietary proteins by themselves do not provoke a frank insulin excursion, co- 

ingested with carbohydrates they can markedly potentiate the insulin response. However, 

their impact on insulin secretion varies depending on the quality and quantity of proteins 

present in the meals (51). Diets with a low protein content induce a mild insulin secretion 174 
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whereas a high protein meal potentiates the insulinemic response. The reduced glycemic 175 

excursion in response to proteins and fat added on top of carbohydrates appear to be lost 176 

or attenuated in diabetic subjects (52). The amino acid composition will determine how 177 

insulin secretion is induced (53). The cationic amino acid L-Arginine, induces plasma 178 

membrane depolarization and triggers insulin granule exocytosis upon Ca
2+

 entry through 179 

voltage-gated channels. L-Alanine is co-transported with Na
+
 and induces cell membrane 180 

depolarization, voltage-dependent Ca
2+

channel opening and, consequently, insulin 181 

granules exocytosis. The metabolism of alanine results in increased intracellular ATP 182 

levels and activation of a signaling cascade leading to insulin exocytosis. Aspartate and 183 

glutamate are key components of the NADH shuttles, a primordial mechanism to achieve 184 

efficient glucose oxidation (53).  185 

In addition to being insulin secretagogues, nutrients regulate proliferation and 186 

survival of β-cells (54, 55) and exposure to nutrients can affect β-cell fate and 187 

characteristics. A recent study allowed the identification in larval Zebrafish of a 188 

compensatory mechanism in which β-cells promote differentiation of new endocrine 189 

precursor cells in response to overnutrition and to the resulting insufficient insulin 190 

secretory capacity (56). Similar results were found in the mature Zebrafish pancreas with 191 

the identification of active nutrient sensitive progenitors and β-cell differentiation in 192 

response to metabolic cues (57). The same authors observed also a dramatic increase in β-193 

cell proliferation in response to a high-calorie diet. Both, β-cell proliferation and 194 

differentiation were associated to the down-regulation of the Notch signaling pathway 195 

and to the activation of mTOR-dependent signaling (57). Dor and colleagues have further 196 

characterized the tight regulation of β-cell maturation and function in response to nutrient 197 

stimuli and food composition (58). Indeed, in mice the transition from the high-fat mother 198 

milk to a carbohydrate rich chow diet, enables the β-cells to acquire their glucose 199 

responsiveness and their capacity to proliferate under conditions of increased insulin 200 

demand (58). The nutritional transition occurring in this critical developmental window 201 

are therefore essential for the acquisition of an appropriate functional β-cell mass.  202 

203 
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Impact of nutrients on β-cell gene expression 204 

The pancreatic islets are highly vascularized structures and nutrients and other circulating 205 

factors impact not only on β-cell secretory functions but also on other β-cell activities 206 

such as proliferation and survival. Indeed, glucose sensing regulates both basal β-cell 207 

proliferation rate and their capacity to regenerate following injury. Dor and colleagues 208 

provided evidence that glucose-induced proliferation requires the activation of 209 

glucokinase, the enzyme that catalyzes the initial step of glucose utilization in β-cells 210 

(59). Further investigations revealed a β-cell specific regulation of the level of cyclin D2 211 

mRNA driven by glucose metabolism exerted through the activation of a Ca
2+

-dependent212 

pathway (60). 213 

However, chronic exposure to elevated concentrations of glucose and lipids is 214 

detrimental for β-cells. The excess of nutrients can lead to deterioration of β-cell function 215 

through the modification of transcriptional, post-transcriptional and translational events. 216 

Multiple independent studies that analyzed the transcriptomic profile of human or rodent 217 

diabetic islets or of islets exposed to a diabetogenic environment, identified alterations in 218 

the expression of genes associated with insulin processing and secretion (e.g., Pcsk1/2, 219 

GLP1R), lipid metabolism (e.g., Stearoyl-CoA desaturase 1 gene (SCD1), stearoyl-CoA 220 

desaturase 2 (SCD2), and fatty acid desaturase-2 (FAD)) oxidative stress (e.g., Cdkn1b, 221 

Tmem27, Pax6, Cat, Prdx4 and Txnip), cell proliferation and islet cell differentiation 222 

(e.g., Cdkn1b, Tmem27 and Pax6) (61-63). A better understanding of the role of these 223 

differentially expressed genes in obese- and diabetes-associated settings may help 224 

understanding the factors linking obesity to impaired islet-cell activity. Reduced 225 

expression of the glucose-transporters GLUT1 and GLUT2 (encoded by Slc1a1 and 226 

Slc2a2 genes, respectively) have been reported in human islets isolated from 227 

hyperglycemic T2D donors (64). In vitro investigations in an insulin-secreting β-cell line 228 

demonstrated that, in the presence of chronically elevated extracellular glucose 229 

concentrations, GLUT2 is either directly degraded at the plasma membrane or undergoes 230 

endocytosis followed by a rapid degradation (65). The glucose-dependent degradation of 231 

GLUT-2 suggests that systemic nutrient overload can directly contribute to impaired β-232 

cell glucose sensing and to the consequent loss of metabolic homeostasis. Glucose 233 

controls also the binding of several key transcription factors (e.g., MafA, NeuroD, PDX1) 234 
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to the insulin gene promoter and is thus a major physiologic modulator of insulin gene 235 

expression (66). Impaired PDX-1 and MafA binding to the insulin promoter is also 236 

observed upon prolonged exposure to the saturated fatty acid palmitate (67). Hence, both, 237 

glucose and palmitate are able to affect the binding of transcription factors that control 238 

the activity of the insulin promoter, pointing to an involvement of these regulators of 239 

gene expression in the mechanisms of glucolipotoxicity (68). 240 

Emerging evidence suggest an impact of diet-dependent epigenetic modifications 241 

in the etiology of metabolic disorders (69). Hu et al. observed an aberrant DNA 242 

methylation profile in β-cells cultured for 1 month in a medium containing high glucose 243 

and lipid concentrations. Although, DNA methylation is a key event associated with gene 244 

silencing, TCF7L2 mRNA was unexpectedly increased whereas the protein Tcf7l2 was 245 

reduced in islets under conditions of glucolipotoxicity (70). The transcription factor 246 

Tcf7l2 has been shown to regulate both β-cell proliferation and insulin secretion (71). 247 

Elevated mRNA levels of Tcf7l2 and reduced protein levels have also been observed in 248 

islets of T2D patients and in diabetic animal models (70, 72, 73), emphasizing the 249 

potential involvement of nutrient-induced gene expression changes in metabolic 250 

disturbances. Ling and colleagues analyzed the genome-wide expression profile of 251 

palmitate-treated human islets and identified 1,860 differentially expressed genes. Among 252 

them, 37 genes were also differentially expressed in islets from T2D individuals. 253 

Interestingly, this study identified changes in the DNA methylation pattern of multiple 254 

diabetes candidate genes, such as TCF7L2 and GLIS3 (74). These results suggest that 255 

lipid-induced epigenetic modifications may affect glucose-stimulated insulin secretion 256 

and/or β-cell survival by impacting on gene expression. 257 

In addition to the effect of the nutritional environment on metabolic health in the 258 

adulthood, numerous studies have attempted to elucidate the influence and the long-term 259 

consequences of a perturbed prenatal metabolic status. Maternal obesity and excessive 260 

caloric intake during pregnancy were found to expose the fetus to nutrient surfeit and to 261 

substantially increase the likelihood of an individual to become obese and develop 262 

metabolic disorders (75, 76). Indeed, the offspring of mothers fed a high fat diet (HFD) 263 

throughout pregnancy and lactation exhibits a remarkably similar obesogenic phenotype, 264 

characterized by increased fat mass, hyperinsulinemia, and hyperleptinemia (77). 265 
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Strikingly, these phenotypic traits are associated with the abnormal expression of 266 

regulatory genes in the pancreas of adult offspring including increased mRNA levels of 267 

INS1, INS2, proinflammatory cytokines (TNF-α, CD68 and IL1-R1), STAT3 and 268 

reduced expression of PI3K. These changes have been reported in the adult pancreas of 269 

offspring from mothers exposed to an obesogenic diet either pre-conception and 270 

throughout pregnancy and lactation, or merely during pregnancy and lactation periods 271 

(78). 272 

Protein-restricted diets during pregnancy have also a major impact on fetal 273 

pancreas and modifies the expression of more than 10% of the islet genes. The alterations 274 

concern mainly genes associated with the tricarboxylic acid cycle, ATP production, cell 275 

proliferation and anti-oxidative defense pathways and are prevented by maternal taurine 276 

supplementation throughout pregnancy (79). Epigenetic marks in the pancreatic genome 277 

of the offspring are believed to link the maternal diet to the susceptibility of developing 278 

obesity and diabetes, a phenomenon known as “cellular memory”. Indeed, maternal 279 

protein restriction elicited permanent modifications in histone marks in the enhancer 280 

region of the Hnf4a locus, resulting in the down-regulation of Hnf4a in the islets of the 281 

offspring (80). Impaired expression of this transcription factor can have a major impact 282 

on β-cell activities. Indeed, mutations in the Hnf4a gene result in the development of a 283 

particular form of diabetes (Maturity Onset Diabetes of the Young type 1) (81, 82). 284 

So far, most studies on the influence of the parental diet on metabolism and 285 

glucose homeostasis in the offspring have focused on the role of the mothers. 286 

Nonetheless, accumulating evidence suggest that the paternal diet has also an impact on 287 

the offspring metabolism. Morris and colleagues studied the transgenerational effect of 288 

paternal obesity and high fat feeding on rat progeny. Their study revealed that chronic 289 

exposure of male rats to HFD programs the dysfunction of β-cells in their female 290 

offspring causing the appearance of an early phenotype of glucose intolerance. The 291 

impaired glucose clearance worsens with aging and is associated with altered expression 292 

of 642 genes in the islets of adult female offspring (83). Gene ontology and KEGG 293 

pathway analysis highlighted an enrichment of dysregulated genes involved in insulin and 294 

glucose metabolism, as well as calcium-, MAPK- and Wnt-signaling, in the control of 295 

apoptosis and of the cell cycle. These transcriptomic changes were also accompanied by 296 
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epigenetic alterations such as hypomethylation of the Il13ra2 gene encoding for the 297 

Interleukin-13 receptor subunit alpha-2 (83). In a second survey, the same group 298 

extended this study by comparing the gene networks affected in retroperitoneal white 299 

adipose tissue and in pancreatic islets (84). Their analysis revealed that paternal diet-300 

induced obesity modifies the same cellular processes and signaling pathways in the fat 301 

tissue and in islets. In particular, they found that many genes encoding olfactory receptors 302 

are down-regulated in the progeny. These results suggest that paternal HFD exerts 303 

transgenerational regulation of the nutrient sensing machinery and causes impaired 304 

glucose homeostasis in F1 generation (84).  305 

Another study carried out in fruit flies reported that increased sugar in the diet of 306 

males for just 1 or 2 days before mating can lead to obesity in the next generation (85). 307 

High dietary sugar led to modifications in gene expression through epigenetic changes, 308 

without affecting growth and development in the progeny. Specifically, the 309 

transcriptomic profile of the offspring was characterized by an active deposition of the 310 

histones H3K9me3 and H3K27me3 and by changes in the expression of genes involved 311 

in key metabolic pathways, including glycolysis, Krebs cycle, mitochondrial metabolism 312 

and polysaccharide metabolism (85). These findings strengthen the conclusion that 313 

nutrient-induced transgenerational DNA methylation and their consequent modifications 314 

in gene expression can act as an endocrine disruptor and promote the development of 315 

impaired metabolic phenotypes.  316 

Overall, these studies carried out in mammals and flies highlight the role of non-317 

genetic factors in the transgenerational susceptibility to metabolic disorders. For an in 318 

depth description of the mechanisms through which the parental diet influences the 319 

metabolic phenotype in the offspring, we refer the reader to a recent review by Rando and 320 

Simons (86). 321 

322 

Impact of nutrients on non-coding RNA expression in β-cells 323 

The human genome contains about 21’000 protein-coding genes but the DNA sequences 324 

driving protein expression represent only about 2% of the 3.2 billion base pairs 325 

constituting our genome. Until recently, the sequences not involved in protein expression 326 

were considered evolutionary relic, irrelevant for the control of cellular activities. The 327 
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advent of new high-throughput sequencing techniques permitting a systematic analysis of 328 

all RNAs present in the cells has dramatically changed this view. Indeed, the results of 329 

the ENCODE (Encyclopedia of DNA Elements) project, an initiative launched in 2003 to 330 

identify all functional elements in the human genome, revealed that most DNA sequences 331 

can be transcribed to RNA giving rise to thousands of RNA molecules that are not 332 

translated to protein sequences (87, 88). These non-coding RNA transcripts fall in distinct 333 

categories according to their length and functional characteristics. Small non-coding 334 

RNAs that are shorter than 200 nucleotides include well described molecules such as 335 

transfer RNAs (tRNAs), small nucleolar RNAs (snoRNAs) and small nuclear RNAs 336 

(snRNAs) but also two large classes of newly discovered molecules, the Piwi-associated 337 

RNAs (piRNAs) and the microRNAs (miRNAs) (89, 90). PiRNAs are particularly 338 

abundant in the germline where they contribute to maintain genome integrity by 339 

preventing transposon movement (91, 92). MiRNAs are expressed in virtually all cells 340 

and are involved in a variety of physiological processes including cell differentiation, 341 

proliferation, apoptosis and in the development of many diseases, including cancer and 342 

diabetes (93-95). These non-coding small RNAs that are typically 21-23 nucleotide long 343 

are major regulators of gene expression. Each miRNA can partially pair to 3’untraslated 344 

regions of more than hundred different target mRNAs leading to translational repression 345 

and/or messenger degradation (96). The newly discovered long non-coding RNAs 346 

(lncRNAs) are longer than 200 nucleotides and can be involved in numerous gene 347 

regulatory activities such as transcription, splicing, protein degradation and chromatin 348 

modifications (97, 98).    349 

There is increasing evidence that non-coding RNAs actively contribute to the 350 

control of vital functions in the organism, including the maintenance of metabolic 351 

homeostasis. Indeed, many non-coding RNAs have been shown to be mis-expressed in 352 

human metabolic disorders. Among the different classes of non-coding RNAs, most 353 

studies focused on the role of miRNAs. Both glucose and lipids are able to regulate 354 

miRNA expression (Figure 2). Indeed, miR-34a and miR-146a expression is increased in 355 

response to prolonged exposure of the β-cell line MIN6 and pancreatic islets to palmitate 356 

(99). Altered levels of miR-34a were found to sensitize β-cells to apoptosis and to cause 357 

defective glucose-induced insulin secretion, whereas the rise in miR-146a promoted 358 
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stress-induced β-cell death (99). Another screen carried out in MIN6 cells led to the 359 

identification of 61 miRNAs regulated by glucose (100). Detailed analysis of the function 360 

of one of these miRNAs revealed that the increase of miR-30d occurring in the presence 361 

of elevated glucose concentrations induces the expression of the transcription factor 362 

MafA and, consequently, of the insulin gene (100, 101). In another in vitro study, primary 363 

islet cells and insulin-secreting cell lines incubated with stimulatory glucose 364 

concentrations displayed reduced levels of miR-375 (102), a key regulator of insulin 365 

production, insulin secretion and β-cell proliferation (103, 104). In contrast, prolonged 366 

exposure of human islets to high glucose concentrations caused the induction of miR-367 

133a, a miRNA targeting the mRNA of Polypirimidine Tract Binding protein (PTB) that 368 

is required for insulin mRNA stabilization (105). Blockade of miR-133a was able to 369 

prevent the decrease of PTB and in insulin biosynthesis rates observed upon chronic 370 

exposure to high-glucose, suggesting that this miRNA contributes to β-cell dysfunction 371 

under hyperglycemic conditions. Elevated glucose concentration was also found to up-372 

regulate miR-29a expression in human and rat islets, resulting in impaired glucose-373 

induced insulin release (106). The increase of miR-29 leads to direct translational 374 

repression of the plasma membrane monocarboxylate transporter, preventing the leakage 375 

of glycolytic intermediates out of the oxidative pathway and the entry of pyruvate-lactate 376 

in β-cells during exercise (107).  377 

Beside these studies carried out in vitro, several research teams investigated the impact of 378 

nutrients on β-cells in animal models. Global profiling of islets isolated from Goto-379 

Kakizaki rats, an animal model characterized by chronic hyperglycemia led to the 380 

identification of 30 differentially expressed miRNAs in pancreatic islets (108). The level 381 

of at least four of them, miR-130a, miR-132, miR-212 and miR-335 was found to be 382 

directly regulated by glucose. The miRNA expression profile is also strongly influenced 383 

by the diet. Indeed, mice maintained on a HFD for several weeks display major changes 384 

in islet miRNA expression (109, 110). Detailed analysis of the functional role of these 385 

miRNAs revealed that part of the changes elicited by the HFD have a positive impact on 386 

β-cells and result in the expansion of the β-cell mass and in improved insulin secretion 387 

(109). In fact, up-regulation of miR-132 increases the secretory capacity of β-cells, 388 

induces a higher proliferation rate and causes better survival in the presence of apoptotic 389 
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stimuli (109). The islets of mice on a HFD express also lower levels of miR-184 (109, 390 

110). Down-regulation of this miRNA promotes the proliferation of β-cells and protects 391 

them from palmitate-induced apoptosis (109, 110). Moreover, HFD causes a decrease in 392 

the expression of miR-338-3p (109), a miRNA that is also down-regulated during 393 

compensatory β-cell mass expansion in pregnant rats (111). Blockade of this miRNA 394 

using antisense oligonucleotides or with a viral construct capable of sequestering this 395 

non-coding RNA results in β-cell proliferation both in vitro and in vivo (111, 112). Taken 396 

together, these findings suggest that the changes in the level of these miRNAs are part of 397 

the mechanisms that allow β-cells to adapt to the rise in the insulin demand occurring 398 

under conditions of obesity and insulin resistance. However, not all changes in islet 399 

miRNA expression elicited in response to HFD are beneficial for the activity of insulin-400 

secreting cells. In fact, part of them have a deleterious impact on β-cell functions and may 401 

contribute to β-cell failure and to the development of diabetes. Indeed, down-regulation 402 

of miR-203, miR-210 and miR-383 resulted in an increase in apoptosis both in rat and 403 

human β-cells (109).  404 

Altered expression of miR‐7a, miR‐187 and a cluster of miRNAs in an imprinted 405 

locus on human chromosome 14q32 in islets from diabetic donors have also been 406 

reported and are associated with impaired insulin secretion and β‐cell dysfunction (113, 407 

114) (115). Moreover, the expression of several miRNAs was also modified in the islets 408 

of ob/ob and db/db obese mice that are deficient in leptin or in leptin receptor, 409 

respectively (104, 109, 116, 117). Although the precise mechanisms regulating the 410 

expression of most of these miRNAs is not yet known, at least part of the changes in the 411 

level of these non-coding RNAs is likely to be caused by the elevated plasma 412 

concentrations of triglycerides and free fatty acids observed in these obese animals. 413 

The level of several pancreatic miRNAs was also found to be altered in rats born 414 

from mothers fed a low-protein diet during pregnancy (118). In particular, prenatal 415 

protein restriction resulted in the overexpression of miR-375 in the fetuses. The level of 416 

this miRNA remained augmented in the islets of adult rats, likely contributing to the 417 

reduced β-cell mass and function typically observed in the progeny of mothers fed a low-418 

protein diet.   419 

Oligonutrients can also regulate the expression of miRNAs within the endocrine 420 
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pancreas. Grape seed procyanidin extracts (GSPE) have been demonstrated to directly act 421 

on islet cells and to modulate insulin production by down-regulating insulin gene 422 

expression as well as insulin exocytosis-related genes and by inhibiting insulin 423 

biosynthesis (119). The miRNA expression profile of rat islets exposed to GSPE for 45 424 

days revealed a significant down-regulation of miR-1249, miR-483, miR-30c-1*, and up-425 

regulation miR-3544. Gene Ontology analysis of the predicted targets of these miRNAs, 426 

revealed an enrichment of genes coding for components of the insulin-signaling pathway 427 

such as AKT and ERK, suggesting that procyanidins exert their bioactivity on pancreatic 428 

islets by modifying the expression of a group of miRNAs (119).  429 

LncRNAs have emerged as a novel class of functional RNAs and are strongly 430 

suspected to regulate genome activities through a broad spectrum of mechanisms (98, 431 

120, 121). Pioneering studies by Ferrer and colleagues led to the identification of 432 

numerous conserved β-cell specific lncRNAs that are dysregulated in islets of 433 

hyperglycemic T2D donors and often mapping to genomic regions enriched in islet 434 

protein-coding genes (122). A very elegant genetic screening of 89 human pancreatic islet 435 

samples has recently unveiled numerous genetic variants including many lncRNAs 436 

suggested to regulate gene expression and exon use. Among the coding-genes and the 437 

493 lncRNAs detected in islet cells, multiple SNPs were associated to known T2D-438 

associated genes differing according to the normoglycemic or hyperglycemic status of the 439 

patients (123).  440 

The imprinted lncRNA H19 that is generated from the Igf2 locus has been 441 

involved in the transgenerational transmission of epigenetic changes in germ cells in a 442 

mouse model of gestational diabetes mellitus (124). This study unveiled that intrauterine 443 

hyperglycemia alters the methylation of the gene and reduces the expression of Igf2/H19 444 

in the islets of Langerhans. Igf2 and H19 expression was also altered in the sperm of 445 

adult progeny from hyperglycemic mothers, indicating that epigenetic changes in germ 446 

cells contribute to transgenerational transmission of metabolic disorders (124). 447 

448 

Conclusion 449 

Pancreatic β-cells and insulin, their main secretory product, are at the core of a complex 450 

regulatory network that governs body metabolism and energy expenditure. 451 
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Carbohydrates, lipids and proteins are all capable of generating signals inside β-cells 452 

eliciting immediate insulin release or engendering changes in the expression of protein-453 

coding and non-coding RNAs that allow the β-cells to adapt their activities to conditions 454 

of increased insulin demand. The excess of dietary nutrients within critical developmental 455 

windows or in the adulthood can, however, have deleterious consequences on β-cell 456 

functions, causing metabolic perturbations and the manifestation of different forms of 457 

diabetes mellitus. Therefore, a better understanding of the events elicited by dietary 458 

nutrients in β-cells will be of paramount importance for the design of new therapeutic 459 

approaches to prevent and treat these metabolic disorders that are reaching epidemic 460 

proportions.  461 

462 

Statement  463 

The authors report no conflicts of interest. Research of the authors is supported by the 464 

Swiss National Science Foundation, by the Fondation Francophone pour la Recherche sur 465 

le Diabète and by the Société Francophone du Diabète. 466 

467 

Page 16 of 28

Cambridge University Press

Proceedings of the Nutrition Society



17 

References 468 

1. Huskisson E, Maggini S, Ruf M. The role of vitamins and minerals in energy469 

metabolism and well-being. The Journal of international medical research. 2007 470 

May-Jun;35(3):277-89. 471 

2. Shenkin A. The key role of micronutrients. Clinical nutrition. 2006472 

Feb;25(1):1-13. 473 

3. Berthoud HR. Vagal and hormonal gut-brain communication: from satiation474 

to satisfaction. Neurogastroenterology and motility : the official journal of the 475 

European Gastrointestinal Motility Society. 2008 May;20 Suppl 1:64-72. 476 

4. Power ML, Schulkin J. Anticipatory physiological regulation in feeding477 

biology: cephalic phase responses. Appetite. 2008 Mar-May;50(2-3):194-206. 478 

5. Giduck SA, Threatte RM, Kare MR. Cephalic reflexes: their role in digestion479 

and possible roles in absorption and metabolism. The Journal of nutrition. 1987 480 

Jul;117(7):1191-6. 481 

6. Teff KL. How neural mediation of anticipatory and compensatory insulin482 

release helps us tolerate food. Physiology & behavior. 2011 Apr 18;103(1):44-50. 483 

7. Konturek SJ, Pepera J, Zabielski K, Konturek PC, Pawlik T, Szlachcic A, et al.484 

Brain-gut axis in pancreatic secretion and appetite control. Journal of physiology 485 

and pharmacology : an official journal of the Polish Physiological Society. 2003 486 

Sep;54(3):293-317. 487 

8. Sanger GJ, Lee K. Hormones of the gut-brain axis as targets for the treatment488 

of upper gastrointestinal disorders. Nature reviews Drug discovery. 2008 489 

Mar;7(3):241-54. 490 

9. Stumvoll M. Control of glycaemia: from molecules to men. Minkowski Lecture491 

2003. Diabetologia. 2004 May;47(5):770-81. 492 

10. Ferrannini E. Physiology of glucose homeostasis and insulin therapy in type 1493 

and type 2 diabetes. Endocrinology and metabolism clinics of North America. 2012 494 

Mar;41(1):25-39. 495 

11. Nolan CJ, Prentki M. The islet beta-cell: fuel responsive and vulnerable.496 

Trends Endocrinol Metab. 2008 Oct;19(8):285-91. 497 

12. Prentki M, Matschinsky FM, Madiraju SR. Metabolic signaling in fuel-induced498 

insulin secretion. Cell Metab. 2013 Aug 6;18(2):162-85. 499 

13. Newsholme P, Cruzat V, Arfuso F, Keane K. Nutrient regulation of insulin500 

secretion and action. The Journal of endocrinology. 2014 Jun;221(3):R105-20. 501 

14. Gilon P, Ravier MA, Jonas JC, Henquin JC. Control mechanisms of the502 

oscillations of insulin secretion in vitro and in vivo. Diabetes. 2002 Feb;51 Suppl 503 

1:S144-51. 504 

15. Lefebvre PJ, Paolisso G, Scheen AJ, Henquin JC. Pulsatility of insulin and505 

glucagon release: physiological significance and pharmacological implications. 506 

Diabetologia. 1987 Jul;30(7):443-52. 507 

16. Zietek T, Daniel H. Intestinal nutrient sensing and blood glucose control.508 

Current opinion in clinical nutrition and metabolic care. 2015 May 21. 509 

17. Thorens B. Brain glucose sensing and neural regulation of insulin and510 

glucagon secretion. Diabetes, obesity & metabolism. 2011 Oct;13 Suppl 1:82-8. 511 

18. Torres N, Noriega L, Tovar AR. Nutrient modulation of insulin secretion.512 

Vitamins and hormones. 2009;80:217-44. 513 

Page 17 of 28

Cambridge University Press

Proceedings of the Nutrition Society



18 

19. Teff K. Nutritional implications of the cephalic-phase reflexes: endocrine 514 

responses. Appetite. 2000 Apr;34(2):206-13. 515 

20. Powley TL, Berthoud HR. Diet and cephalic phase insulin responses. The516 

American journal of clinical nutrition. 1985 Nov;42(5 Suppl):991-1002. 517 

21. Ahren B. Autonomic regulation of islet hormone secretion--implications for518 

health and disease. Diabetologia. 2000 Apr;43(4):393-410. 519 

22. Picard F, Naimi N, Richard D, Deshaies Y. Response of adipose tissue520 

lipoprotein lipase to the cephalic phase of insulin secretion. Diabetes. 1999 521 

Mar;48(3):452-9. 522 

23. Mitrakou A, Kelley D, Mokan M, Veneman T, Pangburn T, Reilly J, et al. Role of523 

reduced suppression of glucose production and diminished early insulin release in 524 

impaired glucose tolerance. The New England journal of medicine. 1992 Jan 525 

2;326(1):22-9. 526 

24. Calles-Escandon J, Robbins DC. Loss of early phase of insulin release in527 

humans impairs glucose tolerance and blunts thermic effect of glucose. Diabetes. 528 

1987 Oct;36(10):1167-72. 529 

25. Teff KL, Townsend RR. Early phase insulin infusion and muscarinic blockade530 

in obese and lean subjects. The American journal of physiology. 1999 Jul;277(1 Pt 531 

2):R198-208. 532 

26. Kraegen EW, Chisholm DJ, McNamara ME. Timing of insulin delivery with533 

meals. Hormone and metabolic research = Hormon- und Stoffwechselforschung = 534 

Hormones et metabolisme. 1981 Jul;13(7):365-7. 535 

27. Bruttomesso D, Pianta A, Mari A, Valerio A, Marescotti MC, Avogaro A, et al.536 

Restoration of early rise in plasma insulin levels improves the glucose tolerance of 537 

type 2 diabetic patients. Diabetes. 1999 Jan;48(1):99-105. 538 

28. Schwartz MW, Seeley RJ, Tschop MH, Woods SC, Morton GJ, Myers MG, et al.539 

Cooperation between brain and islet in glucose homeostasis and diabetes. Nature. 540 

2013 Nov 7;503(7474):59-66. 541 

29. Sala PC, Torrinhas RS, Giannella-Neto D, Waitzberg DL. Relationship between542 

gut hormones and glucose homeostasis after bariatric surgery. Diabetology & 543 

metabolic syndrome. 2014;6(1):87. 544 

30. Perley MJ, Kipnis DM. Plasma insulin responses to oral and intravenous545 

glucose: studies in normal and diabetic sujbjects. The Journal of clinical 546 

investigation. 1967 Dec;46(12):1954-62. 547 

31. Ma J, Rayner CK, Jones KL, Horowitz M. Insulin secretion in healthy subjects548 

and patients with Type 2 diabetes--role of the gastrointestinal tract. Best practice & 549 

research Clinical endocrinology & metabolism. 2009 Aug;23(4):413-24. 550 

32. Drucker DJ. The role of gut hormones in glucose homeostasis. The Journal of551 

clinical investigation. 2007 Jan;117(1):24-32. 552 

33. Alfa RW, Park S, Skelly KR, Poffenberger G, Jain N, Gu X, et al. Suppression of553 

insulin production and secretion by a decretin hormone. Cell metabolism. 2015 Feb 554 

3;21(2):323-33. 555 

34. Genton L, Kudsk KA. Interactions between the enteric nervous system and556 

the immune system: role of neuropeptides and nutrition. American journal of 557 

surgery. 2003 Sep;186(3):253-8. 558 

Page 18 of 28

Cambridge University Press

Proceedings of the Nutrition Society



19 

35. Al Omran Y, Aziz Q. The brain-gut axis in health and disease. Advances in 559 

experimental medicine and biology. 2014;817:135-53. 560 

36. Mayer EA. Gut feelings: the emerging biology of gut-brain communication.561 

Nature reviews Neuroscience. 2011 Aug;12(8):453-66. 562 

37. Rutter GA, Pullen TJ, Hodson DJ, Martinez-Sanchez A. Pancreatic beta-cell563 

identity, glucose sensing and the control of insulin secretion. The Biochemical 564 

journal. 2015 Mar 1;466(2):203-18. 565 

38. Donath MY, Storling J, Berchtold LA, Billestrup N, Mandrup-Poulsen T.566 

Cytokines and beta-cell biology: from concept to clinical translation. Endocr Rev. 567 

2008 May;29(3):334-50. 568 

39. Rutter GA, Hodson DJ. Minireview: intraislet regulation of insulin secretion in569 

humans. Molecular endocrinology. 2013 Dec;27(12):1984-95. 570 

40. Eizirik DL, Korbutt GS, Hellerstrom C. Prolonged exposure of human571 

pancreatic islets to high glucose concentrations in vitro impairs the beta-cell 572 

function. The Journal of clinical investigation. 1992 Oct;90(4):1263-8. 573 

41. Davalli AM, Ricordi C, Socci C, Braghi S, Bertuzzi F, Fattor B, et al. Abnormal574 

sensitivity to glucose of human islets cultured in a high glucose medium: partial 575 

reversibility after an additional culture in a normal glucose medium. The Journal of 576 

clinical endocrinology and metabolism. 1991 Jan;72(1):202-8. 577 

42. Henquin JC. The dual control of insulin secretion by glucose involves578 

triggering and amplifying pathways in beta-cells. Diabetes research and clinical 579 

practice. 2011 Aug;93 Suppl 1:S27-31. 580 

43. Curry DL. Effects of mannose and fructose on the synthesis and secretion of581 

insulin. Pancreas. 1989;4(1):2-9. 582 

44. Sato Y, Ito T, Udaka N, Kanisawa M, Noguchi Y, Cushman SW, et al.583 

Immunohistochemical localization of facilitated-diffusion glucose transporters in rat 584 

pancreatic islets. Tissue & cell. 1996 Dec;28(6):637-43. 585 

45. Kyriazis GA, Soundarapandian MM, Tyrberg B. Sweet taste receptor signaling586 

in beta cells mediates fructose-induced potentiation of glucose-stimulated insulin 587 

secretion. Proceedings of the National Academy of Sciences of the United States of 588 

America. 2012 Feb 21;109(8):E524-32. 589 

46. Henquin JC. Do pancreatic beta cells "taste" nutrients to secrete insulin?590 

Science signaling. 2012 Aug 28;5(239):pe36. 591 

47. Malaisse WJ. Insulin release: the receptor hypothesis. Diabetologia. 2014592 

Jul;57(7):1287-90. 593 

48. Nolan CJ, Madiraju MS, Delghingaro-Augusto V, Peyot ML, Prentki M. Fatty594 

acid signaling in the beta-cell and insulin secretion. Diabetes. 2006 Dec;55 Suppl 595 

2:S16-23. 596 

49. Nolan CJ, Leahy JL, Delghingaro-Augusto V, Moibi J, Soni K, Peyot ML, et al.597 

Beta cell compensation for insulin resistance in Zucker fatty rats: increased lipolysis 598 

and fatty acid signalling. Diabetologia. 2006 Sep;49(9):2120-30. 599 

50. Prentki M, Nolan CJ. Islet beta cell failure in type 2 diabetes. J Clin Invest.600 

2006 Jul;116(7):1802-12. 601 

51. Esteves de Oliveira FC, Pinheiro Volp AC, Alfenas RC. Impact of different602 

protein sources in the glycemic and insulinemic responses. Nutricion hospitalaria. 603 

2011 Jul-Aug;26(4):669-76. 604 

Page 19 of 28

Cambridge University Press

Proceedings of the Nutrition Society



20 

52. Gannon MC, Ercan N, Westphal SA, Nuttall FQ. Effect of added fat on plasma 605 

glucose and insulin response to ingested potato in individuals with NIDDM. Diabetes 606 

care. 1993 Jun;16(6):874-80. 607 

53. Newsholme P, Bender K, Kiely A, Brennan L. Amino acid metabolism, insulin608 

secretion and diabetes. Biochemical Society transactions. 2007 Nov;35(Pt 5):1180-6. 609 

54. Bouwens L, Rooman I. Regulation of pancreatic beta-cell mass. Physiol Rev.610 

2005 Oct;85(4):1255-70. 611 

55. Oh YS. Mechanistic insights into pancreatic beta-cell mass regulation by612 

glucose and free fatty acids. Anatomy & cell biology. 2015 Mar;48(1):16-24. 613 

56. Li M, Maddison LA, Page-McCaw P, Chen W. Overnutrition induces beta-cell614 

differentiation through prolonged activation of beta-cells in zebrafish larvae. 615 

American journal of physiology Endocrinology and metabolism. 2014 Apr 616 

1;306(7):E799-807. 617 

57. Ninov N, Hesselson D, Gut P, Zhou A, Fidelin K, Stainier DY. Metabolic618 

regulation of cellular plasticity in the pancreas. Current biology : CB. 2013 Jul 619 

8;23(13):1242-50. 620 

58. Stolovich-Rain M, Enk J, Vikesa J, Nielsen FC, Saada A, Glaser B, et al. Weaning621 

triggers a maturation step of pancreatic beta cells. Developmental cell. 2015 Mar 622 

9;32(5):535-45. 623 

59. Porat S, Weinberg-Corem N, Tornovsky-Babaey S, Schyr-Ben-Haroush R, Hija624 

A, Stolovich-Rain M, et al. Control of pancreatic beta cell regeneration by glucose 625 

metabolism. Cell Metab. 2011 Apr 6;13(4):440-9. 626 

60. Salpeter SJ, Klochendler A, Weinberg-Corem N, Porat S, Granot Z, Shapiro AM,627 

et al. Glucose regulates cyclin D2 expression in quiescent and replicating pancreatic 628 

beta-cells through glycolysis and calcium channels. Endocrinology. 2011 629 

Jul;152(7):2589-98. 630 

61. Dreja T, Jovanovic Z, Rasche A, Kluge R, Herwig R, Tung YC, et al. Diet-induced631 

gene expression of isolated pancreatic islets from a polygenic mouse model of the 632 

metabolic syndrome. Diabetologia. 2010 Feb;53(2):309-20. 633 

62. Roat R, Rao V, Doliba NM, Matschinsky FM, Tobias JW, Garcia E, et al.634 

Alterations of pancreatic islet structure, metabolism and gene expression in diet-635 

induced obese C57BL/6J mice. PloS one. 2014;9(2):e86815. 636 

63. Imai Y, Patel HR, Doliba NM, Matschinsky FM, Tobias JW, Ahima RS. Analysis637 
of gene expression in pancreatic islets from diet-induced obese mice. Physiological 638 
genomics. 2008 Dec 12;36(1):43-51. 639 

64. Del Guerra S, Lupi R, Marselli L, Masini M, Bugliani M, Sbrana S, et al.640 

Functional and molecular defects of pancreatic islets in human type 2 diabetes. 641 

Diabetes. 2005 Mar;54(3):727-35. 642 

65. Hou JC, Williams D, Vicogne J, Pessin JE. The glucose transporter 2 undergoes643 

plasma membrane endocytosis and lysosomal degradation in a secretagogue-644 

dependent manner. Endocrinology. 2009 Sep;150(9):4056-64. 645 

66. Poitout V, Hagman D, Stein R, Artner I, Robertson RP, Harmon JS. Regulation646 

of the insulin gene by glucose and fatty acids. The Journal of nutrition. 2006 647 

Apr;136(4):873-6. 648 

67. Hagman DK, Hays LB, Parazzoli SD, Poitout V. Palmitate inhibits insulin gene649 

expression by altering PDX-1 nuclear localization and reducing MafA expression in 650 

Page 20 of 28

Cambridge University Press

Proceedings of the Nutrition Society



21 

isolated rat islets of Langerhans. The Journal of biological chemistry. 2005 Sep 651 

16;280(37):32413-8. 652 

68. Poitout V, Amyot J, Semache M, Zarrouki B, Hagman D, Fontes G.653 

Glucolipotoxicity of the pancreatic beta cell. Biochimica et biophysica acta. 2010 654 

Mar;1801(3):289-98. 655 

69. Schwenk RW, Vogel H, Schurmann A. Genetic and epigenetic control of656 

metabolic health. Molecular metabolism. 2013;2(4):337-47. 657 

70. Hu Y, Xu XH, He K, Zhang LL, Wang SK, Pan YQ, et al. Genome-wide analysis of658 

DNA methylation variations caused by chronic glucolipotoxicity in beta-cells. 659 

Experimental and clinical endocrinology & diabetes : official journal, German Society 660 

of Endocrinology [and] German Diabetes Association. 2014 Feb;122(2):71-8. 661 

71. Welters HJ, Kulkarni RN. Wnt signaling: relevance to beta-cell biology and662 

diabetes. Trends in endocrinology and metabolism: TEM. 2008 Dec;19(10):349-55. 663 

72. Pradas-Juni M, Nicod N, Fernandez-Rebollo E, Gomis R. Differential664 

transcriptional and posttranslational transcription factor 7-like regulation among 665 

nondiabetic individuals and type 2 diabetic patients. Molecular endocrinology. 2014 666 

Sep;28(9):1558-70. 667 

73. Morrison F, Locke J, Arif M, Murray A, Brown JE, Harries LW. Expression668 

profiling of type 2 diabetes susceptibility genes in the pancreatic islets, adipose 669 

tissue and liver of obese mice. Experimental and clinical endocrinology & diabetes : 670 

official journal, German Society of Endocrinology [and] German Diabetes 671 

Association. 2013 Jul;121(7):413-9. 672 

74. Hall E, Volkov P, Dayeh T, Bacos K, Ronn T, Nitert MD, et al. Effects of673 

palmitate on genome-wide mRNA expression and DNA methylation patterns in 674 

human pancreatic islets. BMC medicine. 2014;12:103. 675 

75. Vaag A, Brons C, Gillberg L, Hansen NS, Hjort L, Arora GP, et al. Genetic,676 

nongenetic and epigenetic risk determinants in developmental programming of type 677 

2 diabetes. Acta obstetricia et gynecologica Scandinavica. 2014 Nov;93(11):1099-678 

108. 679 

76. Heerwagen MJ, Miller MR, Barbour LA, Friedman JE. Maternal obesity and680 

fetal metabolic programming: a fertile epigenetic soil. Am J Physiol Regul Integr 681 

Comp Physiol. 2010 Sep;299(3):R711-22. 682 

77. Howie GJ, Sloboda DM, Kamal T, Vickers MH. Maternal nutritional history683 

predicts obesity in adult offspring independent of postnatal diet. The Journal of 684 

physiology. 2009 Feb 15;587(Pt 4):905-15. 685 

78. Howie GJ, Sloboda DM, Reynolds CM, Vickers MH. Timing of maternal686 

exposure to a high fat diet and development of obesity and hyperinsulinemia in 687 

male rat offspring: same metabolic phenotype, different developmental pathways? 688 

Journal of nutrition and metabolism. 2013;2013:517384. 689 

79. Reusens B, Sparre T, Kalbe L, Bouckenooghe T, Theys N, Kruhoffer M, et al.690 

The intrauterine metabolic environment modulates the gene expression pattern in 691 

fetal rat islets: prevention by maternal taurine supplementation. Diabetologia. 2008 692 

May;51(5):836-45. 693 

80. Sandovici I, Smith NH, Nitert MD, Ackers-Johnson M, Uribe-Lewis S, Ito Y, et694 

al. Maternal diet and aging alter the epigenetic control of a promoter-enhancer 695 

Page 21 of 28

Cambridge University Press

Proceedings of the Nutrition Society



22 

interaction at the Hnf4a gene in rat pancreatic islets. Proceedings of the National 696 

Academy of Sciences of the United States of America. 2011 Mar 29;108(13):5449-54. 697 

81. Kapoor RR, Locke J, Colclough K, Wales J, Conn JJ, Hattersley AT, et al.698 

Persistent hyperinsulinemic hypoglycemia and maturity-onset diabetes of the young 699 

due to heterozygous HNF4A mutations. Diabetes. 2008 Jun;57(6):1659-63. 700 

82. Pearson ER, Boj SF, Steele AM, Barrett T, Stals K, Shield JP, et al. Macrosomia701 

and hyperinsulinaemic hypoglycaemia in patients with heterozygous mutations in 702 

the HNF4A gene. PLoS medicine. 2007 Apr;4(4):e118. 703 

83. Ng SF, Lin RC, Laybutt DR, Barres R, Owens JA, Morris MJ. Chronic high-fat704 

diet in fathers programs beta-cell dysfunction in female rat offspring. Nature. 2010 705 

Oct 21;467(7318):963-6. 706 

84. Ng SF, Lin RC, Maloney CA, Youngson NA, Owens JA, Morris MJ. Paternal high-707 

fat diet consumption induces common changes in the transcriptomes of 708 

retroperitoneal adipose and pancreatic islet tissues in female rat offspring. FASEB 709 

journal : official publication of the Federation of American Societies for 710 

Experimental Biology. 2014 Apr;28(4):1830-41. 711 

85. Ost A, Lempradl A, Casas E, Weigert M, Tiko T, Deniz M, et al. Paternal diet712 

defines offspring chromatin state and intergenerational obesity. Cell. 2014 Dec 713 

4;159(6):1352-64. 714 

86. Rando OJ, Simmons RA. I'm eating for two: parental dietary effects on715 

offspring metabolism. Cell. 2015 Mar 26;161(1):93-105. 716 

87. International Human Genome Sequencing C. Finishing the euchromatic717 

sequence of the human genome. Nature. 2004 Oct 21;431(7011):931-45. 718 

88. Genomes Project C, Abecasis GR, Altshuler D, Auton A, Brooks LD, Durbin RM,719 

et al. A map of human genome variation from population-scale sequencing. Nature. 720 

2010 Oct 28;467(7319):1061-73. 721 

89. Naqvi AR, Islam MN, Choudhury NR, Haq QM. The fascinating world of RNA722 

interference. Int J Biol Sci. 2009;5(2):97-117. 723 

90. Dozmorov MG, Giles CB, Koelsch KA, Wren JD. Systematic classification of724 

non-coding RNAs by epigenomic similarity. BMC Bioinformatics. 2013;14 Suppl 725 

14:S2. 726 

91. Siomi MC, Sato K, Pezic D, Aravin AA. PIWI-interacting small RNAs: the727 

vanguard of genome defence. Nat Rev Mol Cell Biol. 2011 Apr;12(4):246-58. 728 

92. Grivna ST, Beyret E, Wang Z, Lin H. A novel class of small RNAs in mouse729 

spermatogenic cells. Genes Dev. 2006 Jul 1;20(13):1709-14. 730 

93. Dumortier O, Hinault C, Van Obberghen E. MicroRNAs and metabolism731 

crosstalk in energy homeostasis. Cell Metab. 2013 Sep 3;18(3):312-24. 732 

94. Esguerra JL, Mollet IG, Salunkhe VA, Wendt A, Eliasson L. Regulation of733 

Pancreatic Beta Cell Stimulus-Secretion Coupling by microRNAs. Genes. 734 

2014;5(4):1018-31. 735 

95. Guay C, Roggli E, Nesca V, Jacovetti C, Regazzi R. Diabetes mellitus, a736 

microRNA-related disease? Transl Res. 2011 Apr;157(4):253-64. 737 

96. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 2009738 

Jan 23;136(2):215-33. 739 

97. Wilusz JE, Sunwoo H, Spector DL. Long noncoding RNAs: functional surprises740 

from the RNA world. Genes Dev. 2009 Jul 1;23(13):1494-504. 741 

Page 22 of 28

Cambridge University Press

Proceedings of the Nutrition Society



23 

98. Ulitsky I, Bartel DP. lincRNAs: genomics, evolution, and mechanisms. Cell. 742 

2013 Jul 3;154(1):26-46. 743 

99. Lovis P, Roggli E, Laybutt DR, Gattesco S, Yang JY, Widmann C, et al.744 

Alterations in microRNA expression contribute to fatty acid-induced pancreatic 745 

beta-cell dysfunction. Diabetes. 2008 Oct;57(10):2728-36. 746 

100. Tang X, Muniappan L, Tang G, Ozcan S. Identification of glucose-regulated 747 

miRNAs from pancreatic {beta} cells reveals a role for miR-30d in insulin 748 

transcription. Rna. 2009 Feb;15(2):287-93. 749 

101. Zhao X, Mohan R, Ozcan S, Tang X. MicroRNA-30d induces insulin 750 

transcription factor MafA and insulin production by targeting mitogen-activated 751 

protein 4 kinase 4 (MAP4K4) in pancreatic beta-cells. The Journal of biological 752 

chemistry. 2012 Sep 7;287(37):31155-64. 753 

102. El Ouaamari A, Baroukh N, Martens GA, Lebrun P, Pipeleers D, van 754 

Obberghen E. miR-375 targets 3'-phosphoinositide-dependent protein kinase-1 and 755 

regulates glucose-induced biological responses in pancreatic beta-cells. Diabetes. 756 

2008 Oct;57(10):2708-17. 757 

103. Poy MN, Eliasson L, Krutzfeldt J, Kuwajima S, Ma X, Macdonald PE, et al. A 758 

pancreatic islet-specific microRNA regulates insulin secretion. Nature. 2004 Nov 759 

11;432(7014):226-30. 760 

104. Poy MN, Hausser J, Trajkovski M, Braun M, Collins S, Rorsman P, et al. miR-761 

375 maintains normal pancreatic alpha- and beta-cell mass. Proc Natl Acad Sci U S A. 762 

2009 Apr 7;106(14):5813-8. 763 

105. Fred RG, Bang-Berthelsen CH, Mandrup-Poulsen T, Grunnet LG, Welsh N. 764 

High glucose suppresses human islet insulin biosynthesis by inducing miR-133a 765 

leading to decreased polypyrimidine tract binding protein-expression. PLoS One. 766 

2010;5(5):e10843. 767 

106. Bagge A, Clausen TR, Larsen S, Ladefoged M, Rosenstierne MW, Larsen L, et 768 

al. MicroRNA-29a is up-regulated in beta-cells by glucose and decreases glucose-769 

stimulated insulin secretion. Biochemical and biophysical research communications. 770 

2012 Sep 21;426(2):266-72. 771 

107. Pullen TJ, da Silva Xavier G, Kelsey G, Rutter GA. miR-29a and miR-29b 772 

contribute to pancreatic beta-cell-specific silencing of monocarboxylate transporter 773 

1 (Mct1). Mol Cell Biol. 2011 Aug;31(15):3182-94. 774 

108. Esguerra JL, Bolmeson C, Cilio CM, Eliasson L. Differential glucose-regulation 775 

of microRNAs in pancreatic islets of non-obese type 2 diabetes model Goto-Kakizaki 776 

rat. PLoS One. 2011;6(4):e18613. 777 

109. Nesca V, Guay C, Jacovetti C, Menoud V, Peyot ML, Laybutt DR, et al. 778 

Identification of particular groups of microRNAs that positively or negatively impact 779 

on beta cell function in obese models of type 2 diabetes. Diabetologia. 2013 780 

Oct;56(10):2203-12. 781 

110. Tattikota SG, Rathjen T, McAnulty SJ, Wessels HH, Akerman I, van de Bunt M, 782 

et al. Argonaute2 mediates compensatory expansion of the pancreatic beta cell. Cell 783 

Metab. 2014 Jan 7;19(1):122-34. 784 

111. Jacovetti C, Abderrahmani A, Parnaud G, Jonas JC, Peyot ML, Cornu M, et al. 785 

MicroRNAs contribute to compensatory beta cell expansion during pregnancy and 786 

obesity. J Clin Invest. 2012 Oct 1;122(10):3541-51. 787 

Page 23 of 28

Cambridge University Press

Proceedings of the Nutrition Society



24 

112. Jacovetti C, Jimenez V, Ayuso E, Laybutt R, Peyot ML, Prentki M, et al. 788 

Contribution of Intronic miR-338-3p and Its Hosting Gene AATK to Compensatory 789 

beta-Cell Mass Expansion. Molecular endocrinology. 2015 May;29(5):693-702. 790 

113. Locke JM, da Silva Xavier G, Dawe HR, Rutter GA, Harries LW. Increased 791 

expression of miR-187 in human islets from individuals with type 2 diabetes is 792 

associated with reduced glucose-stimulated insulin secretion. Diabetologia. 2014 793 

Jan;57(1):122-8. 794 

114. Latreille M, Hausser J, Stutzer I, Zhang Q, Hastoy B, Gargani S, et al. 795 

MicroRNA-7a regulates pancreatic beta cell function. J Clin Invest. 2014 Jun 796 

2;124(6):2722-35. 797 

115. Kameswaran V, Bramswig NC, McKenna LB, Penn M, Schug J, Hand NJ, et al. 798 

Epigenetic regulation of the DLK1-MEG3 microRNA cluster in human type 2 diabetic 799 

islets. Cell Metab. 2014 Jan 7;19(1):135-45. 800 

116. Belgardt BF, Ahmed K, Spranger M, Latreille M, Denzler R, Kondratiuk N, et al. 801 

The microRNA-200 family regulates pancreatic beta cell survival in type 2 diabetes. 802 

Nature medicine. 2015 May 18. 803 

117. Zhao E, Keller MP, Rabaglia ME, Oler AT, Stapleton DS, Schueler KL, et al. 804 

Obesity and genetics regulate microRNAs in islets, liver, and adipose of diabetic 805 

mice. Mamm Genome. 2009 Aug;20(8):476-85. 806 

118. Dumortier O, Hinault C, Gautier N, Patouraux S, Casamento V, Van Obberghen 807 

E. Maternal protein restriction leads to pancreatic failure in offspring: role of 808 

misexpressed microRNA-375. Diabetes. 2014 Oct;63(10):3416-27. 809 

119. Castell-Auvi A, Cedo L, Movassat J, Portha B, Sanchez-Cabo F, Pallares V, et al. 810 

Procyanidins modulate microRNA expression in pancreatic islets. Journal of 811 

agricultural and food chemistry. 2013 Jan 16;61(2):355-63. 812 

120. Kornfeld JW, Bruning JC. Regulation of metabolism by long, non-coding RNAs. 813 

Frontiers in genetics. 2014;5:57. 814 

121. Knoll M, Lodish HF, Sun L. Long non-coding RNAs as regulators of the 815 

endocrine system. Nature reviews Endocrinology. 2015 Mar;11(3):151-60. 816 

122. Moran I, Akerman I, van de Bunt M, Xie R, Benazra M, Nammo T, et al. Human 817 

beta Cell Transcriptome Analysis Uncovers lncRNAs That Are Tissue-Specific, 818 

Dynamically Regulated, and Abnormally Expressed in Type 2 Diabetes. Cell Metab. 819 

2012 Oct 3;16(4):435-48. 820 

123. Fadista J, Vikman P, Laakso EO, Mollet IG, Esguerra JL, Taneera J, et al. Global 821 

genomic and transcriptomic analysis of human pancreatic islets reveals novel genes 822 

influencing glucose metabolism. Proceedings of the National Academy of Sciences of 823 

the United States of America. 2014 Sep 23;111(38):13924-9. 824 

124. Ding GL, Wang FF, Shu J, Tian S, Jiang Y, Zhang D, et al. Transgenerational 825 

glucose intolerance with Igf2/H19 epigenetic alterations in mouse islet induced by 826 

intrauterine hyperglycemia. Diabetes. 2012 May;61(5):1133-42. 827 

828 

829 

830 

Page 24 of 28

Cambridge University Press

Proceedings of the Nutrition Society



25 

Legends 831 

832 

Table 1: Gut-derived peptides and peptide hormones in the gastrointestinal tract 833 

834 

Figure 1: Regulators of insulin secretion through nutrient, hormonal and neural 835 

signals. The figure summarizes the different molecules contributing to the fine-tuning of 836 

insulin secretion-  837 

838 

Figure 2: Glucose and fatty acids modify function and mass of β-cells by altering 839 

miRNA levels. Expression of several miRNAs is up- or down-regulated (up and down 840 

arrows) upon exposure to glucose or fatty acids. Glucose regulates the expression of miR-841 

29a, miR-30d, miR-133a, and miR-375. Fatty acids (palmitate or a high-fat diet) regulate 842 

the expression of miR-34a, miR-132, miR-146a, miR-184, miR-203, miR-210, miR-338-843 

3p, and miR-383. MiRNAs in green have a positive effect on insulin synthesis and 844 

secretion, proliferation and survival, while those in red have a negative effect. MiRNAs 845 

marked with a blue square are implicated in two or more cellular processes. 846 

847 
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Families	  and	  members	   Main	  regulatory	  ac4vity	  

Secre%n	  family	  

Secre%n	  	   é	  pancrea%c	  bicarbonate	  secre%on	  

Glucagon-‐like	  pep%de	  1	  (GLP1)	   é	  insulin	  secre%on	  
ê	  glucagon	  secre%on	  
ê	  gastric	  emptying	  	  

Glucagon-‐like	  pep%de	  2	  (GLP2)	   é	  mucosal	  cell	  growth	  

Gastric	  inhibitory	  polypep%de	  (GIP)	   é	  insulin	  secre%on	  
ê	  gastric	  emptying	  

Vasoac%ve	  intes%nal	  polypep%de	  (VIP)	   ê  gastrointes%nal	  mo%lity	  
é	  fluid	  secre%on	  

Gastrin	  family	  

Gastrin	   é	  mucosal	  cell	  growth	  
é	  gastric	  secre%on	  

Cholecystokinin	  (CCK)	   é	  pancrea%c	  enzyme	  secre%on	  
é	  cell	  growth	  
é	  gall-‐bladder	  emptying	  
ê	  gastric	  acid	  secre%on	  

Tachykinin	  family	  

Susbtance	  P	   é	  mo%lity	  

Neurokinin	  A	   é	  mo%lity	  

Neurokinin	  B	   é	  mo%lity	  

Ghrelin	  family	  

Ghrelin	   é  Appe%te	  

Mo%lin	   é	  mo%lity	  

Obesta%n	  	   Involved	  in	  food	  intake	  

PP-‐fold	  family	  

Neuropep%de	  Y	  (NPY)	   é	  contrac%lity	  

Pep%de	  YY	  (PYY)	   ê  gastric	  emptying	  
ê  pancrea%c	  exocrine	  secre%on	  

Singular	  pep%de	  hormones	  

Somatosta%n	   ê  gastric	  secre%on	  
ê  pancrea%c	  endocrine	  secre%on	  

Neurotensin	   é  contrac%lity	  
é  gut	  secre%on	  

Galanin	   é  mo%lity	  
é  gut	  secre%on	  

Table	  1.	  Gut-‐derived	  pep4des	  and	  pep4de	  hormones	  in	  the	  
gastrointes4nal	  tract	  	  
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AdrenalineAcetylcholine

Gq Gi

Glucose

GlutGq

Gs
GLP-1, GIP, 

VIP, PYY,
Estradiol

Hormonal 
signals

Nutrient signals

Neural signals

Leptin, EGF, 
Insulin/IGF1, 
PRL, PL, GH

T1R2/3

Insulin processing 
and release
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Gq

apoptosis

Pancreatic β-cell

insulin synthesis and secretion

miR-29a
miR-30d
miR-34a

proliferation

miR-132
miR-184
miR-338-3p
miR-375

miR-132
miR-133a
miR-375

miR-34a
miR-132
miR-146a
miR-184
miR-203
miR-210
miR-383
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