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Abstract Significant progress has been made in recent
years in the characterisation of the signal pathways of beta
cell dysfunction and death in the pathogenesis of type 2
diabetes. Glucolipotoxicity acts as an exogenous factor
whereas oxidative stress and endoplasmic reticulum stress
may result from the processes of signal recognition and
stimulated secretion within the beta cell. The pharmacolog-
ical stimulation of secretion may thus appear to be a
double-edged sword: it counteracts hyperglycaemia, but
may do so at the expense of beta cell mass. So, in the long
run, insulinotropic glucose-lowering drugs might do more
harm than good. However, much of this logic is derived by
analogy from the long-held assumption that beta cell
hypersecretion imposed by insulin resistance causes the
absolute secretion deficit in the later course of type 2
diabetes. In this concept the beta cell has a secondary role
and loss of beta cell mass is necessary for the manifestation
of type 2 diabetes. Recent studies have shown that a
secretion deficit can exist well before insulin resistance and
that major genetic risk factors concern beta cell function.
Also, the evidence for a beta cell toxic effect of
insulinotropic drugs is currently inconclusive. Assuming
that the insulin secretion deficit is of pathogenetic impor-
tance in a network with insulin resistance as an aggravating
factor, an insulinotropic glucose-lowering drug may do

more good than harm if it relieves the beta cell from the
stress of glucose overstimulation and does so without
inducing hypoglycaemia.
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The hypersecretion hypothesis

The pharmacological treatment of type 2 diabetes remains a
difficult task despite the availability of novel drugs. It has
been known for decades that after an initial improvement of
metabolic control, oral glucose-lowering drugs gradually
lose their effectiveness in controlling the concentration of
glucose [1, 2]. This course of events has also been found in
the UK Prospective Diabetes Study (UKPDS), in which the
efficacy of oral glucose-lowering drugs and of insulin was
followed up for more than 10 years. Because a gradual
deterioration of metabolic control was found in all
treatment arms, irrespective of the mechanism of action, it
was concluded that the progression of the disease was the
common underlying cause. Specifically, loss of beta cell
function correlated with the deterioration of glycaemia
[3–5].

In a recent ‘For debate’ article by Aston-Mourney and
colleagues in this journal, the hypothesis was proposed that
the use of insulinotropic glucose-lowering drugs would be a

I. Rustenbeck (*)
Institute of Pharmacology and Toxicology,
University of Braunschweig,
Mendelssohnstrasse 1,
38106 Braunschweig, Germany
e-mail: i.rustenbeck@tu-bs.de

S. Baltrusch :M. Tiedge
Institute of Medical Biochemistry and Molecular Biology,
University of Rostock,
Rostock, Germany

Diabetologia (2010) 53:2105–2111
DOI 10.1007/s00125-010-1839-0



major contributing factor to the progression of type 2
diabetes [6]. Moreover, the authors integrated this view into
a general theory implicating insulin hypersecretion as the
central pathogenetic factor in type 2 diabetes. While in
most cases the reason beta cells synthesise and secrete
increased amounts of insulin is decreased responsiveness of
the insulin-sensitive tissues (insulin resistance), the authors
emphasise that conditions exist in which the beta cell
hypersecretes in the absence of insulin resistance (e.g. by
activating glucokinase mutations) and that these conditions
also predispose to type 2 diabetes [7]. However, recent
data in families with activating glucokinase mutations
leading to neonatal hyperinsulinaemia did not provide
clear evidence for increased type 2 diabetes mellitus in
these patients [8].

The proposed link between insulin hypersecretion and
manifestation and the progression of type 2 diabetes
consists of endogenously generated beta cell damage
(Fig. 1). In fact, in vitro experimentation has shown that
the increased metabolism of fuel secretagogues and the
increased insulin biosynthesis induce oxidative stress [9]
and endoplasmic reticulum (ER) stress in the beta cell [10].
It was now hypothesised that over the years this would lead
to a critical loss of beta cell mass, at least in a subset of
persons in whom the stress defence mechanisms are
particularly weak [6]. The prescription of an insulinotropic
drug to treat newly manifested diabetes would then create a
vicious cycle, the improvement of metabolic control being
achieved at the expense of an accelerated loss of beta cell
mass.

In fact, an observation in the recently published ADOPT
(A Diabetes Outcome Progression Trial) study suggests that
the above sequence of events does exist and is of clinical
relevance. In that study, monotherapy with the sulfonylurea
glibenclamide resulted more often in the addition of another
glucose-lowering drug to maintain metabolic control than
monotherapy with metformin or rosiglitazone [11]. Another
piece of evidence that an increased workload makes the
beta cell literally work itself to death is the improved
responsiveness seen after transient inhibition of insulin
[12]. This has led to the therapeutic concept of beta cell rest
(see below), seemingly the opposite of the pharmacological
stimulation of insulin secretion. However, a more compre-
hensive consideration of basic and clinical studies gives a
less straightforward response to the question of whether
insulinotropic drugs do more harm than good.

Hypersecretion as a pathogenetic mechanism in type 2
diabetes

In principle, the sequence of events proposed in the
hypersecretion hypothesis can be regarded as a derivative

of the insulin resistance paradigm as originally defined by
Reaven [13]. Here, increased insulin secretion is also
implicated, because of the central pathogenetic role of the
insulin resistance-induced hyperinsulinaemia. According to
Reaven’s concept, which has expanded considerably over
the years, hyperinsulinaemia is the common cause of the
many diverse manifestations of the metabolic syndrome
[14]. In this scenario, exogenous beta cell damage occurs
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Fig. 1 The role of the beta cell within the concept of the metabolic
syndrome. a The insulin resistance of the classical insulin-sensitive
tissues is regarded as the underlying common cause. The link between
insulin resistance and the manifold manifestations of the syndrome is
hyperinsulinaemia, by which the endocrine pancreas tries to overcome
the insulin resistance. The idea that a common cause exists for a
variety of seemingly unrelated diseases and the central pathogenetic
role of the adipose tissue in the context of the obesity epidemic in
the Western world underlies the prevalence of this concept during the
last 30 years. b The beta cell, which is forced to hypersecrete, is
secondarily involved in the pathogenesis of type 2 diabetes within
the metabolic syndrome. The process of hypersecretion is assumed to
produce reactive oxygen species stress and ER stress and thus to
diminish secretion capacity because of the loss of beta cell mass.
Deterioration of metabolic control (hyperglycaemia and hyperlipidaemia)
aggravates this loss via gluco- and lipotoxicity. It has been suggested that
pharmacological enhancement of insulin secretion may induce the same
sequence of events
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which is caused by glucotoxicity as a consequence of
insulin resistance and lipotoxicity as a consequence of
hyperinsulinaemia (Fig. 1). Aston-Mourney et al. [6]
postulate that the loss of beta cell mass is caused by
mechanisms intrinsic to the beta cell. Consequently, the
ability to increase the synthesis and release of insulin would
be proportional to the accumulating beta cell damage,
which determines the progression towards type 2 diabetes.
In other words, the stronger the beta cell secretory response
the more likely the manifestation of type 2 diabetes at a
later time.

This is a testable hypothesis. Epidemiological evidence
which was gathered to clarify the pathogenetic roles of
insulin resistance and insulin secretion deficiency ought to
have drawn attention to this inverse relationship. However,
insulin secretion defects have been found repeatedly in non-
diabetic first-degree relatives of diabetic patients irrespec-
tive of insulin resistance [5, 15]. These studies suggest that
an insulin secretion deficit is an independent risk factor for
type 2 diabetes and not necessarily a consequence of long-
term beta cell overwork (Fig. 2). These functional data fit
the currently available set of genetic susceptibility factors
for type 2 diabetes, most of which are relevant to beta cell
function, not insulin action [16]. In view of this evidence,

the pathogenetic role of the metabolic syndrome has been
questioned, the clinical relevance of this clustering of
cardiovascular risk factors notwithstanding [17].

Of note, the view that, in the course of type 2 diabetes,
glucotoxicity or lipotoxicity or a combination of both
negatively affects beta cell function and viability, the latter
probably by induction of apoptosis, is shared by most
researchers in the field [18, 19]. It is conceivable that there
is a continuum from defective beta cell function via
hyperglycaemia to beta cell desensitisation, and finally,
via further increased hyperglycaemia and hyperlipidaemia,
to structural beta cell damage (Fig. 2) [20]. While it is
generally accepted that in the course of human type 2 diabetes
a net loss of beta cell mass as such develops and contributes to
disease progression [21, 22], there is no consensus about
whether this loss is a prerequisite for the functional
deterioration leading to manifestation of the disease [22]. A
major piece of evidence in favour of the hypersecretion
hypothesis would be clear evidence that the increased insulin
biosynthesis has led to changes characteristic of ER stress at
early stages of the disease. However, a recent investigation
found only modest signs of ER stress in autoptic pancreatic
samples and isolated islets from type 2 diabetic patients
maintained at physiological glucose concentrations [23]. Only
exposure of islets to a high glucose concentration revealed
alterations of ER stress markers in islets isolated from dia-
betic persons, but not in those from normal persons [23].

Hypersecretion caused by insulinotropic
glucose-lowering drugs: long-term efficacy and beta cell
effects

The difference in the ADOPT study between the rate of
secondary failure in glibenclamide-treated patients on the
one hand and that in metformin- or rosiglitazone-treated
patients on the other hand suggests that a loss of
endogenous secretory capacity may have occurred in the
glibenclamide group [11]. But even if this is the case, can it
be attributed to sulfonylurea-induced hypersecretion? This
assumption can be questioned since the overall increase in
secretion is less impressive than widely assumed. In an
authoritative pharmacology textbook edited in the not-so-
long ago era when the sulfonylurea receptor had not yet
been identified at the molecular level, this is described as
follows: ‘With chronic administration [of sulfonylureas],
circulating insulin levels decline to those that existed before
treatment, but despite this reduction in insulin levels,
reduced plasma glucose levels are maintained’ and ‘…
there is no measurable acute stimulatory effect of sulfony-
lureas on insulin secretion during chronic treatment’ [24].

This passage reflects the conviction of many researchers
at that time that extrapancreatic effects of sulfonylureas not
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Fig. 2 The role of the beta cell within the concept of the insulin
secretion deficit. Here the inability of the endocrine pancreas to respond
adequately to nutrient challenges is the primary cause of type 2
diabetes. The size of the deficit is determined by the requirement
for insulin and the inability of the beta cell to supply it. Of note,
not only the amount of insulin as such, but also the kinetics of
release decide whether the demand is met. The persistent hyper-
glycaemia may lead to beta cell desensitisation, which initiates a
vicious circle. In this scenario the beta cell is not so much under
stress from activated insulin biosynthesis but from the constantly
activated signal recognition machinery. Nevertheless, an endoge-
nous process of beta cell loss is the consequence. As in Fig. 1b,
persistent hyperglycaemia and hyperlipidaemia may contribute to
this loss via gluco- and lipotoxicity. In contrast to the above concept,
however, the loss of beta cell mass would not be decisive for the
manifestation of the disease
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only exist but are more relevant to long-term therapy than
the acute insulinotropic effect [25, 26]. This interpretation
was erroneous, however, because it did not take into
account the glucose dependency of the insulinotropic effect
of the sulfonylureas [27, 28]. The decrease in blood glucose
levels caused by the initiation of sulfonylurea therapy
diminishes the efficacy and thereby masks the insulino-
tropic effect. The persistence of the insulinotropic effect
after long-term treatment was elegantly demonstrated by
expressing the plasma insulin level as a function of glucose
concentration [29].

In this context, an early investigation of the so-called
insulinotrophic effect of sulfonylureas is worth mentioning.
Tolbutamide was applied to rats at a dosage to mimic the
therapeutic situation in man; under this condition enhanced
insulin synthesis could not be demonstrated and generally
enhanced protein synthesis was not detectable [30]. Is there
evidence for sulfonylurea-induced apoptosis? While posi-
tive evidence was obtained in in vitro studies [31, 32], the
induction of apoptosis could not be verified in vivo when
mice were treated with glibenclamide at a maximally
effective concentration in a slow-release formulation [33].
Interestingly, the practically complete closure of KATP

channels in the beta cells during the treatment led to
glucose intolerance similar to the phenotype of Sur1
knockout mice. Because this effect was completely revers-
ible, it appears that secondary failure during sulfonylurea
therapy may be more functional than structural. These
considerations concur with an in vitro study in which beta
cell damage caused by tolbutamide and a number of
imidazolines did not correlate with insulinotropic efficacy,
leading to the conclusion that a KATP channel block per se
is not toxic to beta cells [34].

The complexity of the relation between increased insulin
secretion and loss of beta cell mass is exemplified by the
ob/ob mouse, in which insulin resistance is largely
overcome by massively increased insulin secretion; never-
theless, the islets do not degenerate but rather become
grossly hypertrophic and remain so for the rest of the
animal’s lifetime [35]. Thus, a long-term increase in insulin
secretion, even if the increase is large, is not necessarily
associated with a deterioration of function and a loss of beta
cell mass.

The concept of beta cell rest

Another piece of evidence cited in support of the
hypersecretion hypothesis comes from work on the over-
stimulated beta cell. A 48 h infusion to establish a glucose
concentration of 20 mmol/l led to a nearly complete loss of
secretory responsiveness upon renewed stimulation by
pancreas perfusion. When glucose infusion was accompa-

nied by the application of diazoxide to prevent the glucose-
induced secretion, the subsequent response of the perfused
pancreas to glucose was largely preserved [12]. Inhibition
of secretion by other mechanisms, e.g. somatostatin, had in
principle the same beneficial effect. These observations led
to the concept of preserving beta cell function in type 2
diabetes by repeatedly inducing phases of beta cell rest. In
practice this means blocking insulin secretion during the
night so that the beta cells will be capable of a good
response during the day.

However, clinical trials so far have not yielded the
expected results. A bedtime treatment with diazoxide had
no significant side effects and tended to improve beta cell
function, but failed to improve metabolic control. Another
study showed that treatment with diazoxide was feasible
without insulin supplementation, but did not improve
insulin secretion [36]. One reason for the modest success
of the beta cell rest concept in clinical practice may lie in
the difference between the glucose concentration used in
the infusion experiments and those typically present in a
patient with type 2 diabetes. Also, the protection against
overstimulation was achieved in animals with a normally
responding endocrine pancreas, whereas at least some type 2
diabetic patients have a primary defect in stimulus–secretion
coupling, which may distort the beneficial effect of beta cell
rest. Interesting as the concept is, an overview of current
clinical data does not lend much support to the notion that the
use of insulinotropic drugs as such is detrimental to the beta
cell [37].

New insulinotropic drugs

The hypothesis that a drug that promotes KATP channel
closure is in principle toxic to the beta cell as a
consequence of an increased cytosolic calcium concentra-
tion is attractive in that it covers at least some of the
mechanisms underlying glucotoxicity. The limitations be-
come obvious when considering the insulinotropic mecha-
nism of action of glucagon-like peptide 1 (GLP-1). GLP-1
has been identified as a main component of the entero-
insular axis [38]. While the therapeutic effect of GLP-1 and
its analogues in type 2 diabetes comprises a number of
extrapancreatic effects, of which the anorexigenic effect is
particularly prominent, the enhancement of glucose-
induced insulin release is undoubtedly of central impor-
tance [39]. After all, the difference in insulinotropic effects
of oral and intravenous glucose application was the starting
point for the discovery of the incretin system.

Like all receptors of the glucagon family, the GLP-1
receptor is coupled to cyclic AMP generation via a Gs
protein. This then activates protein kinase A-dependent
signalling and exchange protein directly activated by cAMP
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(EPAC)-dependent signalling. Consequently, the exocytotic
machinery is activated directly; the cytosolic Ca2+ concen-
tration is increased by promoting release from internal Ca2+

stores and the KATP channel open probability is decreased,
thereby stimulating the electrical activity of the beta cell.
Additionally, the insulin biosynthesis is activated by a
pancreatic and duodenal homeobox 1 (PDX1)-dependent
pathway [40]. From the point of view of the hypersecretion
hypothesis, GLP-1 exerts a number of potentially detrimen-
tal effects on the beta cell. However, there is currently no
evidence that application of GLP-1, dipeptidyl peptidase 4
(DPP IV) inhibitors or longer-acting GLP-1 analogues is
associated with a loss of beta cell mass. Rather, preservation
of beta cell mass has been observed in animals, while the
effects upon human islets requires further verification [40].

The glucose-phosphorylating enzyme glucokinase plays
a key role in the concept of metabolic stimulus–secretion
coupling as it acts as the glucose sensor of the beta cell.
During the last 10 years small-molecule compounds have
been developed as activators of glucokinase enzyme
activity [41]. These compounds shift glucokinase to its
active conformation, which facilitates binding and phos-
phorylation of the substrate glucose [42]. In a dose-
dependent manner, all glucokinase activators increase the
affinity for glucose while only some are additionally able to
increase the Vmax of the enzyme [41]. Glucokinase (GK)
activators induced insulinotropic effects, and a decrease in
hepatic glucose production was observed in animal models
of type 2 diabetes and diet-induced obesity [41]. In
comparison with sulfonylureas, GK activators have insuli-
notropic effects that follow metabolic stimulus–secretion
coupling by glucose [42]. This means that the amplifying
pathways of exocytosis, insulin biosynthesis and beta cell
mass are positively modulated by GK activators. Treatment
of glucokinase-haploinsufficient mice with a GK activator
improved glucose tolerance after a high-fat diet but
apparently had no synergistic effect on beta cell mass,
although short-term treatment with the GK activator-
induced beta cell proliferation [41]. There remains a
potential risk of hypoglycaemia because GK activators
dose-dependently induce a shift to the left in glucose
responsiveness to subphysiological concentrations, which is
in line with activating glucokinase mutations causing the
persistent hyperinsulinaemic hypoglycaemia of infancy
(PHHI)-syndrome [41, 42]. It should be kept in mind that
currently available GK activators represent a chemically
heterogeneous class of compounds whose therapeutic action
will crucially depend upon both the nature and extent of GK
activation and pharmacokinetic properties determining the
effective concentrations in liver and beta cells.

Imidazolines were described as small-molecule insulino-
tropic compounds with GLP-1-like characteristics, in that
their insulinotropic effect would require the presence of a

stimulatory glucose concentration [43]. A major problem in
their development so far has been that the hypothetical
imidazoline receptor could not be identified at the molec-
ular level. Some researchers have concluded that the
insulinotropic effect is entirely due to a direct KATP channel
block and that by inference no imidazoline receptor exists
[44]. While this argument has been weakened by the
existence of imidazoline compounds which enhance insulin
secretion without blocking KATP channels [45], the molec-
ular target of these second-generation imidazolines has
remained elusive. A major difficulty consists in the
dilemma that the imidazoline ring is apparently not a
pharmacophore, making this group much less well defined
than the comparatively homogeneous group of sulfonylur-
eas [46]. In addition to the insulinotropic effect, some
compounds of this group exert an antiapoptotic effect on
beta cells, which ideally could help preserve beta cell mass.
Unfortunately, the underlying mechanism is even less well
understood than that of the insulinotropic effect [47].

Conclusions and perspectives

While there is evidence from basic research that stimulation
of insulin secretion and KATP channel closure is related to
beta cell toxicity, on balance the evidence is not in favour
of this contention. At the clinical level, the concept that
hyperreactivity of the endocrine pancreas paves the way for
type 2 diabetes is even less convincing. It should be noted
that the effects of sulfonylureas on beta cells are still not
known to their full extent. So questions about their effects
on the exocytotic machinery and on mitochondrial ener-
getics are still unanswered. Also, we have to admit that the
pathogenesis of type 2 diabetes is not yet fully understood.
The unexpected benefits of bariatric surgery suggest that
relevant pathogenetic factors, some of them affecting beta
cell function, are still awaiting discovery [48].

Is the pharmacological stimulation of insulin secretion
too much of a good thing? Unsurprisingly, this is the case
when hypoglycaemia results from the use of glucose-
lowering drugs. Apparently, in elderly patients with macro-
vascular disease the risks associated with the attempt to
achieve near-normal HbA1c values outweigh the potential
gains [49]. In addition, the view has gained ground that
correction of hyperglycaemia might be less relevant than
correcting the other components of the metabolic syn-
drome. Recently published data on the 10 year follow-up of
the UKPDS leave little doubt that blood glucose normal-
isation is important in the therapy of type 2 diabetes [50]. In
our view, the development of an oral glucose-lowering drug
that reconstructs the defective insulin secretion profile
without inducing hypoglycaemia is still a worthwhile goal
of clinical and preclinical research.
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