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Abstract In many countries, first- or second-line pharma-
cological treatment of patients with type 2 diabetes consists
of sulfonylureas (such as glibenclamide [known as glyburide
in the USA and Canada]), which stimulate the beta cell to
secrete insulin. However, emerging evidence suggests that
forcing the beta cell to secrete insulin at a time when it is
struggling to cope with the demands of obesity and insulin
resistance may accelerate its demise. Studies on families
with persistent hyperinsulinaemic hypoglycaemia of infancy
(PHHI), the primary defect of which is hypersecretion of
insulin, have shown that overt diabetes can develop later in
life despite normal insulin sensitivity. In addition, in vitro
experiments have suggested that reducing insulin secretion
from islets isolated from patients with diabetes can restore
insulin pulsatility and improve function. This article will
explore the hypothesis that forcing the beta cell to hyper-
secrete insulin may be counterproductive and lead to
dysfunction and death via mechanisms that may involve
the endoplasmic reticulum and oxidative stress. We suggest
that, in diabetes, therapeutic approaches should be targeted
towards relieving the demand on the beta cell to secrete
insulin.
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Abbreviations
ER endoplasmic reticulum
NNT nicotinamide nucleotide transhydrogenase
PERK RNA-dependent protein kinase-like ER kinase
PHHI persistent hyperinsulinaemic hypoglycaemia

of infancy
ROS reactive oxygen species

Insulin hypersecretion, beta cell dysfunction
and diabetes

Type 2 diabetes is the result of two defects: insulin resistance
in peripheral tissues (predominantly muscle, fat and liver),
and islet beta cell dysfunction causing reduced insulin
secretion. Insulin resistance, whether induced or genetic,
may be the initiating defect, which in the first instance is
compensated for by an increase in insulin secretion [1].
However, in some individuals the beta cell compensatory
response to insulin resistance fails or is insufficient,
resulting in hyperglycaemia. Since hyperglycaemia itself
is damaging to the beta cell, its emergence sets up a vicious
cycle of increasing glycaemia and deteriorating beta cell
function. While a number of causes of beta cell dysfunction
have been suggested, including glucose toxicity, lipotox-
icity and amyloid deposition, the mechanisms involved are
not fully understood. In this article we propose that,
paradoxically, an important mechanism contributing to beta
cell failure in type 2 diabetes is the ability to hypersecrete
insulin. Thus, a characteristic that in the early stages of the
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disease is beneficial in the maintenance of normal glucose
tolerance, in itself leads to the more rapid demise of the
beta cell and development of frank diabetes. This topic will
be explored by addressing three simple questions:

1. Is there evidence that insulin hypersecretion can
precede beta cell dysfunction?

2. Can primary (genetic) insulin hypersecretion result in
diabetes?

3. If insulin hypersecretion is reduced, can beta cell
function be improved in diabetes?

In the remainder of the article, some of the mechanisms
that may be responsible for hypersecretion-induced beta
cell dysfunction will be discussed.

Can insulin hypersecretion precede beta cell dysfunction
and diabetes? Insulin hypersecretion can be secondary to
the presence of insulin resistance; however, studies on obese
individuals have shown that insulin hypersecretion can also
occur independent of insulin resistance [2]. Specifically this
study showed that insulin resistance was present in 34% of
European white individuals with a BMI of 30–35 kg/m2,
while insulin hypersecretion was present in 49% of these
individuals. This finding is supported by a study on
juvenile obesity showing that post-meal increases in insulin
release were more frequent and of greater amplitude in
obese children compared with normal-weight children and
preceded any changes in insulin sensitivity [3]. These
studies raise the possibility that insulin resistance may not
be the only mechanism responsible for insulin hypersecre-
tion, and that there may be other signals involved in these
obese individuals. In support of this, a variant in SUR1
resulting in elevated fasting and glucose-induced plasma
insulin concentrations has been described in non-diabetic
Mexican Americans, an ethnic group with a high incidence
of type 2 diabetes [4]. A follow-up study showed that this
same allelic variation in SUR1 was associated with type 2
diabetes in French white individuals [5], which may further
support the notion of a causal link between insulin
hypersecretion and the development of diabetes. Impor-
tantly, a study in Pima Indians, who have the highest
incidence of diabetes of any ethnic group in the world,
showed that fasting hyperinsulinaemia was a significant
predictor of the disease, with individuals demonstrating
fasting plasma insulin levels above the 90th percentile
having a sixfold higher risk of developing diabetes
compared with individuals in the lowest 10th percentile,
independent of insulin resistance [6]. This suggests that
insulin hypersecretion is not only an adaptive response to
insulin resistance, but may also be a primary defect.

The capacity to hypersecrete insulin is detrimental to the
beta cell irrespective of the insult that causes the major
damage, as exemplified by the fact that insulin hypersecre-

tion may also predispose individuals to type 1 diabetes.
One study showed that HLA identical siblings of patients
with type 1 diabetes have an exaggerated acute-phase
insulin secretory response to both glucose and arginine
compared with matched controls [7], leading the authors to
hypothesise that increased beta cell activity may predispose
the beta cells to damage by environmental factors.
Furthermore, a widely used model of type 1 diabetes, the
NOD mouse, displayed increased insulin secretion in
response to an intraperitoneal injection of glucose as early
as 4 weeks of age, i.e. in the prediabetic stage [8]. Finally,
first-degree relatives of type 1 diabetes probands who
progressed to diabetes were shown to have insulin
hypersecretion as well as insulin resistance [9]. This
observation has been supported by a recent study showing
that individuals with a moderate or high risk were more
likely to progress to type 1 diabetes if they were relatively
insulin resistant [10]. Thus, these studies suggest that
insulin hypersecretion may also be an important factor in
the progression to beta cell failure in type 1 diabetes.

Can a primary defect causing insulin hypersecretion lead
to beta cell dysfunction and diabetes? Evidence for a link
between primary insulin hypersecretion and beta cell
dysfunction comes from studies in patients with persistent
hyperinsulinaemic hypoglycaemia of infancy (PHHI), who
have genetic mutations causing overt insulin hypersecretion.
In a family whose members had PHHI resulting from a
mutation in the GCK that lowers the Km for glucose from
8.4 to 2.9 mmol/l, an older member developed diabetes
requiring insulin at the age of 48 years [11]. Diabetes has
also been linked to another activating mutation in GCK that
causes neonatal hyperinsulinaemic hypoglycaemia [12].
Furthermore, a mutation in HNF4A associated with macro-
somia and mild hyperinsulinaemic hypoglycaemia in infan-
cy also resulted in diabetes in five out of a total of eight
mutant carriers by the age of 14 years [13] Similarly, nine
out of eleven individuals of a large Finnish pedigree with a
defect in SUR1 characterised by PHHI developed diabetes
or impaired glucose tolerance in the face of normal insulin
sensitivity [14]. In fact, in this latter study the authors
suggested that this autosomal dominant mutation in SUR1
causing congenital hyperinsulinaemia followed by insulin-
deficient diabetes be considered as a new genetic subclass
of type 2 diabetes with similar phenotypes of glucose
intolerance, beta cell dysfunction and hyperglycaemia.

We have recently completed a 7-year study on the DBA/2
mouse, a strain that is susceptible to beta cell failure and
diabetes when genetically stressed with obesity [15] or
exposed to a high-glucose environment [16, 17]. We found
that in contrast to C57BL/6 mice, which have a genetic
disruption in Nnt, and the 129T2 mice, which show low
levels of expression, the diabetes-susceptible DBA/2 mice
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show a fivefold overexpression of this gene, which encodes
the mitochondrial proton pump known as nicotinamide
nucleotide transhydrogenase. Insulin secretion was elevated
in DBA/2 mice relative to that in C57BL/6 and 129T2 mice
[18–20] Interestingly, we found that other strains of mice
(BALB/c, FVB/N) that have previously been shown to be
susceptible to diabetes when subjected to genetically
induced obesity and insulin resistance also displayed
increased NNT activity. We suggest that reduced NNT
levels in the C57BL/6 and 129T2 strains result in lowered
insulin secretion and mild glucose intolerance [21], and that
protection against the development of diabetes in response
to genetically induced obesity and insulin resistance may
paradoxically be due to a reduced ability of the beta cell to
secrete insulin. Consistent with this, we argue that a primary
ability to hypersecrete insulin, as seen in DBA/2, FVB/N
and BALB/c mice, may predispose to beta cell dysfunction.
This increased ability to hypersecrete insulin may also
precipitate diabetes, at least in some individuals and ethnic
groups, by mechanisms that will be discussed below.

Does reducing insulin secretion improve beta cell function
in diabetes? Treatment with the insulin secretion inhibitor
diazoxide prevents impairment of beta cell function in rats
administered a 48 h glucose infusion [22], in 90%
pancreatectomised diabetic rats [23] and in streptozotocin-
treated rats [24]. Furthermore, treatment of patients with
type 2 diabetes with diazoxide or somatostatin resulted in
improved glucagon- and tolbutamide-induced insulin se-
cretion [25] and restored insulin pulsatility and the insulin/
proinsulin ratio in vitro [26]. Recently, Accili and
colleagues suggested that protection against hyperglycae-
mia and oxidative stress could be afforded to beta cells as a
result of increased levels of the forkhead protein Foxo1,
which can lead to a concerted repression of genes involved
in glycolysis, nitric oxide synthesis, G-protein-coupled
receptor signalling and ion transport [27]. This general
reduction in cellular metabolism was termed ‘metabolic
diapause’, and was hypothesised to provide protection as a
result of beta cell rest. This suggests that allowing beta cell
rest by reducing insulin secretion could be beneficial and
could protect against glucose toxicity and oxidative stress.

Possible mechanisms that could explain
hypersecretion-induced beta cell dysfunction

Exactly how hypersecretion of insulin could lead to overt
diabetes is not known. The beta cell could be simply
exhausted by the prolonged need to hypersecrete insulin or
be compromised by stress responses caused by the need to
produce and secrete excessive amounts of insulin. In the

following section we will explore the possibility that the
increased demand for insulin production could overload
the endoplasmic reticulum (ER). Alternatively, the increased
glycolytic flux required for increased insulin secretion could
result in oxidative stress. Both these stresses would be
expected to damage the beta cell and contribute to the defects
in insulin secretion seen in diabetes.

ER stress The ER is where proteins are folded into their native
conformation and post-translationally modified. Proteins that
have been correctly folded proceed to the Golgi apparatus,
whereas incorrectly folded proteins remain in the ER for either
re-folding or degradation. Disruption of any of these process-
es, such as an overload of protein synthesis, results in ER
stress and induces the unfolded protein response. Because of
its function as a secretory cell, the beta cell is characterised by
a highly developed ER and high levels of ER stress transducer
proteins, including inositol requirement 1 (IRE1), RNA-
dependent protein kinase-like ER kinase (PERK) and immu-
noglobulin heavy chain binding protein (BiP). Studies have
shown that the beta cell is one of the most susceptible cells to
ER stress, and furthermore, ER stress-mediated apoptosis in
the beta cell has been suggested as having an important role in
the development of type 2 diabetes [28, 29]. In fact, diabetes
has been labelled by some as a protein misfolding disease
[30], indicating the substantial responsibility the ER has in
the correct functioning of the beta cell.

Details of how ER stress is induced and its effects on
cellular function have been well reviewed recently [31, 32]
and are beyond the scope of this debate. However, it is
important to highlight the following studies that are
pertinent to this discussion regarding beta cell dysfunction
and diabetes. Genetic evidence that ER stress can lead to
diabetes is provided by two rare syndromes: (1) Wolcott–
Rallison syndrome of infantile diabetes, caused by a
mutation in PERK [33]; and (2) Wolfram syndrome,
characterised by juvenile diabetes and optic atrophy, result-
ing from mutations in WFS1, which codes for a transmem-
brane glycoprotein that serves as an ER calcium channel
[34]. Further support for a role of ER stress in diabetes was
presented in mice with genetic ablation of PERK or the
chaperone P58IPK that resulted in islet beta cell death and
hyperglycaemia [35, 36]. Moreover, a recent study has
shown that in the Akita mouse model of diabetes, a
mutation in Ins2 resulted in misfolding of the insulin protein
causing ER stress and beta cell apoptosis [37]. Chronic
exposure of islets and beta cells to fatty acids is known to
cause dysfunction and cellular death [38], and this apoptosis
has recently been shown to be the result of activation of an
ER stress response [39–41]. Interestingly, ER stress markers
have also been shown to be increased in islets from patients
with type 2 diabetes [41, 42], implicating ER stress as a
contributor to beta cell dysfunction in humans.
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The above studies provide evidence that induction of ER
stress can cause beta cell dysfunction and death and contribute
to diabetes. It is therefore conceivable that, in the presence of
an underlying (genetic) propensity for ER stress (see Fig. 1),
increased pressure on the beta cell to secrete more insulin,
whether induced by obesity/insulin resistance or chemical
means (e.g. sulfonylureas), may cause beta cell death.

Oxidative stress Oxidative stress results when the forma-
tion and clearance of reactive oxygen species (ROS) is
unbalanced. The normal function of the mitochondrial
respiratory chain involves the passing of electrons between
enzyme complexes. This process is not, however, failsafe,
as a significant proportion of these electrons ‘leak’,
resulting in the generation of free radicals (or unpaired
electrons) [43]. When these radicals react with oxygen,
ROS are produced, which are extremely toxic to cells,
causing DNA and cell membrane damage as well as
promoting the formation of lipid peroxides [44]. Conse-
quently, there is a decline in mitochondrial operations
including decreased ATP synthesis, dysregulated calcium
homeostasis and, ultimately, cell death [44].

To thwart the damaging effects of oxidative stress the
mitochondrion contains many enzymes, known as antiox-
idants, which can convert the ROS into harmless derivatives.
Interestingly, the beta cell is especially sensitive to oxidative

stress owing to its low levels of antioxidant enzymes [45],
and so the balance between free radical production and
detoxification could easily be thrown in the direction of
oxidative stress. Incubation of islets or beta cells in high
glucose and NEFA has been shown to cause impaired
insulin secretion, which can be improved with antioxidant
treatment [46, 47]. Increased markers of oxidative stress
have also been measured in islets from patients with type 2
diabetes, and improvements were seen when the islets were
treated with the antioxidant glutathione [48]. Our own work
has shown that islets from the DBA/2 mouse, a strain
susceptible to diabetes, hypersecrete insulin in the normal
‘non-stressed’ state (as discussed earlier) but are susceptible
to oxidative stress induced by high glucose, which is
associated with impaired insulin secretion [17]. Therefore,
there is experimental evidence to suggest that an ability to
hypersecrete insulin may increase the amount of ROS
generated, causing oxidative stress that would in turn
damage the beta cell and contribute to diabetes.

Clinical consequences

Does this debate have clinical consequences? If the
hypothesis that hypersecretion contributes to the progres-
sive destruction of the beta cell is correct, it would have
major implications for how type 2 diabetes should be
treated. Perhaps the most compelling results suggesting a
need for a change in practice have come from the a
Diabetes Outcome Progression Trial (ADOPT) [49]. In this
study, the clinical endpoint was failure of monotherapy
drug treatment as reflected by a fasting plasma glucose
level of greater than 10 mmol/l in newly diagnosed patients
with type 2 diabetes. The drugs used were the sulfonylurea
glibenclamide (known as glyburide in the USA and
Canada), the biguanide metformin and the thiazolidine-
dione rosiglitazone. The results were clear: within the first
6 months, glibenclamide had the strongest effect in
reducing plasma glucose and HbA1c levels. Thereafter,
the glibenclamide treatment group had the greatest increase
in both plasma glucose and HbA1c levels such that, at the
4 year evaluation, 74% of the patients in the glibenclamide
group had an HbA1c level greater than 7%, compared with
60 and 64% of patients in the rosiglitazone and metformin
treatment groups, respectively. Alarmingly, the frequency
of failure of monotherapy treatment at 5 years was 34% for
glibenclamide-treated patients, while this was only 21%
and 15% for the metformin and rosiglitazone groups, re-
spectively. In other words, treating newly diagnosed type 2
diabetic patients with the insulin secretagogue glibencla-
mide resulted in higher plasma glucose levels and an
increased rate of failure of monotherapy treatment com-
pared with the insulin sensitisers metformin and rosiglita-
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Fig. 1 Schematic diagram showing how hyperinsulinaemia could
contribute to diabetes. A state of hyperinsulinaemia could be caused
by (1) increased insulin demand (insulin resistance); (2) a genetic
abnormality leading to hypersecretion; or (3) the use of insulin
secretory drugs. The ensuing hyperinsulinaemia could then induce ER
(4) or oxidative (5) stress. In individuals with a genetic predisposition,
this increased stress could lead to beta cell failure (6) and, thereby,
diabetes (7). The treatment of diabetes with insulin secretory drugs (8)
could further promote insulin hypersecretion, leading to worsening of
beta cell function
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zone. In vitro studies support this finding, showing that
chronic treatment of beta cells with sulfonylureas can cause
cell death via apoptosis [50]. This suggests that, in an
environment of beta cell stress, as a result of obesity and
insulin resistance, the increased pressure by a sulfonylurea
to secrete even more insulin further harms the beta cell.

Conclusion

In conclusion, we argue that under conditions of nutrient
excess (obesity/high fat intake, increased glycaemia), an
increased ability to metabolise nutrients is detrimental to
beta cell survival by activating mechanisms of ER and/or
oxidative stress (Fig. 1). The inescapable conclusion is that
treatment with agents that stimulate insulin secretion, such
as sulfonylureas, should be delayed as long as possible. In
many countries, sulfonylureas are used as a first- or second-
line therapy. Given that accumulating experimental data
suggest that such treatments may be detrimental to beta cell
function, we urge that this issue be resolved by further
clinical studies on the long-term outcomes of sulfonylurea
use.
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