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Abstract

Recovery of functional β-cell mass continues to be an ongoing challenge in treating diabetes. 

Initial work studying β-cells suggested apoptotic β-cell death as a main contributor for the loss of 

β-cell mass in diabetes. Restoration of β-cells either by transplant or stimulating proliferation of 

remaining β-cells or precursors would then logically be a viable therapeutic option for diabetes. 

However, recent work has highlighted the inherent β-cell plasticity and the critical role of loss of 

β-cell identity in diabetes, and has suggested that β-cells fail to maintain a fully differentiated 

glucose-responsive and drug-responsive state, particularly in diabetic individuals with poorly-

controlled, long-lasting periods of hyperglycemia. Understanding the underlying mechanisms of 

loss of β-cell identity and conversion in other cell types, as well as how to regain their mature 

differentiated functional state, is critical to develop novel therapeutic strategies to prevent or 

reverse these processes. In this review, we discuss the role of plasticity and loss of β-cell identity 

in diabetes, the current understanding of mechanisms involved in altering this mature functional β-

cell state, and potential progresses to identify novel therapeutic targets providing better 

opportunities for slowing or preventing diabetes progression.
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Reduction of functional pancreatic β-cell mass in diabetes

Diabetes mellitus is a metabolic disorder characterized by progressive loss or dysfunction of 

pancreatic insulin-producing β-cells, resulting in multiple long-term complications and 

organ damage (reviewed in [1]). In type 1 diabetes the deficit of insulin is caused by 

autoimmune destruction of β-cells, and the logical therapy is the replacement of β-cells by 

islet transplantation from cadaveric donors or from in vitro generated β-cells from stem 

cells, although these methods are not always effective or available (reviewed by [2]). In 

transplants, many of the islets decline progressively in a similar manner to that observed in 
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type 2 diabetes [3], and several of the same stressors that are suggested to induce β-cell 

dysfunction in type 2 diabetes, such as hyperglycemia and increased secretory demand, 

inflammation, oxidative and endoplasmic reticulum stress, are also seen in islet grafts 

concurrently with decline [4].

In contrast to the destruction of β-cells typically seen in type 1 diabetes, type 2 diabetes 

generally results from high insulin demand due to peripheral insulin resistance with 

compensatory β-cell expansion and hyperinsulinemia [5-7]. However, this process gradually 

leads to ‘glucotoxic’ loss of β-cell mass, which has been frequently attributed to enhanced 

β-cell apoptosis [8-11]. Progressive deterioration in β-cell function, reduction of glucose-

stimulated insulin secretion (GSIS), decreased β-cell mass and increased β-cell apoptosis 

have been found in type 2 diabetic human islets, regardless of the antidiabetic therapy 

[10,12-15] (Figure 1). Importantly however, the impairment of β-cell function and the 

decrease in β-cell mass in diabetes seems to be much greater than could be explained only 

by the observed increase in the rate of apoptosis [10], arguing that another alternative 

mechanism may also play a role in the progressive loss of β-cell mass in diabetes.

β-Cell proliferation and regeneration in diabetes

For many years, it has been assumed that the endocrine pancreas belonged to a class of 

tissues that were terminally differentiated and irreplaceable in the adult. However, many 

reports support the view that the endocrine pancreas is a plastic organ, especially regarding 

the ability of the β-cell mass to change according to the metabolic demand of insulin in 

conditions such as pregnancy and obesity (reviewed in [16]). Studies have shown an 

underappreciated proliferative capacity of β-cells with self-replication being one of the 

major mechanisms regulating β-cell expansion in rodents [17-20] (Figure 1). Glucose and 

insulin are potent stimulators of β-cell growth and function both in vivo and in vitro 
(reviewed in [16]). However, the proliferative capacity of β-cells declines over time 

independently of the species, and human replication seems to be lower than in rodents 

[19,21-26], which poses a major hurdle to harnessing β-cell proliferation as a therapy for 

human diabetes.

Many studies of factors linked to replication of human islets have been done in vitro. Some 

in vitro studies have suggested that the various pathways that stimulate proliferation do so 

by suppressing the terminally differentiated phenotype of β-cells. Studying human islet 

replication in these conditions may therefore not reveal sufficient information about all of 

the metabolic stressors and modulators that affect β-cell function. By transplanting human 

islets into mice (human islet-to-mouse) it was demonstrated that metabolic factors that 

induce replication of rodent β-cells fail to have the same effect in human islets [27]. In a 

similar study using insulin-resistant rodents, betatrophin was found to increase rodent β-cell 

proliferation but not human transplanted islets [28]. Moreover, clinical data suggest that in 

contrast to rodents, humans with insulin deficiency or who are obese with poor glycemic 

control show increased levels of betatrophin [29]. Only a few exogenous factors/inhibitors 

were shown to have proliferative effects on human β-cells in the in vivo human-to-mouse 

transplant model. These results highlight the need to focus on human islet function as well 

as increased β-cell number and/or mass in deriving therapies for diabetes.
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“Many efforts have been made to increase β-cell proliferation and regeneration in diabetes, 

however only a few factors have been identified to have positive effects”

Several studies indicate that β-cells regenerate upon injury-driven severe tissue loss [23,30]. 

Mice overexpressing c-Myc or treated with diphtheria-toxin, with ~90% and ~70% ablation 

of β-cells, respectively, showed β-cell regeneration presumably through β-cell neogenesis 

but not replication [23,31](reviewed by [32]). However, how and to what extent it happens 

and how much the other islet cells contribute to this phenomenon is currently not completely 

understood. Although replication appears to be the dominant method by which the 

pancreatic endocrine compartment maintains or recovers β-cell mass, under extreme 

circumstances, the pancreas can exploit cell plasticity (see below).

Glucotoxicity and exhaustion as causes of dysfunctional β-cells: are β-cells 

dead or hidden?

Studies of human pancreatic samples obtained from organ donors have shown that β-cell 

mass is significantly reduced in type 2 diabetic individuals [5,10,33], a decrease that is 

frequently attributed to apoptotic β-cell death [34,35]. Some have shown that the decline in 

β-cell replication in human pancreatic tissue with age is not associated with an increase in 

the frequency of apoptosis [36], whereas other reports showed that the low frequency of β-

cell replication in cadaveric obese and type 2 diabetic organ donors was accompanied by a 

higher rate of apoptosis [8-10]. Initial in vitro and in vivo studies in mice demonstrated an 

increase in apoptosis as a mechanism of β-cell loss in islets that were exposed to chronic 

high glucose, which was attributed to increased inflammatory cytokine production, increased 

oxidative stress, and various other factors (Figure 1).

Although a marked decrease in β-cell insulin immunostaining has been shown in human 

pancreases from type 2 cadaveric organ donors, only a small number of apoptotic cells were 

found [37-41], despite the morphological variations reported in type 2 diabetic islets [42]; 

suggeting that apoptosis might not be the main contritutor to the decrease in β-cell mass in 

diabetes. Mouse models of type 2 diabetes demonstrated an over-time marked reduction of 

insulin-containing β-cells [12,30,43,44]; however, only a small increase in apoptosis was 

detected. Recently, Accili and colleagues have challenge this paradigm of pancreatic β-cell 

apoptosis as the main mechanism of β-cell failure in diabetes demonstrating only small 

increases in apoptosis in both FoxO1 deficient mouse model of diabetes under conditions of 

stress, and in mouse models of type 2 diabetes [45]; with such increases not sufficient to 

explain the marked decreases in insulin-producing β-cells in these models [45]. 

Additionally, in human islet-to-mouse studies, neither chronic hyperglycemia nor peripheral 

insulin resistance was sufficient to cause apoptosis in human islets, in contrast to initial 

findings in rodent islets [27].

Gain-of-function (GOF) mutations in the ATP-sensitive potassium (KATP) channel cause 

neonatal diabetes mellitus (a disease characterized by insulin deficiency without destruction 

of β-cells or preceding peripheral insulin resistance and overnutrition) and a KATP-GOF 

variant is highly associated with development of type 2 diabetes (reviewed in [46]). We and 

others have previously generated mouse models of human neonatal diabetes induced by a 
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KATP-GOF mutation [47-49]. Not only these mice reiterate the human features of neonatal 

diabetes, but also, as the disease progresses these mice show a marked decrease in insulin-

containing β-cells [47,49-51] (Figure 1). Syngeneic islet transplantation or early treatment 

with glibenclamide (an antidiabetic sulfonylurea widely used to treat diabetes) at disease 

onset prevented loss of insulin content, suggesting that tight glycemic control early in 

disease progression could prevent β-cell loss [47] (Figure 1). However, we and others have 

recently shown that mice with hyperglycemia-induced glucotoxicity have only a small 

increase in apoptotic cell death [27,45,50,51]. Together, these results do not explain the 

progressive and marked decrease in β-cell mass frequently observed in humans, and suggest 

that mechanisms other than β-cell apoptosis may also play a role in diabetes progression.

“The observed increase in the rate of apoptosis in diabetes is insufficient to explain the 

marked reduction in β-cell mass”

β-cell identity crisis in diabetes

The current understanding that loss of β-cell mass in diabetes is primarily induced by β-cell 

death has been recently challenged. The notion that β-cell identity, rather than β-cell 

apoptosis, may be compromised was first shown by Jonas et al [52] and others later 

suggested that this may involve loss of mature β-cell identity accompanied by 

dedifferentiation. Genetic and epigenetic analysis of endocrine and exocrine cells within the 

pancreas revealed a certain degree of cellular plasticity under pathological conditions 

(reviewed in [53]).

Maintenance of cell identity requires active regulation of gene expression, evidenced by the 

finding that deletion of Pdx1 from post-natal islets resulted in loss of the β-cells phenotype 

[54], and that expression of Pdx1 in endocrine progenitors drives these cells to adopt a β-cell 

like fate. A number of other transcription factors have been also identified as essential for 

the development and maintenance of functional β-cells [55]. Loss of mature β-cell identity 

has been shown in several rodent models of diabetes. Chronic hyperglycemia in rats is 

accompanied by the loss of β-cell transcription factors [52]. β-cells from mice that 

genetically lack FoxO1 in β-cells (under conditions of metabolic stress) or mouse models of 

type 2 diabetes demonstrated a marked reduction in both message and protein levels of the 

mature β-cell transcription factors MafA, Nkx6.1 and Pdx1 [45]. Furthermore, in islets from 

severely diabetic, genetically modified mouse models of human KATP-induced neonatal 

diabetes, we and others have recently shown a marked reduction in the mature β-cell 

transcription factors MafA, Pdx1, Nkx6.1 as well as insulin [50,51]. Importantly and in 

correlation with this, two independent recent reports showed that pancreatic islets from type 

2 diabetic cadaveric organ donors have a marked and selective loss of transcription factors 

involved in mature β-cell identity including MafA, Nkx6.1, Pdx1; this decrease was 

associated with a marked reduction in insulin immunostaining in these samples [37,38]. 

Furthermore, Nkx6.1 and MafB (found in human β-cells but not mouse β-cells) were 

reduced in human islet-to-mouse grafts under conditions of chronic hyperglycemia and 

insulin resistance, whereas hyperglycemia alone resulted in reduced MafB but not Nkx6.1 in 

human islets [27]. Thus, it seems that in diabetes both human and rodent β-cells lose 
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transcription factors that are necessary to maintain mature cell identity, possibly changing 

cell fate (Figure 1).

“Loss of mature β-cell identity is a key feature found in different forms of diabetes, from 

monogenic to type 2 diabetes”

Is it a change in β-cell fate in diabetes?

Decrease in β-cell mass likely occurs in a gradual way, with a progressive loss of the 

hallmark of one cell type (as shown above) and the ability to express genes of an alternate 

cell type, i.e. precursor cells (dedifferentiation) or other mature cell type 

(transdifferentiation). Increasing evidence suggests that β-cells respond to challenges by 

transitioning to novel phenotypes, but it is still debated if the new cells carry all the features 

of a fully differentiated cell during organogenesis. β-cell dedifferentiation was inferred early 

on from partial pancreatectomy studies [52] and observed in in vitro studies [15]. β-cell 

dedifferentiation with reversion to pancreatic progenitor-like cells expressing Neurogenin3, 

Oct4, Nanog and L-Myc was recently demonstrated in β-cells from FoxO1 knockout mouse 

during stress induced hyperglycemia by Accili's group [45] (Figure 1). Changes that indicate 

β-cell dedifferentiation in response to the insult have been shown in a mouse model of 

pancreatic ductal ligation [56].

Importantly, concomitant with the decrease in mature β-cell markers, we have recently 

demonstrated β-cell dedifferentiation to islet-like progenitor cells (insulin negative and 

neurogenin3 positive cells) in a novel mouse model of KATP-induced human neonatal 

diabetes [50] (Figure 1). However, we did not find evidence of presence of pancreatic-

progenitor markers such as Oct4, Nanog and L-Myc in this other mouse model of diabetes. 

While these results in mice suggest that β-cell dedifferentiation could be a mechanism of 

loss of β-cell mass in several forms of diabetes, whether this process is significant in human 

diabetes is still controversial [57]. As mentioned above, there was a marked inactivation of 

mature β-cell markers in islets obtained from type 2 diabetic cadaveric organ donors, 

however no increases in β-cell progenitor markers (including neurogenin3) were found in 

this study [37]. Conversely, a recent report shows evidence of β-cell dedifferentiation as 

assessed by the presence of aldehyde dehydrogenase 1A3 (a newly identified progenitor 

marker, as technical problems arose to detect Neurogenin3) concomitant with decreased 

mature β-cell markers in islets from type 2 diabetic organ donors [38] (Figure 1). Moreover, 

β-cell-specific transcription factors were ectopically found in glucagon- and somatostatin-

producing cells of diabetic subjects [38]. Thus, studies examining different types of stress, 

genetic or metabolic, have converged on a new perspective suggesting loss of mature β-cell 

identity with dedifferentiation as a potential cause for the progressive loss of β-cell mass and 

β-cell failure in monogenic, type 2, and possibly type 1 diabetes.

“Dedifferentiation to progenitor cells and transdifferentiation to glucagon-producing α-cells 

are important mechanisms of β-cell failure in diabetes”
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β-Cell dedifferentiation vs degranulation in diabetes

The possible presence of empty β-cells containing no insulin in diabetes is of interest but 

important questions still remain. How many empty β-cells are in the pancreas and how much 

do they contribute to the pathology? Sections from partially pancreatectomized rats as well 

as a baboon model of diabetes induced by streptozotocin do not show evidence for 

significant numbers of empty β-cells in the spite of the chronic hyperglycemia. Based on 

parallel light and electron microscopy examinations of pancreatic samples from nondiabetic 

and diabetic donors, it appears that a proportion of β-cells in type 2 diabetic islets may not 

be detectable by standard immunohistochemistry, possibly due to insulin degranulation [38], 

potentially leading to an overestimation of β-cell loss. At least some type 2 diabetic 

pancreatic islets also showed a marked loss of GSIS without an actual loss of β-cells [42]. 

This was also observed in human islet-to-mouse studies under conditions of metabolic stress 

[27]. Recently, it has been shown that there is degranulation in some human islets obtained 

from pancreatic type 2 diabetic organ donors, which was accompanied by some β-cells 

showing evidence of dedifferentiation and transdifferentiation [38] (Figure 1). The changes 

are probably caused by hyperglycemia and there is a good reason to think that tight glycemic 

treatment will restore the normal phenotype of these β-cells, whether degranulated or 

dedifferentiated.

Are transdifferentiation and hyperglucagonemia part of the problem in 

diabetes?

In various mouse models of diabetes, a percentage of former β-cells can also adopt the 

mature identity of glucagon-producing α-cells under hyperglycemic conditions [45,51]. We 

also found a small percentage of dedifferentiated cells (former β-cells) adopted the features 

of glucagon-secreting α-cells (transdifferentiation) [50] (Figure 1). These findings are 

consistent with previous reports that human β-cells can undergo transdifferentiation into α-

cells indistinguishable from native α-cells during islet dispersion and re-aggregation, even in 

the absence of any specific transcription factor or genetic manipulation; and that they can 

maintain this phenotype after transplantation in vivo [58]. These results are also consistent 

with reports on islets from type 2 diabetic humans and macaques demonstrating co-staining 

for insulin and glucagon in some cells as well as that glucagon+ cells that are also positive 

for Nkx6.1 and Pdx1, transcription factors normally present in β-cells [59]. Failure of insulin 

signaling to suppress glucagon secretion and action (particularly hepatic gluconeogenesis) is 

significant in the progression of diabetes; and disrupting glucagon signaling can correct 

glucose tolerance and hyperglycemia in the absence of insulin secretion. In diabetic patients, 

hyperglucagonemia and failure of glucagon secretion to respond to meal intake are 

significant factors in hyperglycemia, though whether transdifferentiation affects glucagon 

production, endogenous α-cell function, or other factors in these signaling pathways beyond 

the effects of insulin loss remains unclear.

The temperamental β-cell: does bariatric surgery play a role?

The concept of reversibility of β-cell dysfunction in diabetes has also been borne out by the 

remarkable restoration of glucose-dependent insulin secretion after bariatric surgery in type 
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2 diabetic patients [60]. β-cell functional defects also play a major role in the 

pathophysiology of diabetes and improvements at this level may better explain, for instance, 

why patients who have undergone bariatric surgery may show diabetes remission within a 

few days after surgery and with only a 1–2% weight loss [61]. In rats, Roux-en-Y gastric 

bypass partially reversed loss of insulin content, rescued expression of β-cell specific 

differentiation markers, and prevented degranulation of insulin-containing cells [62]. Several 

mechanisms are proposed by which gastric bypass could affect pancreatic function, 

including increased incretin effects, via increased GLP-1 secretion, decreased dopamine 

secretion, indirect restoration of insulin sensitivity and appetite regulation, as well as 

increased pancreatic blood flow and improved lipid metabolism (reviewed in [63]). Whether 

recovery of β-cell identity is a significant factor in the effectiveness of bariatric surgery is 

unclear.

Preservation of β-cell identity in diabetes: therapeutic implications

It has been proposed that early and intensive correction of glucotoxicity during the diabetic 

progression of β-cell dysfunction might preserve endogenous β-cells [64-66]. Although 

insulin and sulfonylurea monotherapy were more effective in maintaining good glycemic 

control in the UK prospective study [14], such an approach did not prevent the natural 

decline of β-cell function and diabetic complications. Several short-term studies have shown 

that intensive insulin therapy for 2-3 weeks at the time of diagnosis leads to rapid 

improvement of insulin secretion and preserves β-cell function [66-69]. Insulin therapy 

achieves greater improvement in β-cell function compared with oral monotherapy [70-72], 

and insulin in combination with oral agents preserve β-cell function better than insulin alone 

[73]. Short-term glycemic control by intravenous insulin infusion restored sulfonylurea 

sensitivity in unresponsive type 2 diabetic subjects, with a management of diabetes with 

glibenclamide alone for the following 6 months [74].

Strikingly, we recently demonstrated restoration of β-cell mass and insulin content in 

severely diabetic mice following intensive insulin therapy [50]. Lineage tracing analysis 

demonstrates that reversing hyperglycemia by insulin therapy led the same dedifferentiated 

cells to re-differentiate to mature β-cells [50] (Figure 1). While re-differentiated KATP-GOF 

β-cells have recovered insulin content after insulin therapy, they will still fail to secrete 

insulin in response to glucose challenge, but they should have recovered insulin secretion in 

response to antidiabetic sulfonylureas. In agreement with this prediction, no insulin secretion 

was found in response to glucose, but these islets do show insulin secretion in response to 

the sulfonylurea glibenclamide in vitro [50]. As predicted, no C-peptide secretion (as a 

surrogate measurement for insulin secretion) was found in KATP-GOF diabetic mice in 

response to acute injection of glibenclamide in vivo (Figure 1). However, C-peptide levels 

were considerably higher in the same mice after 10 days of insulin treatment, and were even 

higher after 40 days of insulin therapy [50]. Thus, restoration of β-cells in diabetes leads to 

reestablishment of antidiabetic drug-responsivity in mice. These results may provide a 

potential explanation for the gradual decrease in β-cell mass observed in patients with long-

lasting and poorly-controlled diabetes, as well as for the recovery of β-cell function and 

sulfonylurea responsivity in type 2 diabetic patients following β-cell ‘rest’ after a short 

period of intensive insulin therapy [14,66,68,75-77] (Figure 1).
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“Early and aggressive antidiabetic therapies can restore mature β-cell identity in diabetes”

Concluding remarks

Our understanding of the impact of β-cell plasticity and function continues to grow. Fully 

differentiated β-cells have revealed more cellular fate flexibility than previously thought. In 

response to genetic or epigenetic factors, and environmental cues, β-cells can transition to 

different stages, including dedifferentiation and transdifferentiation, with re-differentiation 

when the conditions are more appropriate (i.e. lowering of blood glucose by anti-diabetic 

drugs). These processes could be transient or permanent depending on the severity and 

duration of the insult/stimuli; therefore early intervention may be important to avoid the 

prolonged exposure to stressors that will prevent cells to return to their mature cell identity, 

and consequently cause further β-cell dysfunction.

The cell adoption of a resting or dedifferentiated state can temporarily allow an interruption 

of the normal cellular function as a preventive mechanism to circumvent damage or death, as 

illustrated by β-cells undergoing dedifferentiation, or, alternatively, transdifferentiation to 

another cell type, rather than apoptosis in cases of metabolic stress in diabetes. Revising our 

current understanding of β-cell function to include the view that differentiated cells retain 

this inherent plasticity and that dedifferentiation may be a mechanism to enhance β-cell 

survival, but the long-term exposure to hyperglycemia/stressors cause β-cell deterioration 

and damage. Together, identifying ways to inhibit or reverse these stages by acute 

interventions early on will substantially increase the opportunities for developing novel 

therapies for restoring β-cell function in diabetes.
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Figure 1. Metabolic state influences cell fate decisions in adult β-cells
At rest (1) β-cells secrete insulin in response to glucose. In cases where insulin supply is 

insufficient to respond to metabolic demand (2), β-cells begin to prime themselves to both 

proliferate and relieve stress. At this point, the functionality of β-cells can be recovered 

completely with interventions (brown arrow). With sufficiently high blood glucose (3) 

however, the cells begin to undergo changes induced by glucotoxicity, at which point they 

may encounter a fate decision (4) between altering their terminally differentiated state and 

undergoing apoptosis. As changes in cell transcription factor expression occur (5), the β-

cells can degranulate, undergo dedifferentiation to more progenitor-like cell fate, or 

transdifferentiate to an alternative, terminally-differentiated state. Whether this plays a role 

in further cell susceptibility to apoptosis is not well understood. With therapies (6) that alter 

cell fate such as intensive insulin therapy to relieve glucotoxicity (pink arrows), gene therapy 

to restore transcription factors, or treatment with other metabolic modulators (gray arrows), 

the cells undergo re-differentiation and regain markers of mature β-cell identity as well as 

insulin content. Under physiological conditions or in the presence of certain stimuli, β-cells 

can proliferate and grow (7).
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