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Abstract

Aims/hypothesis—Acute hyperglycaemia stimulates pancreatic beta cell proliferation in the 

mouse whereas chronic hyperglycaemia appears to be toxic. We hypothesise that this toxic effect 

is mediated by increased beta cell workload, unrelated to hyperglycaemia per se.

Methods—To test this hypothesis, we developed a novel mouse model of cell-autonomous 

increased beta cell glycolytic flux caused by a conditional heterozygous beta cell-specific mutation 

that activates glucokinase (GCK), mimicking key aspects of the rare human genetic disease GCK-

congenital hyperinsulinism.

Results—In the mutant mice, we observed random and fasting hypoglycaemia (random 4.5-5.4 

mmol/l and fasting 3.6 mmol/l) that persisted for 15 months. GCK activation led to increased beta 

cell proliferation as measured by Ki67 expression (2.7% vs 1.5%, mutant and WT, respectively, 

p<0.01) that resulted in a 62% increase in beta cell mass in young mice. However, by 8 months of 

age, mutant mice developed impaired glucose tolerance, which was associated with decreased 

absolute beta cell mass from 2.9 mg at 1.5 months to 1.8 mg at 8 months of age, with preservation 
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of individual beta cell function. Impaired glucose tolerance was further exacerbated by a high-fat/

high-sucrose diet (AUC 1796 vs 966 mmol/l × min, mutant and WT, respectively, p<0.05). 

Activation of GCK was associated with an increased DNA damage response and an elevated 

expression of Chop, suggesting metabolic stress as a contributor to beta cell death.

Conclusions/interpretation—We propose that increased workload-driven biphasic beta cell 

dynamics contribute to decreased beta cell function observed in long-standing congenital 

hyperinsulinism and type 2 diabetes.
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Introduction

Type 2 diabetes is characterised by insulin resistance and beta cell dysfunction resulting in 

hyperglycaemia. While numerous factors including endoplasmic reticulum (ER) stress [1, 

2], oxidative stress and glucolipotoxicity [3-5] are suggested to contribute to reduced beta 

cell function in type 2 diabetes, existing models of diabetes and studies in humans are 

unable to tease out the relative contributions of various mechanisms to the negative 

trajectory of net beta cell function. Glucokinase (GCK) (hexokinase-4) phosphorylates 

glucose to glucose 6-phosphate, the first step of glycolysis, in both beta cells and 

hepatocytes, acting as the glucose sensor due to its relatively low affinity for glucose. 

Decreased GCK activity, as seen in MODY2, results in fasting hyperglycaemia, whereas 

activating GCK mutations result in congenital hyperinsulinism (GCK-CHI), characterised by 
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excessive insulin secretion at low glucose levels leading to potentially life-threatening 

hypoglycaemia [6]. We and others have shown that islets of GCK-CHI children are larger 

and show increased proliferation compared with normal [7, 8]. These observations, 

combined with pharmacologic manipulations of GCK activity in mice, highlighted the 

central role of glycolysis in homeostatic beta cell replication and its potential utility for 

regenerative therapy in diabetes [9]. This concept suggested the use of small-molecule GCK 

activators for the treatment of type 2 diabetes [10]. However, most of these molecules failed 

in clinical trials, raising the possibility of long-term beta cell-toxic effects [11, 12]. 

Interestingly, these findings were supported by recent observations that some patients with 

GCK-CHI ultimately progress to diabetes [13].

Previously, using transgenic mice ectopically expressing a strong activating Gck mutation 

(Y214C), we identified a molecular pathway that mediates the toxic effects of high glucose 

flux on beta cells, involving double-strand DNA breaks, activation of P53 and calcium 

signalling. However, the transgenic system used led to ultra-rapid collapse of beta cells, 

precluding analysis of long-term beta cell dynamics and putting into question the relevance 

of this mouse model, given the slow kinetics of human GCK-CHI and type 2 diabetes.

Here, we derived a novel mouse model of GCK-CHI, more faithful to the clinical setting, 

based on heterozygous expression of a conditional Gck gene replacement allele carrying the 

severe GCK-activating mutation, ins454A [14, 15], recapitulating the typical long-term mild 

hypoglycaemia of human GCK-CHI and providing striking insights into the path leading 

from over-stimulated beta cells to glucose intolerance. Using this new model, we tested the 

effects of chronic increased beta cell workload on beta cell proliferation, survival rate and 

function.

Methods

Derivation of mutGCK mice

A mutant mouse model was derived which contains a complex DNA cassette inserted distal 

to the native Gck exon 9 as described in detail in the electronic supplementary material 

(ESM) (ESM Methods, Fig. 1a). These mice expressed normal GCK in beta cells and all 

other cell types where GCK is expressed. However, when crossed with mice expressing Cre 

recombinase (Cre), cells expressing Cre replace the native exon 10 with the mutated exon in 

situ (Fig. 1a). Mice homozygous for the insert containing ins454A mutant Gck (mutGCK) 

were crossed either with mice expressing Cre driven by the rat insulin promoter (RIP-Cre) 

[16] or with mice expressing oestrogen-dependent Cre driven by the mouse insulin promoter 

(MIP-CreER) [17], as described in the Results and Discussion. In double transgenic 

offspring, beta cells are heterozygous for mutGCK, whose expression is regulated by native 

cis-regulatory elements, precisely mimicking the genetic status of GCK-CHI. As no sexual 

dichotomy was observed, both male and female mice were used.

Animals were housed in the Hebrew University specific pathogen free (SPF) small animal 

facility and all studies were approved by and complied with the Animal Research Ethics 

Committees of the relevant institutions (the Hebrew University and the University of 

Pennsylvania).
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Ex vivo perifusion assay

For dynamic assessment of insulin secretion, islets were isolated from 1.5- and 8-month-old 

mutGCK and littermate control mice and loaded into a physiomimetic islet microsystem 

[18] installed in an automated perifusion system (Biorep Technologies, Florida, USA). Each 

well hosted 40 islets perifused at a flow rate of 100 μl/min at 37°C. Glucose was added to 

HEPES buffer (125 mmol/l NaCl, 5.9 mmol/l KC1, 2.56 mmol/l CaCl2, 1.2 mmol/l MgCl2, 

25 mmol/l HEPES, 0.1% BSA, at pH 7.4) to achieve the desired concentrations. 

Depolarisation was induced by adding 25 mmol/l KC1. Perfusate was collected in 96-well 

plates and insulin was measured by ELISA (Crystal Chem no. 90082, IL, USA) and 

normalised to beta cell DNA content (DNeasy Blood and Tissue kit, Qiagen no. 51304, 

Hilden, Germany), based on assessing the methylation levels of a DNA region upstream of 

the transcription start site that is specifically unmethylated in beta cells and methylated in all 

other islet cell types, including alpha cells [19].

TMRE mitochondrial membrane potential analysis

Dissociated islet cells were incubated with 7 μmol/l TMRE (tetramethylrhodamine, ethyl 

ester; Molecular Probes, OR, USA) for 1 h at 37°C in Krebs buffer containing 2.8 or 16.7 

mmol/l glucose and measured by FACS.

Assessment of glucose/insulin tolerance and glucose-stimulated insulin secretion

GTTs and in vivo glucose-stimulated insulin secretion (GSIS) assays were conducted as 

previously described [20]. Overnight-fasted mice received glucose by intraperitoneal 

injection (2 mg/kg body weight), and blood glucose levels were measured as indicated. For 

insulin tolerance tests we pre-treated mice with 40 mg/kg diazoxide, a potent beta cell ATP-

sensitive potassium channel (KATP channel) opener, to suppress endogenous insulin 

secretion, and injected 10 U/kg insulin 1 h later. Blood glucose was measured as described 

[20].

Histology and immunostaining

Tissue processing and immunostaining were performed as previously described [20] using 

antibodies listed in ESM Table 1. Fluorescent images were taken on a Nikon C1 confocal 

microscope (Tokyo, Japan) at ×40 magnification. For beta cell mass determination, 

consecutive paraffin sections, 75 μm apart, spanning the entire pancreas were stained for 

insulin and haematoxylin. Digital ×4 images were obtained and stitched together using NIS-

Elements software (NIS-Elements Ar 3.22.00 (build 710) 3.22.0.7100. https://

www.microscope.healthcare.nikon.com/en_EU/products/software/nis-elements, and the 

fraction of tissue stained for insulin was determined.

Real-time PCR

Islets were isolated from mutGCK and control mice. Total RNA was isolated, and cDNA 

synthesis was performed using a cDNA synthesis kit (Quanta Bioscience, MA, USA). For 

quantitative real-time PCR (qPCR), samples were run in triplicate using SYBR Green 

Master Mix (Quanta Bioscience) in the Bio-Rad 7900HT Fast Real-Time PCR System 

(Applied Biosystems, CA, USA). The relative amount of mRNA was calculated using the 
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comparative CT method after normalisation to beta-actin. PCR primers are described in ESM 

Table 2.

Results

Short-term expression of mutGCK causes hyperinsulinaemic hypoglycaemia

We employed a conditional gene replacement strategy (Fig. 1a, ESM Methods, ESM Figs 1, 

2) to engineer a mutant mouse strain in which Cre recombinase expression results in 

switching the wild-type (WT) exon 10 with a mutated exon 10 containing the ins454A 

activating mutation, without affecting native cis-acting regulatory mechanisms. This 

mutation, previously identified in a GCK-CHI patient, increases GCK affinity for glucose by 

sixfold, resulting in a decreased threshold for GSIS (0.8-1.4 mmol/l vs 5 mmol/l of WT 

GCK) [14, 15]. Mice homozygous for the conditional mutant (mutGCK) were crossed with 

mice hemizygous for the rat insulin promoter-driven Cre recombinase (RIP-Cre) transgene 

[16], designated beta-mutGCK mice, or with mice heterozygous for an oestrogen-dependent 

Cre driven by the mouse insulin promoter (MIP-CreER), designated cond-beta-mutGCK 

[17]. In all cases, mice were heterozygous for the mutant GCK allele. Heterozygous 

littermates lacking Cre recombinase were used as controls. Beta-mutGCK mice express the 

active mutant Gck from the onset of insulin expression in fetal life (~gestational day 10.5), 

whereas cond-beta-mutGCK mice express the transgene following administration of 

tamoxifen. These mice were designed to express GFP after excision of the normal exon 10; 

however, although GFP mRNA expression was detected, GFP protein was not, probably due 

to failure of the internal ribosome entry site (IRES) cassette. To determine the efficiency of 

native exon 10 excision, we designed a PCR-based assay to detect the removal of the 

cassette between the two LoxP sites (ESM Fig. 3).

As expected, expression of the mutated Gck resulted in reduced random blood glucose levels 

(4.5-5.4 mmol/l), which persisting for at least 15 months, the maximum duration of the 

experiment (Fig. 1b). Consistent with the known function of GCK as the major glucose 

sensor in beta cells, overnight-fasted glucose levels were lower (3.6 vs 4.8 mmol/l, mutant 

and WT, respectively) and plasma insulin levels were higher compared with control mice 

(0.25 vs 0.10 pmol/l, mutant and WT, respectively) (Fig. 1c,d).

Mitochondria respond to glucose stimulation by altering their membrane potential and ATP 

production [21, 22]. Using the mitochondrial dye TMRE, we determined that islets isolated 

from beta-mutGCK mice exhibited an increased membrane potential response at 2.8 mmol/l 

glucose compared with controls (Fig. 1e,f), as expected with this mutation.

Activation of GCK causes increased beta cell proliferation and mass in young mice

In agreement with our previous reports [9, 13], beta cells of 1.5-month-old beta-mutGCK 

mice exhibited approximately a twofold increase in cell cycle entry, quantified by 

immunostaining for the cell cycle marker Ki67 (2.7% vs 1.5%, mutant and WT, respectively, 

p<0.01; Fig. 1g), accompanied by a 62% increase in beta cell mass (Fig. 1h) but no 

difference in body weight, findings consistent with the increased islet size reported in infants 

with similar mutations [7]. Individual beta cell volume was measured in a subset of these 
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animals and found to be unchanged, thus excluding hypertrophy as a mechanism for 

increased beta cell mass (ESM Fig. 4).

Long-term activation of GCK results in decreased glucose tolerance, increased DNA 
damage response and decreased beta cell mass

Since mutGCK lowers blood glucose levels compared with WT GCK, we predicted that 

beta-mutGCK mice would display improved glucose tolerance. However, we detected no 

difference in GTTs in beta-mutGCK mice at 1.5 months of age compared with littermate 

controls (Fig. 2a). More surprisingly, at 8 months of age, these mice displayed impaired 

glucose tolerance (Fig. 2b), while maintaining fed and fasting hypoglycaemia. Several 

mechanisms could account for the observed glucose intolerance in older mice, including 

reduced beta cell function, decreased beta cell mass, increased insulin resistance or some 

combination thereof. To distinguish between reduced islet function and insulin resistance, 

we isolated islets from 1.5- and 8-month-old mice and performed a dynamic measurement of 

insulin secretion by perifusion (Fig. 2c,d). Since beta cell apoptosis has been reported in 

patients with activating Gck mutations [7] and in a mouse model expressing the Y214C 

GCK-activating mutation [13], we controlled for possible variability in beta cell numbers by 

normalising the concentration of secreted insulin to the number of beta cells in each assay 

using a beta cell-specific DNA methylation assay [19]. As shown in Fig. 2c,d, islets from 

beta-mutGCK mice secreted more insulin per beta cell following glucose stimulation 

compared with littermate controls at both ages, as expected from their lower basal glucose 

set point and demonstrating that beta-mutGCK beta cells maintain their functionality with 

age. This result indicates that the reduced glucose tolerance observed in older beta-mutGCK 

mice could not be explained by reduced cell-autonomous beta cell function.

Next, we determined blood glucose levels in response to an exogenous bolus of insulin as a 

measure of peripheral insulin sensitivity. To prevent the confounding effect of counter-

regulatory hormone activation at very low glucose levels, we first treated the 8-month-old 

mice with diazoxide, a potent opener of the beta cell KATP channels and suppressor of 

endogenous insulin secretion. Subsequent insulin administration induced a similar decrease 

in blood glucose levels 20 min post dose in beta-mutGCK and control mice (Fig. 2e). 

Although not the most sensitive test of peripheral insulin resistance, and acknowledging that 

off-target diazoxide effects cannot be excluded, these data suggest that it is unlikely that the 

glucose intolerance observed in older mutGCK mice is primarily driven by peripheral 

insulin resistance.

Finally, we evaluated beta cell mass of beta-mutGCK mice. We previously showed in the 

Y214C GCK-activating mutation mouse model that in addition to an acute mitogenic effect 

on beta cells, these mice also exhibit beta cell glucotoxicity in the form of DNA damage and 

cell death [13], consistent with observations of increased apoptosis in human GCK-CHI [7]. 

In the current model, the 62% increase in beta cell mass observed at 1.5 months relative to 

controls was completely reversed by 8 months of age, decreasing from 2.9 mg at 1.5 months 

to 1.8 mg at 8 months of age (Fig. 2f). We hypothesised that this is most likely due to beta 

cell death, caused by oxidative and ER stress and DNA damage secondary to increased 

workload in the beta cells expressing the transgene. To determine whether the decrease in 
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beta cell mass is constrained to beta cells expressing the mutated Gck, we evaluated the 

proportion of beta cells expressing Cre recombinase in islets from beta-mutGCK mice and 

found that the proportion of Cre+ beta cells decreased from 71% in young mice to 48% in 

older mice (Fig. 3a,b). This was confirmed by measuring Cre+ and Cre− beta cell mass 

separately in a subset of mice, observing that recombinant beta cell mass decreased from 2.9 

mg in young mice to 1.4 mg in old mice whereas non-recombinant beta cell mass remained 

stable (0.8 vs 0.72 mg in young and old mice, respectively) (Fig. 3c), suggesting that 

prolonged expression of the activated form of GCK has a slowly evolving, cell-autonomous 

glucotoxic effect on beta cells leading to loss of more than half of the mutant cells by 8 

months of age.

Mechanism of beta cell damage after long-term activation of GCK

We previously identified a molecular pathway of glucotoxicity, conserved from mouse to 

human, involving activation of the DNA double-strand break response [13]. To test whether 

this process is activated in the current model of prolonged exposure to activated GCK, we 

assessed the presence of tumour suppressor P53-binding protein 1 (TP53BP1) foci in young 

and old beta-mutGCK mice [23]. Notably, 4.5% of beta cell nuclei in young beta-mutGCK 

mice contained focal TP53BP1 staining compared with only 1.2% in controls, a finding that 

persisted in old mice (Fig. 3d).

To further characterise the basis of the apparent toxic effect of the mutGCK on beta cells, we 

examined the expression of the stress-related genes Chop (DNA damage-inducible transcript 

3), Atf3 and spliced Xbp1, specific markers of ER stress [24]. qPCR analysis revealed a 

fourfold increase in the steady-state levels of Chop mRNA in islets of beta-mutGCK mice 

and a non-significant elevation in Atf3 and spliced Xbp1 levels (Fig. 3e).

Taken together, these findings suggest that whereas during fetal and early postnatal life the 

activating mutation in Gck enhances beta cell expansion, increased glycolytic flux and thus 

beta cell workload lead to cellular stress, DNA damage and cell death over time, consistent 

with previous data showing that low levels of ER and oxidative stress can have a pro-

proliferative effect whereas high levels or prolonged stress trigger apoptosis [25]. The 

observed elevation of Chop, a pro-apoptotic transcription factor, supports an ER stress-

related mechanism contributing to loss of beta cell mass, as reported by Song and colleagues 

who demonstrated that Chop deletion prevents diabetes-related beta cell apoptosis in mice 

[26]. We were unable to identify apoptosis by TUNEL staining, probably related to the short 

duration of TUNEL positivity (2-3 h) [27] and the slow progression of beta cell loss (~50% 

over 6.5 months).

Beta-mutGCK mice display reduced beta cell compensation during metabolic stress

To study the effect of increased metabolic load on beta cells expressing mutGCK, control 

and beta-mutGCK mice were given a high-fat/high-sugar diet (HFD; 45% fat, 34% sucrose) 

for 37 weeks and assessed weekly for random blood glucose levels and body weight. GSIS, 

glucose tolerance and beta cell mass were measured at the beginning and end of the diet 

period. Whereas beta-mutGCK mice displayed consistently lower random glucose levels 

(Fig. 4a), body weight gain was similar in both groups (Fig. 4b). Chronic hyperinsulinaemia 
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is expected to result in hyperphagia and increased body weight, which did not occur for 

reasons that could not be determined since caloric intake and energy expenditure were not 

measured. After 37 weeks of HFD, beta-mutGCK mice displayed more severely impaired 

glucose tolerance compared with WT mice (AUC 1796 vs 966 mmol/l × min, mutant and 

WT, respectively, p<0.05) and mice maintained on normal laboratory chow (Fig. 4c,d). 

Interestingly, peak insulin levels 15 min following glucose injection, simulating first-phase 

insulin response, were slightly but significantly reduced in mutant mice compared with WT, 

despite identical blood glucose levels, suggesting a subtle defect in first-phase insulin 

response. Fasting glucose levels were lower and insulin levels were higher in the mutant 

mice, making the fold-change increase in insulin much reduced in mutant compared with 

WT mice (1.7±0.4 vs 6.2±1.7, p<0.05), a direct result of the Gck mutation and not evidence 

of dysfunction (Fig. 4e,f). Furthermore, while beta cell mass increased markedly in control 

mice as a result of HFD, the increase seen in beta-mutGCK mice was attenuated (Fig. 4g-i), 

demonstrating defective compensatory potential of beta cells expressing activated GCK.

Discussion

A faithful, conditional mouse model of GCK-CHI

Here, we present a novel murine model that recapitulates human GCK-CHI and provides a 

likely mechanism for the progressive impairment of glucose tolerance observed in some 

patients with activating Gck mutations. This animal model constitutes a precise tool to study 

the effect of controlled, increased beta cell glycolysis without the confounding effects of 

ambient hyperglycaemia or hypoinsulinaemia, and thus addresses one potential mechanism 

of glucotoxicity relevant for type 2 diabetes progression. Unlike in our previous model [13], 

here, the conditional mutant gene is driven by the native GCK promoter and thus the 

phenotype observed is not confounded by unregulated expression driven by non-native cis-

regulatory elements.

We used the Rip-Cre mouse to initiate recombination resulting in expression of the mutGCK 

during fetal development. Hypothalamic expression of both Rip-Cre and GCK has been 

reported [28, 29], potentially modifying the observed phenotype. However, only co-

expression of both genes, as in the arcuate nucleus (ARC) and ventro-medial hypothalamus 

(VMH), will result in expression of recombinant Gck. Expression of mutant Gck in the ARC 

is expected to affect appetite and weight, but our finding that beta-mutGCK and WT mice 

had similar weight throughout life suggests that the expression of mutGCK in this nucleus, if 

present, was of little or no physiologic consequence. Expression of mutGCK in the VMH is 

expected to affect counter-regulatory response to hypoglycaemia, but this is unlikely to 

directly affect beta cell proliferation or survival rate. To further confirm that hypothalamic 

Cre expression did not materially affect our results, we repeated key experiments using the 

MIP-CreER transgenic mouse and observed an essentially identical beta cell phenotype 

(ESM Figs 5, 6).

We observed persistent fasting hypoglycaemia along with defective glucose response to i.p. 

glucose load in older animals. These two observations are not contradictory, as fasting 

glucose levels are determined by the glucose set point, dictated by GCK activity, and will be 

determined by remaining beta cells expressing the mutant Gck gene, which our perifusion 

Tornovsky-Babeay et al. Page 8

Diabetologia. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experiments show maintain enhanced glucose responsiveness. In contrast, response to i.p. 

glucose infusion requires the maximum insulin secretory capacity of the full complement of 

beta cell mass.

Biphasic dynamics of hyperglycolytic beta cells: mass expansion followed by contraction

Increased metabolic demand and stress may cause beta cell compensation, followed in the 

long run by decompensation and beta cell failure, as observed clinically in people with type 

2 diabetes [30] and in rodent models of diabetes (e.g., db/db mice and Psammomys obesus 
under high-energy diet) [31]. A similar mechanism has been proposed in CHI caused by 

mutations in either of the 2 KATP channel genes (KATP-CHI), where severe 

hyperinsulinaemic hypoglycaemia tends to remit with time allowing increasing periods of 

fasting without hypoglycaemia [32], and which may further progress to glucose intolerance 

and even to diabetes. A similar clinical outcome, albeit milder and slower, has been 

proposed in some patients with GCK-CHI [13].

The molecular basis of beta cell failure in most of these scenarios remains unknown, with 

proposed mechanisms including pre-existing lower beta cell mass, failed beta cell 

compensation, dedifferentiation, dysfunction or cell death. In our study, the long-term 

deterioration of glycaemic control was not associated with reduced cell-autonomous beta 

cell functionality as determined by ex vivo perifusion (Fig. 2c,d) or reduced peripheral 

sensitivity to insulin (Fig. 2e). In contrast, we document an initial peak of beta cell 

proliferation and expansion of beta cell mass, followed by loss of hyperactive beta cells, 

ultimately leading to reduced beta cell mass.

Mechanism of decreased beta cell mass following chronic hyperstimulation

We demonstrated that in 8-month-old mice the mutant beta cell mass decreased by ~52%, 

while the mass of beta cells that did not express the mutant Gck was unchanged. This 

change was associated with evidence of an increased DNA damage response and ER stress. 

ER stress has been shown to be both beneficial and detrimental to beta cell function and 

survival [25]. Low levels of stress stimulate proliferation whereas high levels result in 

activation of the apoptosis cascade. Elevation of Chop is a marker of decompensated ER and 

oxidative stress, and indeed deletion of Chop has been shown to prevent beta cell death in 

various models of diabetes [26]. Therefore, our observation of increased expression of Chop 
by activation of GCK provides a mechanism explaining decreased beta cell mass.

Relevance to human disease

We show how chronic over-stimulation of beta cells drives a biphasic response: beta cell 

proliferation and mass expansion followed by reduced mass. We propose that the 

mechanisms responsible for this dynamic could contribute to type 2 diabetes development 

and suggest a unifying hypothesis addressing the long-standing controversy regarding the 

relative importance of beta cell mass vs function in the pathogenesis of type 2 diabetes 

[33-36].

We previously showed that beta cells respond acutely to increased workload by increasing 

proliferation [9]. Our new findings suggest that beta cells only tolerate increased workload 
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transiently, eventually developing DNA damage and stress responses resulting in decreased 

survival rates. This cell-autonomous mechanism depends on the work required by the 

individual cell and not blood glucose levels per se, so that on the organismal level, individual 

beta cell workload is determined by both total beta cell number and whole-organism insulin 

requirement. This ‘workload hypothesis’, which expands upon and modifies the 

mathematical model of type 2 diabetes pathogenesis proposed by Ha and colleagues [37], is 

supported by the observation that patients with MODY2, caused by heterozygous 

inactivating mutations in Gck, do not develop diabetes [38], unlike patients with similar 

fasting glucose levels due to impaired fasting glucose or glucose intolerance [30]. Despite 

similar fasting glucose levels, in MODY2, beta cell work is decreased, whereas in patients 

with impaired glucose tolerance the demand on the beta cell is increased, driven by 

increased extracellular glucose stimulating insulin secretion through normal GCK function.

Ex vivo perifusion studies did not identify any clear, cell-autonomous beta cell dysfunction 

associated with the mutation. It is, however, highly likely that intrinsic beta cell dysfunction 

occurs over time, since beta cell stress and DNA damage result in loss of beta cell-specific 

gene expression, which could negatively influence overall islet function [39-41]. Indeed, the 

mild decrease in insulin levels 15 min after IPGTT in animals following HFD suggest a 

subtle defect in first-phase insulin response which must be confirmed by additional studies. 

Furthermore, our ‘workload’ hypothesis does not negate the possibility that hyperglycaemia 

or hyperlipidaemia per se could add another level of reversible or irreversible toxicity 

through multiple mechanisms, including protein or lipid glycation that could accelerate 

deterioration of beta cell function [42]. Even minor perturbations of fasting or stimulated 

blood glucose levels can contribute to progressive beta cell dysfunction, as recently shown in 

the rat 90% pancreatectomy model [43], although in this model beta cell workload is also 

increased.

Our findings have important implications for the prevention and treatment of type 2 diabetes, 

since they suggest that irreversible beta cell damage occurs as a function of workload, not 

related to elevated blood glucose levels per se. Genetic variation may play an important role 

in regulating peak beta cell mass and the ability of beta cells to cope with increased 

workload, but the impact of genetic variation is not yet sufficiently understood to permit 

targeted intervention. It is, however, possible to address non-genetic factors that affect peak 

beta cell mass, such as intrauterine and early childhood health, and those that affect whole-

body insulin requirements, such as lifestyle choices. The data presented here suggest that to 

prevent type 2 diabetes, these factors should be addressed in early childhood and 

adolescence, long before the first evidence of glucose intolerance appears.
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Refer to Web version on PubMed Central for supplementary material.
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Research in context

What is already known about this subject?

• Type 2 diabetes is associated with decreased functional beta cell mass

• Type 2 diabetes is a progressive disease and poor metabolic control is 

associated with increased rate of progression

• Chronic hyperglycaemia results in beta cell toxicity; however, the 

mechanisms mediating this are not entirely known

What is the key question?

• Does increased beta cell workload per se result in long-term toxicity to beta 

cells?

What are the new findings?

• We show that while short-term activation of glucokinase in the beta cells 

results in increased proliferation and beta cell mass, long-term activation 

results in decreased beta cell mass and glucose intolerance

• This toxicity is mediated by increased oxidative stress and DNA damage

• These results suggest that increased beta cell workload per se has long-term 

detrimental effects on beta cell survival, even before the advent of 

hyperglycaemia

How might this impact on clinical practice in the foreseeable future?

• Intervention aimed at decreasing beta cell workload before the onset of 

hyperglycaemia may delay the onset of clinical diabetes in the genetically 

susceptible individual
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Fig. 1. 
Description and phenotype of novel model for GCK-CHI. (a) Schematic representation of 

mouse model. Upper panel, a cassette including the mutated Gck exon 10 followed by IRES-

AcGFP was inserted immediately downstream to the native exon 10, which was flanked by 

LoxP sites (red triangles). Thus, Cre recombinase results in removal of the native exon 10 

and expression of mutant exon 10 in the natively regulated Gck locus, as shown in the lower 

panel. Two PCR primers (blue arrows, upper panel) were designed to measure efficiency of 

recombination. (b) Activation of mutGCK persistently decreased random blood glucose 

levels in beta-mutGCK mice (referred to as mutGCK in this and subsequent figures) (n=6 

mice/group). (c, d) Decreased glucose and increased insulin secretion in vivo after a 1 h fast 

in young mice (n=9 beta-mutGCK and 6 control mice). (e, f) FACS analysis of TMRE; beta 

cells isolated from young control (e) and beta-mutGCK (f) mice. Islets from beta-mutGCK 

mice exhibited significantly increased membrane potential response in 2.8 mmol/l glucose 

(n=4 mice/group). (g) The fraction of replicating beta cells is almost doubled in 1.5-month-

old beta-mutGCK mice (n=8 beta-mutGCK and 9 control mice). (h) Activation of beta-

mutGCK caused an increase in beta cell mass as a function of body weight [(pancreas 

weight × %beta cells)/body weight] at age 1.5 months (n=7 beta-mutGCK and 8 control 

mice). Bars represent standard error (*p<0.05, **p<0.001). BCM, beta cell mass; Ex, exon; 

int, intron; IRES-AcGFP, internal ribosome entry site followed by activated green 

fluorescent protein; UTR, untranslated region
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Fig. 2. 
Decreased glucose tolerance with age following activation of mutGCK. IPGTT: activation of 

beta-mutGCK has no effect on glucose tolerance at the age of 1.5 months (a) (n=8 beta-

mutGCK and 9 control mice), but resulted in impaired glucose tolerance by the age of 8 

months (b) (n=10 beta-mutGCK and 9 control mice). Ex vivo dynamic measurements of 

insulin secretion, normalised to unmethylated DNA of the insulin 2 gene (perifusion): 

insulin secretion at age 1.5 months (c) and at 8 months of age (d) (n=6 mice/group). (e) 

Glucose response to i.p. insulin in mice pre-treated with diazoxide showing similar glucose 

clearance in WT and beta-mutGCK mice (n=8 beta-mutGCK and 6 control mice). (f) Left, 

beta cell mass [(pancreas weight × %beta cells)/body weight] in WT and mutant mice at the 

age of 1.5 months (young) (n=7 mice in each group) and at 8 months of age (old) (n=10 

mice in each group). 2.8G, 2.8mmol/l glucose; 16.8G, 16.8 mmol/l glucose; BCM, beta cell 

mass; unmeth, unmethylated. Bars represent standard error (*p<0.05, **p<0.001).
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Fig. 3. 
Long-term effect of activation of mutGCK on beta cell survival and stress response. (a, b) 

Representative photomicrographs of Cre-positive beta cells in young (1.5 months) and old (8 

months) mice (insulin, green; Cre, red; DAPI, blue). Scale bars, 20 μm. (c) Absolute beta 

cell mass (mg) was determined in four young (1.5 months) and four old (8 months) mutGCK 

mice and recombinant (Cre positive, magenta) and non-recombinant (Cre negative, grey) 

beta cells were counted separately, showing marked decrease in recombinant beta cell mass. 

(d) Percentage of 53BP1-positive beta cells in WT and beta-mutGCK (n=6 mice/group). (e) 

Atf3, Chop, and Xbp1 mRNA expression in WT and mutGCK mice at 8 months age (n=5 

mice/group); *p<0.05, **p<0.001
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Fig. 4. Effect of HFD on beta-mutGCK mice.
(a) Random (fed) glucose levels over a period of 40 weeks in control and HFD mice (n=8 

beta-mutGCK and 5 controls). (b) Body mass measured weekly over 40 weeks in the HFD 

beta-mutGCK and control mice (n=14 beta-mutGCK and 11 controls). (c) IPGTT in control 

(blue, n=5) and beta-mutGCK (red, n=8) mice after 40 weeks on HFD. Data for mice fed 

regular chow diet are given for comparison. (d) Area under the glucose response curve. (e, f) 
Overnight fasting plasma glucose and insulin concentrations after 40 weeks on HFD (n=8 

beta-mutGCK and 5 controls). (g) Beta cell mass [(pancreas weight × %beta cells)/body 

weight] of control and beta-mutGCK mice on regular laboratory chow (RD) or HFD. (h, i) 
Representative photomicrographs demonstrating higher beta cell mass after HFD in WT 

compared with beta-mutGCK mice. Scale bars, 200 μm for both. BCM, beta cell mass; RD, 

regular diet; T0, time 0, before glucose injection; T15, 15 minutes after glucose injection.
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