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β-Cell dysfunction in diabetes: a crisis of identity?
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Type 2 diabetes is characterized by insulin resistance and a progressive loss of β-cell function
induced by a combination of both β-cell loss and impaired insulin secretion from remaining

†

β-cells. Here, we review the fate of the β-cell under chronic hyperglycaemic conditions with
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regard to β-cell mass, gene expression, hormone content, secretory capacity and the ability to
de- or transdifferentiate into other cell types. We compare data from various in vivo and
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in vitro models of diabetes with a novel mouse model of inducible, reversible hyperglycaemia
(βV59M mice). We suggest that insulin staining using standard histological methods may not
always provide an accurate estimation of β-cell mass or number. We consider how β-cell identity is best deﬁned, and whether expression of transcription factors normally found in islet progenitor cells, or in α-cells, implies that mature β-cells have undergone dedifferentiation or
transdifferentiation. We propose that even in long-standing diabetes, β-cells predominantly
remain β-cells—but not as we know them.

KEYWORDS

β-cell, dedifferentiation, diabetes, insulin content, transdifferentiation

meant by β-cell “loss.” Some studies equate β-cell loss with β-cell

1 | I N T RO D UC T I O N

death, some mean the dedifferentiation or transdifferentiation of
Type 2 diabetes is characterized by two major pathological abnormal-

β-cells into non β-cells, and in other cases, β-cell loss is implicitly

ities: insulin resistance in peripheral tissues and impaired insulin

taken to mean a loss of β-cell function. Commonly, β-cell loss is used

secretion from pancreatic β-cells. Both contribute to disease develop-

as a blanket term to cover all of these eventualities. Deﬁning what is

ment, although their relative importance varies in different patients

meant by β-cell loss more precisely is not merely a question of

and populations. It is generally recognized, however, that diabetes

semantics: at its heart is the issue of what happens to the β-cell in

results when the pancreas is no longer able to compensate for insulin

diabetes—do β-cells die, lose their ability to respond to glucose or

resistance by increasing insulin output. Glucagon secretion from pan-

switch their identity?

creatic α-cells is also impaired in diabetes, contributing to the

It has long been considered that the fate of a fully differentiated
pancreatic islet cell is ﬁxed, and that it is unable either to dedifferen-

hyperglycaemia.
The origin of the β-cell failure in type 2 diabetes is considered to

tiate into an islet progenitor cell or to transdifferentiate into another

involve both a partial reduction in β-cell mass (number) and a progres-

islet cell type. Over the past decade, however, evidence has accumu-

sive deterioration of β-cell function—ie, the ability of an individual

lated to suggest this dogma is not correct and that mature islet cells

β-cell to enhance its insulin secretion in response to glucose. The

show a remarkable plasticity. This evidence principally derives from

aetiology of these defects is only poorly understood, but it is widely

changes in the expression of genes that encode α-, β- or δ-cell-

accepted that both are exacerbated by the elevated blood glucose,

speciﬁc transcription factors and hormones. These ﬁndings have led

leading to a vicious cycle in which hyperglycaemia impairs insulin

to the proposal that in diabetes β-cells dedifferentiate to some imma-

release, and thereby further increases hyperglycaemia. The extent to

ture “progenitor-like” cell that expresses both insulin and glucagon,

which these changes in β-cell mass and function can be prevented or

and that some of these cells may subsequently transdifferentiate

reversed by good glycaemic control is debated.

along a different pathway into mature α-cells. Such ﬁndings raise the

While progressive β-cell loss is currently considered to be central

thorny question of what constitutes a β-cell. Is insulin content, for

to the development of type 2 diabetes, it is not always clear what is

example, sufﬁcient? And does loss of insulin secretion, loss of insulin
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content or loss of β-cell-speciﬁc transcription factors imply a cell is

β-cells, thereby producing diabetes.10 This model is particularly useful

no longer a β-cell?

for studying pancreatic regeneration. However, it is unclear whether

In this review, we therefore consider what is meant by β-cell

other tissues and/or the remaining β-cells are affected by the toxin,

identity and how this changes in response to chronic hyperglycaemia.

albeit to a lesser extent. Surgical removal of part of the pancreas
obviates this problem, and different blood glucose levels can be
achieved by removing different numbers of islets.11 A disadvantage

1.1 | Models used to determine the β-cell
response to hyperglycaemia

of most animal models of diabetes compared with in vitro studies,

The response of the β-cell to hyperglycaemia, or diabetes, is likely to

with phloridzin, which blocks glucose reuptake in the kidney, has

be inﬂuenced by the way in which hyperglycaemia is induced, or the

sometimes been used to normalize glycaemia,12 but risks making the

animal model or cell line that is used. As many different in vivo,

mice dehydrated.

however, is that the hyperglycaemia is not easily reversed. Treatment

ex vivo and in vitro models have been employed to study the

We therefore created a new mouse model of diabetes that

response of the β-cell to hyperglycaemia, we ﬁrst summarize their rel-

enables the effects of hyperglycaemia/hypoinsulinaemia—and their

ative advantages and disadvantages.

reversal—on pancreatic islets to be studied in vivo.13 These mice

Immortalized insulin-secreting β-cell lines are particularly advan-

express an inducible β-cell-speciﬁc activating KATP channel mutation

tageous for analysing molecular mechanisms underlying β-cell func-

(βV59M) that is found in patients with neonatal diabetes.14 When

tion, as signalling pathways can easily be manipulated using

induced by tamoxifen, the mutant version of the channel is expressed

knockdown or overexpression techniques. However, the complex,

and remains constitutively open, thereby hyperpolarising the β-cell

chronic state of diabetes cannot be mimicked. In addition, β-cell lines

and inhibiting glucose-stimulated insulin secretion. This results in

suffer from the fact that many are not glucose-responsive in the

hyperglycaemia within 48 hours of gene induction. Hyperglycaemia/

physiological range,1 lack or overexpress key proteins (eg -

hypoinsulinaemia can be maintained for 8 weeks, and potentially

2

hexokinase), and need to be cultured at high glucose concentrations

longer. Importantly, the diabetes can be reversed by subcutaneous

(typically 11 or 25 mM glucose), which makes studying the effects of

implantation of slow-release sulfonylurea pellets. These drugs close

different glucose concentrations problematic. The complex microen-

KATP channels and rapidly restore normoglycaemia, as they do in neo-

vironment that deﬁnes an islet, namely paracrine interactions, gap

natal diabetes patients treated with sulfonylureas.15 βV59M mice are

junctional coupling and the presence of a vascular supply, is also

neither obese nor insulin resistant, the diabetes is due to a known
genetic defect conﬁned to the β-cell and diabetes can be rapidly

absent.
Isolated islets preserve the relationships between different types

induced or reversed, making them a good model for studying the time

of islet cells, but have their own disadvantages. As islets may be

course of the effects of hyperglycaemia on β-cells. As with most ani-

damaged by the isolation procedure, a recovery period (eg 24 hours

mal models of diabetes, however, hyperglycaemia is accompanied by

of tissue culture) is often employed. However, even short-term cul-

hypoinsulinaemia.

ture can alter islet function.3,4 There is the further problem of which

Finally, one should not forget that a man is not a mouse, and that

glucose concentration should be used to mimic the in vivo situation—

the β-cell transcriptome,16 glucose uptake17,18 and electrophysiologi-

culture at 11 mM glucose (the standard islet culture condition)

cal ﬁngerprint19 differ between humans and mice. Thus, all results

reﬂects neither the normal nor the diabetic blood glucose level. In

ultimately need to be veriﬁed in humans.

addition, culture time is limited by the lack of a blood supply, which
leads to hypoxia in the islet core5 and makes it difﬁcult to separate
the effects of hypoxia from those of high glucose.
There are also caveats when using animal models to study diabe-

1.2 | Is insulin staining a good marker of β-cell
identity and β-cell mass?

tes. Many common genetic models of type 2 diabetes, like the leptin-

The hallmark of the β-cell is that it expresses insulin and releases it in

deﬁcient ob/ob mouse,6 the leptin receptor-deﬁcient db/db mouse,7

response to a rise in plasma glucose. In many studies, immunocyto-

8

the New Zealand obese mouse and the Goto-Kakizaki rat model of

chemical detection of insulin is assumed to be sufﬁcient to deﬁne a

type 2 diabetes,9 combine insulin resistance with impaired insulin

β-cell and cells that do not express measureable insulin are consid-

secretion. While these mice may reﬂect the complex interplay

ered to be non β-cells. It is well established that insulin staining and

between genes and environment, and the combination of obesity and

islet insulin content are reduced in animal models of diabetes,13,20,21

lipo/glucolipotoxicity typical of human type 2 diabetes, the effects of

and in both isolated islets22,23 and insulin-secreting cell lines24

hyperglycaemia cannot be separated from those of insulin resistance.

exposed to hyperglycaemia. Insulin gene expression is also markedly

In some animal models, the underlying aetiology of the disease is also

downregulated.12,13,20

unknown. Thus, it is unclear whether the observed phenotypic

The key question is whether the decreased insulin staining repre-

changes are the direct result of an unknown gene on β-cell function,

sents the loss of β-cells (by death, de- or transdifferentiation) or a

or a secondary consequence of the hyperglycaemia. A similar caveat

reduced insulin content in individual β-cells. The latter idea has

applies to animals in which diabetes is produced by β-cell-speciﬁc dis-

received less attention, but a number of recent electron microscopy

ruption of a known gene.

studies suggest there is a marked reduction in insulin granule number

Chemical induction of diabetes in vivo with toxins such as strep-

in both diabetic animal models and in type 2 diabetes.13,25–27 In

tozotocin or alloxan results in death of the majority of endogenous

βV59M mice, for example, chronic diabetes led to a dramatic
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decrease in insulin staining at the light microscope level, as assessed

sulphonylurea therapy, despite an ~70% reduction in insulin con-

At the

tent.13 The fact that stimulation with glucagon-like peptide-1 (GLP-1)

electron microscope level, it was apparent that this decline in insulin

or sulphonylureas, or bariatric surgery,30 results in rapid restoration

staining was due to a dramatic reduction in the number of insulin

of insulin secretion in patients with type 2 diabetes also argues that

granules per β-cell. The few remaining insulin granules could be iden-

sufﬁcient insulin secretory capacity exists to control blood glucose.

tiﬁed by their characteristic poached egg appearance (with a dense

Rather, the reduced insulin release appears to be a consequence of

core and pale halo). A reduction in insulin granule number is also seen

impaired β-cell metabolism-secretion coupling.28,29

by both immunohistochemistry and immunoﬂuorescence.

27

in other diabetic mouse models.

13

Importantly, this is also true when

granule content is assessed by 3-D scanning transmission electron
microscopy,

27

where the whole insulin granule can be imaged and

distance and diameter estimations are less biased.
A similar discrepancy between β-cell mass assessed by immunocytochemistry and electron microscopy was found for islets obtained

“

Although chronic hyperglycaemia may result
in β-cell expression of islet progenitor cell markers, and altered expression of transcription factors, it remains unclear if β-cells that undergo
these changes have fully altered their identity.

”

human donors with type 2 diabetes.26 Despite an ~25% reduction in
the area of the islet that stained for insulin, electron microscopy

Why does hyperglycaemia cause such a marked decrease in insu-

revealed that the percentage of β-cells per islet was only marginally

lin granule number? Downregulation of insulin gene expression,

decreased. Marked β-cell degranulation accounted for the difference.

which is seen in response to chronic hyperglycaemia in numerous

Islets from non-diabetic donors cultured at high glucose showed a

mouse models12,13,31 and in control islets cultured at high glucose

similar phenomenon. Other studies have also reported a striking

(>20 mM23,24), must be at least part of the reason. Increased insulin

decrease in β-cell insulin granule content in type 2 diabetes.

How-

release may contribute in the early stages of diabetes, when insulin

ever, this is not universally observed28 perhaps because of differ-

levels are elevated as a consequence of insulin resistance. Enhanced

ences in glycaemic control in human donors.

degradation of insulin granules is another possibility. Indeed, this

25

“

must be the main mechanism by which insulin granules are removed

β-Cell degranulation in response to hyperglycaemia means insulin staining does not provide
an accurate estimate of β-cell mass or a good
marker of β-cell identity.

”

in β-cells of patients and mice with neonatal diabetes caused by an
activating KATP channel mutation.13 In this case, internal degradation
is the only route to reduce the number of insulin granules because
exocytosis is prevented by membrane hyperpolarisation.
Quantitative electron microscopy supports this idea. Figure 1

These data indicate that if insulin staining is taken as an indicator,

shows that diabetes βV59M mice was associated with an increased

the number of β-cells may be considerably underestimated. A similar

number of multigranular bodies in β-cells, and that these contain for

problem arises when counting islets—as diabetes progresses and

insulin. Multigranular bodies are large lysosomal related vacuolar

β-cell insulin content declines the number of islets may also be under-

compartments that degrade insulin granules in a process known as

estimated. The method of assessing β-cell number is therefore an

“crinophagy.”32–34 When insulin secretion in βV59M mice was

important consideration when discussing the loss of β-cell mass in

restored by sulphonylurea therapy, the number of multigranular

diabetes. We suggest that some of the differences in estimates of

bodies in β-cells quickly decreased. It remains to be determined

islet and β-cell number in type 2 diabetes in the literature may be due

whether enhanced lysosomal degradation of insulin granules also

to differences in the sensitivity of the method used to detect insulin.

occurs in type 2 diabetes.

In our view, insulin staining is not a good indicator of whether or not
the cell in question is indeed a β-cell.
An important conclusion from these studies is that while insulin
content is clearly decreased in type 2 diabetes (by around 30%28,29),

1.3 | Is diabetes associated with β-cell
dedifferentiation and/or transdifferentiation?

the β-cell deﬁcit may be overestimated. This has signiﬁcant implica-

During development, α- and β-cells differentiate from a common

tions for our understanding of the aetiology of the disease. First, it

endocrine progenitor cell that is characterized by expression of the

suggests that β-cell death (loss) is unlikely to be the major problem in

transcription factor neurogenin 3 (Ngn3).35 Subsequently, activation

type 2 diabetes. Second, the dedifferentiation or transdifferentiation

of different patterns of transcription factors leads to the differentia-

of β-cells may also be overestimated, as β-cells cannot have fully

tion of mature α- and β-cells (Figure 2).35 β-Cell-speciﬁc transcription

switched their identity if they retain some insulin granules, however

factors include FoxO1, Pdx1, MafA, Pax6 and Nkx6.1, with Pdx-1,

few they may be. Third, it implies that reduced insulin content and/or

NeuroD1 and MafA being especially important for insulin gene tran-

impaired stimulus-secretion coupling in β-cells must underlie the

scription. The α-cell-speciﬁc transcription factors MafB and Arx1 are

impaired insulin secretion in type 2 diabetes.

required for glucagon expression.

It seems unlikely that the reduced insulin content is sufﬁcient to
account for impaired insulin release in diabetes, as a 95% partial pancreatectomy is required to induce hyperglycaemia in rodents and a
50% reduction in β-cell mass in baboons.28 This may be why normoglycaemia is restored in βV59M mice within 24 hours of commencing

“

The number of cells with β-cell lineage that
express glucagon following exposure to chronic
hyperglycaemia may be too few to account for
the hyperglucagonaemia found in diabetes.

”
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(A)

(B)

FIGURE 1

Enhanced degradation of
insulin in βV59M β-cells. (A, B)
Representative electron micrograph from
4-week diabetic βV59M mice, showing
(A) multigranular bodies (lysosomes) ﬁlled
with insulin (arrowed) and (B) insulin
granules and multivesicular bodies
immunolabelled for insulin with
immunogold particles. Scale bars 1 μm. N,
nucleus. I, insulin granule. (C) Mean number
of multigranular lysosomes per cm2 of
β-cell area per pancreas measured in
control mice (c, n = 8), βV59M mice that
had been diabetic for 4 weeks (4 weeks,
n = 4), or βV59M that had been diabetic
for 4 weeks and then were treated in vivo
with glibenclamide to normalize their blood
glucose levels for 24 hours (1 day glib,
n = 4), 1 week (1-week glib, n = 3) or
4 weeks (4-week glib, n = 2).

(C)

Mature -cell

e
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diff
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Early endocrine
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speciﬁc transcription factors and a marked decrease in insulin con-

Insulin
MafA
Nkx6.1
Pdx1
Pax6, Pax4

n

tio
ntia

expression of Ngn3 in β-cells, a reduction in expression of β-celltent.13,21 Similar results were found using a partial pancreatectomy
mouse model in which 85%-95% of β-cells were surgically removed
leaving the remaining β-cells exposed to chronically high blood glucose.12 In this study, elevation of blood glucose to >8.5 mM for

Immature
-cell

4 weeks led to a 50% reduction in islet insulin gene expression. The
?

?

β-cell-speciﬁc transcription factors (Pdx1, Nkx6.1 and Pax6) were also
downregulated. Many other diabetic mouse models also exhibit a dra-

Neurog3
Pax4
Nkx6.1
Nkx2.2

transdifferentiation

matic loss of β-cell transcription factors and insulin content in their
β-cells. For example, db/db mice lose the ability to express insulin,36
and the progressive development of diabetes in these mice is associated with an age-dependent decline in β-cell-speciﬁc genes, such as

Immature
-cell

Nkx6.1 and Pdx1.37
Mature -cell

In summary, such studies indicate that β-cells exposed to
chronic hyperglycaemia may adopt some of the characteristics of

Glucagon
Arx
MafB
Nkx2.2

immature β-cells, as indicated by expression of Ngn3, loss of β-cell
transcription factors and, as a consequence, reduced insulin content.
Whether this dedifferentiation is simply a reversal of the normal

Schematic of α- and β-cell differentiation and
dedifferentiation. A number of transcription factors associated with
early endocrine progenitor cells, and mature α-cells and β-cells are
indicated. The dashed arrows indicate possible pathways for
dedifferentiation and transdifferentiation.

FIGURE 2

β-cell differentiation pathway is unclear. Equally unknown, is how far
back β-cells can dedifferentiate, and how the process is induced by
hyperglycaemia.
Even more fascinating is that in many of these studies a small
percentage of β-cells were found to coexpress insulin and glucagon,
or even glucagon alone. That this occurred in response to genetic

Recent studies suggest that chronic hyperglycaemia, or genetic

ablation of β-cell-speciﬁc transcription factors such as FoxO1 or Neu-

deletion of key β-cell proteins, may induce mature β-cells to express

roD1 is perhaps not so surprising.36,38 However, it has also been seen

markers of islet progenitor cells, or even α-cells. As a consequence,

in several animal models of diabetes12,13 and in human type 2 -

they progressively lose the ability to produce insulin and may start to

diabetes,39,40 suggesting it is a consequence of hyperglycaemia. This

express glucagon. For example, lineage tracing revealed genetic dele-

has led to the suggestion that β-cells can not only dedifferentiate to

tion of FoxO1 in mice caused β-cells to express the pancreatic pro-

“progenitor-like” cells but may then transdifferentiate to α-cells

genitor cell marker Ngn3, and the pluripotency markers Oct4, Nanog

(Figure 2), and that this change in β-cell identity might account not

and L-myc.36 Likewise, in two inducible mouse models of neonatal

only for β-cell “loss” but also the hyperglucagonaemia seen in type

diabetes, induction of diabetes in adult mice led to enhanced

2 diabetes.

106

BRERETON ET AL.

However, the percentage of cells that expressed both insulin and

In rodents, glucose entry into the β-cell is principally mediated

glucagon is usually relatively small. In islets isolated from human type

by the low afﬁnity (high Km, 17 mM), high Vmax glucose transporter

2 diabetes donors, coexpression of insulin and glucagon was seen in

Glut2, which ensures that the cytoplasmic glucose concentration

only 1%-5% of islet cells.39,40 Likewise, lineage tracing in βV59M

tracks the circulating glucose level.46 In contrast, α-cells express

mice indicated that only about 7% of β-cells expressed both insulin

only Glut1,47 a high afﬁnity glucose transporter (with a low Km of

and glucagon and only 8% expressed glucagon alone, as visualized by

<3 mM glucose).48 Expression of Glut2 is reduced in “dedifferen-

immunoﬂuorescence of ﬂuorescence activated cell (FAC)-sorted

tiated” β-cells36 and in many models of hyperglycaemia.12 However,

Increased expression of the α-cell-speciﬁc transcription fac-

in 4-week diabetic βV59M islets, cells expressing both insulin

tors MafB and Arx in FAC-sorted β-cells explains the elevated gluca-

and glucagon retained both Glut2 mRNA and protein.13 This argues

13

cells.

5

gon content.

The presence of both insulin and glucagon in the same cell has led
to the suggestion that these cells may represent a dedifferentiated cell,

that despite the presence of glucagon, these cells are not α-cells.
Whether other metabolic enzymes differ between α- and β-cells is
unclear.

or a β-cell in transitional state, on its way to becoming an α-cell. An

Voltage-gated potassium and calcium channels also vary between

alternative view is that such cells remain essentially β-cells but now also

α- and β-cells.44 In α-cells, the upstroke of the action potential is due

express glucagon. To some extent, this depends on how β-cell identity

to opening of voltage-gated Na+ channels, whereas these channels

is deﬁned. The crucial issue, however, is not a semantic one, but

appear to have no physiological role in β-cells.49 This is because

whether such double-positive cells will release the hormone(s) they

α-cells predominantly express Nav1.3 rodent channels whereas

contain at low glucose (like an α-cell) or when blood glucose rises (as a

β-cells express Nav1.7, which are largely inactivated at physiological

β-cell normally does). A similar question arises for cells of β-cell lineage

membrane potentials and thus unable to participate in electrical activ-

that now express glucagon alone—how is their hormone secretion regu-

ity. Interestingly, cells expressing both insulin and glucagon in diabetic

lated? If glucagon is released from cells of β-cell lineage when blood glu-

βV59M islets retained sodium channels with β-cell-like properties.13

cose rises, as is the case for a normal β-cell, this would result in

This again argues that the presence of glucagon is not sufﬁcient to

elevation of glucagon at glucose levels that would normally be inhibi-

identify a given cell as an α-cell.

tory and might explain the hyperglucagonaemia found in diabetes.41–43

The regulation of secretion by hormones and neurotransmitters

However, this has not been proven and given the small percentage of

also differs in α- and β-cells. Glucagon secretion is inhibited by GLP-1

“β-cells” that express glucagon, it is unclear if it would be quantita-

and stimulated by adrenaline, whereas the opposite is true for β-cells.

tively sufﬁcient to explain the impaired glucagon response.

For a β-cell to become a fully mature α cell, it must therefore also
alter its receptors and/or their signalling pathways.
Data on hyperglycaemia-induced changes in β-cell ion channels,

1.4 | Diabetes induces changes in expression of
β-cell ion channels and transporters

receptors and metabolic enzymes are sparse, especially for β-cells

Conversion of one islet cell into another is not just simply a matter of

cells that express both insulin and glucagon would be invaluable in

changing the hormone it expresses. It is necessary to alter the entire

this respect, but has not yet been reported.

that now express glucagon. A full transcriptome analysis of single

stimulus-secretion coupling mechanism. Insulin secretion is initiated
(in rodent β-cells) at ~6 mM glucose, and increases further as glucose
is raised until it reaches a maximum at ~30 mM glucose. In contrast,
glucagon is secreted continuously at low plasma glucose levels and
its secretion is inhibited by glucose levels above ~5 mM.

1.5 | Reversal of diabetes-induced changes when
euglycaemia is restored

In both α- and β-cells, hormone secretion is triggered by action

Another way to address the issue of β-cell identity in diabetes is to

potential ﬁring (Figure 3).42 This leads to the inﬂux of calcium (Ca2+)

examine what happens when euglycaemia is restored. A time course

ions through voltage-gated Ca2+ channels and a rise in the intracellu-

of the onset and reversal of the hyperglycaemia-induced changes

lar Ca2+ concentration that activates secretory granule exocytosis.

would also be useful, as events that occur earlier are more likely to

Glucose metabolism is required to trigger glucose-stimulated hor-

be causative. Several studies have addressed this issue in vivo. In par-

mone secretion in both α- and β-cells, but it has opposite effects on

tially pancreatectomized mice, normalization of blood glucose with

their electrical activity. α-Cells are electrical active at low glucose and

phloridzin reversed the changes in insulin content and gene expres-

fall silent as glucose is increased, accounting for the ability of glucose

sion caused by hyperglycaemia within 2 weeks.12 Similarly, in diabetic

to inhibit glucagon release. Conversely, β-cells are electrically silent at

βV59M mice, blood glucose levels reversed within 24 hours of sul-

low glucose and increase their electrical activity and secretion as glu-

phonylurea therapy.13 If β-cells have indeed transdifferentiated to

cose is increased. Differences in the complement of ion channels and

mature α-cells, this implies they must be able to reprogramme back

transporters expressed by the two cell types underlie these very dif-

to α-cells very quickly indeed.

ferent responses to glucose.44 Crucially, they possess different types
of voltage-gated ion channels and exhibit very different levels of
basal KATP channel activity (Figure 3).45 Therefore, the entire electrophysiological ﬁngerprint needs to alter if a β-cell is to transdifferentiate into a fully mature α- (or δ-) cell.

“

Reversal of diabetes when euglycaemia is
restored is probably too fast to be explained by
transdifferentiation of β-cells from α-cells or
regeneration of new β-cells.

”

107

BRERETON ET AL.

(A)

(B)

(C)

(D)

Glucose modulation of electrical activity in α-cells and β-cells. Insulin secretion is inhibited at low glucose concentrations (A) and
stimulated at high glucose levels (B). Conversely, glucagon secretion is stimulated at low glucose levels (C) and inhibited at high glucose levels
(D). (A, B) At low (<5 mM) glucose, ATP levels are sufﬁciently low that KATP channels are active, which keeps the β-cell membrane
hyperpolarized and prevents electrical activity and insulin release. When plasma glucose levels rise, glucose is taken up mainly via GLUT2
(in rodents) leading to an increase in intracellular glucose and enhanced ATP generation. This closes KATP channels, causing membrane
depolarization and activation of electrical activity and Ca2+ inﬂux through voltage-gated Ca2+ channels. The resulting rise in [Ca2+]i triggers
insulin granule exocytosis. (C, D) At low glucose (<5 mM), α-cell KATP currents are smaller than in β-cells, depolarizing the membrane sufﬁciently
to activate voltage-gated Na+ channels and Ca2+ channels, which leads to Ca2+ inﬂux and glucagon release. Increasing glucose levels to 6 mM
enhances glucose uptake (via GLUT1) and closes KATP channels completely, further depolarizing the membrane. This increases action potential
frequency but also reduces α-cell spike amplitude, due to inactivation of voltage-gated Na+ channels. In turn, this results in less activation of the
P/Q-type Ca2+ channels linked to exocytosis and thus to reduced glucagon secretion. At higher glucose levels, paracrine secretion of insulin, zinc
and gamma-amino-butyric acid (GABA) from adjacent β-cells contributes to inhibition of α-cell electrical activity and glucagon secretion.

FIGURE 3

After near-total loss of β-cells, a small number of α-cells in

Clearly, if β-cells remain, they can be quickly repopulated with

adult mice,50 and δ-cells in juvenile mice,51 are reprogrammed to

insulin granules when normoglycaemia is restored. This is expected to

produce insulin. These insulin-positive cells also express a number

occur far more rapidly than the production of new β-cells or the trans-

of β-cell-speciﬁc transcription factors. In animals treated with insu-

differentiation of α-cells into β-cells. The rapid restoration of glucose

lin to control their blood glucose levels, it took 4 months to regen-

stimulated insulin release in patients with type 2 diabetes following

erate just 23% of normal age-matched β-cell mass from δ-cells.51

bariatric surgery,30 intensive insulin treatment52,53 or a very low calorie

One month after near-total β-cell ablation, 90% of cells containing

diet54 argues that their β-cells have not died or de/transdifferentiated.

insulin also still contained glucagon. Thus, while there is no doubt

Likewise, some neonatal diabetes patients have responded to sulpho-

that mature α-cells can convert to β-cells, the time scale on which

nylurea therapy within days, despite years of diabetes (although their

they do so seems too slow to explain the very rapid restoration of

ability to do so gradually declines with diabetes duration55). Similarly,

glycaemia in mouse models of diabetes. Far more likely is that

sulphonylureas normalize blood glucose levels in diabetic βV59M mice

chronic hyperglycaemia does not cause β-cells to fully transdiffer-

within 24 hours of commencing therapy.13 This timeline seems too

entiate into α-cells or that if this should occur it happens only in a

short for generation of new β-cells, but is in good agreement with that

minority of cells.

needed for insulin biosynthesis (4-5 hours56).

108

BRERETON ET AL.

1.6 | Conclusions: a β-cell—but not as we
know it!
In summary, we conclude that cells of β-cell lineage that no longer
express insulin but instead express glucagon and/or α-cell transcription factors are not necessarily fully differentiated α-cells. Indeed, the
fact that diabetic βV59M β-cells still express Glut2 and β-cell-like Na+
channels indicate this is not the case. In our view, these cells are certainly not (yet) α-cells, and whether they will eventually become so
remains uncertain. Likewise, the rapid repopulation of β-cells with
insulin granules and re-expression of β-cell-speciﬁc genes when glycaemia is restored in diabetic animal models is incompatible with the
time scale of α-cell to β-cell reprogramming (or, indeed, β-cell regeneration). Taken together, the available evidence suggests that diabetes does not result in full-scale transdifferentiation of β-cells to
α-cells. The β-cells remain but insulin gene expression is markedly
downregulated. A small percentage (<20%) of the total number of
β-cells also begin to express glucagon. Whether these cells release
glucagon in a β-cell-like or an α-cell-like manner remains to be determined and likely depends on their electrophysiological ﬁngerprint.
Do β-cells that no longer express insulin, or express both insulin
and glucagon constitute dedifferentiated β-cells? This is more contentious as what constitutes as dedifferentiated β-cell is ill deﬁned and
the term means different things to different people.57 It has variously
been taken as loss of insulin content, expression of Ngn3, loss of a
range of β-cell transcription factors—or all of these together. Whether
this phenotype is the same as that of an islet progenitor cell, which
has the capacity to differentiate into either an α-cell or a β-cell is
unclear, as the transcriptome of islet progenitor cells and diabetic
β-cells is not sufﬁciently well-known to be able to reach a ﬁrm conclusion. However, the fact that insulin production and secretion is so
rapidly reversible suggests that these cells are essentially β-cells and
have not fully dedifferentiated to an islet progenitor cell. In our view,
they are β-cells—but not as we know them.
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