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Islet adaptation to insulin resistance: mechanisms and
implications for intervention

B. Ahrén' and G. Pacini?

1Departrnent of Medicine, Lund University, Lund, Sweden
*Metabolic Unit, Institute of Biomedical Engineering (ISIB-CNR), Padova, Italy

Abstract: Insulin sensitivity and insulin secretion are reciprocally related such that insulin resistance is adapted
by increased insulin secretion to maintain normal glucose and lipid homeostasis. The relation between insulin
sensitivity and secretion is curvilinear and mathematically best described as a hyperbolic relation. Several potential
mediators have been suggested to be signals for the beta cells to respond to insulin resistance such as glucose, free fatty
acids, autonomic nerves, fat-derived hormones and the gut hormone glucagon-like peptide-1 (GLP-1). Failure of these
signals or of the pancreatic beta cells to adequately adapt insulin secretion in relation to insulin sensitivity results in
inappropriate insulin levels, impaired glucose intolerance (IGT) and type 2 diabetes. Therefore, treatment of IGT and
type 2 diabetes should aim at restoring the normal relation between insulin sensitivity and secretion. Such treatment
includes stimulation of insulin secretion (sulphonylureas, repaglinide and nateglinide) and insulin sensitivity
(metformin and thiazolidinediones), as well as treatment aimed at supporting the signals mediating the islet
adaptation (cholinergic agonists and GLP-1). Both, for correct understanding of diabetes pathophysiology and for
development of novel treatment modalities, therefore, the non-linear inverse relation between insulin sensitivity and

secretion needs to be acknowledged.
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Introduction

It has been known since the 1960s that obesity is asso-
ciated with increased insulin secretion [1-3]. After
introduction of techniques for quantifying insulin sensi-
tivity, it became clear that the hypersecretion of insulin
in obesity is not caused by the obesity per se but to the
accompanying reduced insulin sensitivity [4,5]. In fact,
careful analysis of insulin sensitivity and insulin secre-
tion in the same subjects identified a reciprocal relation
between the two variables, such that insulin secretion is
increased in reduced insulin sensitivity and reduced in
increased insulin sensitivity [4-9]. When, for a given
individual insulin sensitivity is reduced, such as during

Correspondence:

pregnancy, in obesity, in polycystic ovary syndrome or
after intake of glucocorticoids, insulin secretion is
reciprocally increased. This is called the islet adaptation
to insulin resistance, and the clinical importance is
obvious from findings that when the adaptation is inade-
quate, i.e. when insulin secretion is insufficient for the
degree of insulin resistance, hyperglycemia and
impaired glucose intolerance (IGT), or type 2 diabetes
develop [10-12]. Conversely, when insulin sensitivity
is increased, as for example, after weight reduction in
severe obesity or in elite sportsmen, insulin secretion is
adaptively reduced [13,14]. A consequence of the inverse

relation is that a correct measure of beta-cell function
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requires that it is related to insulin sensitivity in the
same subject. In fact, failure to acknowledge this relation
may lead to incorrect conclusions on beta-cell function.

Relationship between insulin sensitivity and
secretion

Different mathematical relationships could represent the
relationship between insulin sensitivity and secretion,
as for example inverse linear or exponential functions.
However, mathematical analysis of the relation in a large
number of individuals has shown that the relation is
non-linear in nature and best described as a hyperbolic
function, as is illustrated in figure1 [4,6-9,15]. This
implies that the product of insulin sensitivity times
insulin secretion is constant for a given degree
of glucose intolerance. This product is usually called
the disposition index. The asymptotic non-linear
function describes also the physiological process that
preserves a constant glucose uptake even in the presence
of an elevated insulin release. In this situation, the
body responds with reducing insulin sensitivity. This
reduction however, after a certain value is very low,
almost undetectable, despite an even excessive increas-
ing of the secretion. The hyperbola fits with the repre-
sentation of biological processes, especially enzymatic

Insulin secretion

w¥

Insulin sensitivity

Fig.1 The hyperbolic relation between insulin sensitivity
and insulin secretion. Glucose tolerance is impaired if an
individual is located below the hyperbolic line and good if
an individual is located above the line. This is illustrated as
the move from the normal hyperbolic line along the black
arrow to the grey dot (representing impaired glucose toler-
ance, IGT) or the black dot (representing type 2 diabetes).
Therapeutic approaches should aim at restoring the normal
relation between insulin sensitivity and insulin secretion,
i.e. to return the subject to the hyperbolic curve, as illus-
trated by the grey arrows.
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reactions characterized by thresholds and saturation,
which is not the case when testing for other mathe-
matical relations.

Mechanisms of islet adaptation to insulin
resistance

The mechanism underlying the islet adaptation to
insulin resistance, i.e. how the beta cells can sense a
reduction in insulin sensitivity is not known. Several
signals or mediators are, however, possible. One candi-
date is circulating glucose. If glucose levels were
increased during development of insulin resistance, the
hyperglycemia would be a stimulus for the beta cells to
augment insulin secretion. This would therefore be a
feedback loop because insulin secretion would then
increase until the glycemia is normalized, which
requires hyperinsulinemia due to the insulin resistance.
In such a compensated state, therefore hyperinsulinemia
exists in conjunction with normoglycemia. A problem
with this hypothesis is that it lacks convincing experi-
mental support because increased circulating glucose is
rarely seen as long as beta cells are normally adapting to
the insulin resistance, which maintains normoglycemia
[15]. In fact, a study has shown that when insulin sen-
sitivity is improved experimentally, insulin secretion
is reciprocally reduced, and this was followed by
increased and not reduced glucose levels [16], and one
study using nicotinic acid showed that insulin resist-
ance was followed by increased insulin secretion but
a reduced circulating glucose [17]. It is thus not likely
that glucose is a main signal for beta cells to adapt
to insulin resistance.

Another candidate for being a signal increasing insulin
secretion in insulin resistance would be the circulating
free fatty acids (FFAs). In fact, during development of
insulin resistance in adipocytes, FFAs levels increase
due to reduced anti-lipolytic action of insulin [18].
Increasing levels of FFAs may therefore be a marker of
insulin resistance in adipocytes, but FFAs may also be
involved in the pathogenesis of whole body insulin resis-
tance. Thus, an effect of FFAs is the induction of insulin
resistance in muscle and liver [19]. However, FFAs may
also be involved in the adaptation of insulin secretion to
insulin resistance because FFAs, particularly longer
chain FFAs, augment glucose-stimulated insulin secre-
tion in humans and perfused rat pancreas, and reduction
of circulating FFAs impairs insulin secretion in humans
[20—-22]. Mechanistically, this has been thought to rely on
the formation of a long-chain acetyl CoA within the beta
cells which by some as yet unidentified mechanisms,
perhaps related to ionic changes or to kinase actions of
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importance for the exocytosis, augments insulin secretion
[23]. An alternate mechanism was recently suggested
when it was shown that exogenous FFAs activate a spe-
cific G-protein coupled receptor, GPR40, in the beta cells
[24], although it is not known whether this receptor sig-
nals a stimulation of insulin secretion. On the other hand,
however, it may, like in the case for glucose, be argued
that if the beta cells are functioning normally, the
increased insulin secretion compensate for the insulin
resistance thereby preventing FFAs from reaching insuli-
notropic concentrations. Furthermore, the increase in
FFAs during insulin resistance in subjects with type 2
diabetes has usually been interpreted as being detrimental
for beta-cell function because an increase in FFAs may
result in lipotoxicity thereby impairing glucose-stimu-
lated insulin secretion [25]. Hence, whether FFAs are of
physiological relevance for the islet adaptation to insu-
lin resistance remains an enigma.

A third candidate for the islet adaptation to insulin
resistance might be the autonomic nerves. It is known
that the pancreatic islets are innervated by parasympa-
thetic, sympathetic and sensory nerves, and it is known
that activation of the parasympathetic nerves through
both cholinergic and non-cholinergic (peptidergic)
mechanisms stimulate insulin secretion [26]. Further-
more, it has been shown that the hyperinsulinemia
accompanying the obese fa/fa rat is partially dependent
on the vagal nerves [27] and that the huge hyperinsulin-
emia, which accompanies the insulin resistance in
ob/ob mice is sensitive to cholinergic antagonism by
atropine [28]. Similarly, the islet hypertrophy in ob/ob
mice is prevented by vagotomy [29]. It may therefore be
suggested that insulin resistance is sensed by afferent
nerves, which through a neural central circuit couples
to increased vagal activity thereby increasing insulin
secretion. Such a hypothesis is supported by a study
on the increased insulin demand created by long-term
glucose infusion in rats, in which the hyperinsulinemia
was dependent on cholinergic activity [30]. Further-
more, both in humans [31] and in mice [32] with insulin
resistance, insulin secretion is increasingly sensitive to
cholinergic activation. A problem of verifying this
hypothesis is the difficulty to determine vagal activity
in humans. An indirect measure is, however, the circu-
lating level of pancreatic polypeptide (PP), which is a
marker of parasympathetic activity [33]. It has, thereby,
been shown in insulin resistant Pima Indians that PP
levels are increased, supporting a role of the parasympa-
tetic nerves in the adaptations to insulin resistance [34].
Recently, we also verified this in a group of Caucasian
women with normal glucose tolerance in whom insulin
sensitivity was determined by the hyperinsulinemic,
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euglycemic clamp technique. When their fasting PP levels
were plotted against the insulin sensitivity, a linear relation
was observed (figure 2). Thus, the autonomic nerves may
contribute to the islet adaptation to insulin resistance.

In insulin resistance, the secretion of several adipo-
cytokines from the adipocytes is altered [35]. For example,
plasma levels of leptin are increased whereas plasma
adiponectin is reduced in insulin resistance. As these
adipocytokines may affect beta-cell function through
the so-called adipoinsular axis [36], it may by hypo-
thesized that they may contribute to the islet adaptation
to changes in insulin sensitivity. This was recently
explored in a population study where it was demon-
strated that the islet adaptation in a large group of
individuals independently correlated positively with
circulating leptin and negatively with circulating adipo-
nectin [37]. However, whether these correlations indicate
causal relationship is not known, particularly because
the effects of the adipocytokines on insulin secretion are
far from being established.

Recently, it was interestingly suggested that the gut
hormone glucagon-like peptide-1 (GLP-1) may contri-
bute to insulin hypersecretion in insulin resistance
[38]. GLP-1 is the most important incretin hormone
in humans and has been shown to be extremely potent
at augmenting glucose-stimulated insulin secretion
[39—41]. It was thus shown in dogs fed a high-fat diet
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Fig.2 Relationship between insulin sensitivity as deter-
mined by the euglycemic, hyperinsulinemic clamp tech-
nique, and fasting pancreatic polypeptide (PP) levels
determined by radioimmunoassay, in 86 females, all 61
years of age. The relation was significant (r=—0.40 and
p <0.001). Fasting PP did also correlate positively with
body mass index (BMI) (r=0.51 and p < 0.001). However,
also in a partial correlation analyses controlling for the
influence of BMI, PP still correlated negatively with
insulin sensitivity (r=—0.22 and p=0.039).
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for 12 weeks that the circulating levels of GLP-1 as well
as the expression of GLP-1 receptors in the pancreas
were increased, whereas FFAs or glucose did not
increase [38]. Hence, also GLP-1 might contribute to
hyperinsulinemia in insulin resistance.

Mechanism of impaired islet adaptation in
diabetes

It is clear that an islet adaptation to insulin resistance is
important for maintaining glucose tolerance and there-
fore a defective insulin secretion in relation to insulin
sensitivity, i.e. impaired islet adaptation to insulin resist-
ance, is a major determinant of development of IGT and
type 2 diabetes [10-12,15]. A reason for such defective
adaptation may be limited beta-cell function. This may
be a primary defect caused for example by impaired
expression of transcription factors of importance for
normal beta-cell function such as PDX-1 or the HNFs,
the impaired expression of which underlies the various
monogenetic MODY-forms of diabetes [42]. Another
reason for defective beta-cell function may be secondary
alterations of cellular function, like impaired processing
of proinsulin, islet accumulation of amyloid, reduced
beta-cell mass, or toxic perturbations by glucose or lipids
on signalling mechanisms of importance for insulin
secretion [43]. Besides defective beta-cell function per
se, an inadequate islet adaptation may also result from
inadequate function of any of the above-mentioned
potential signals mediating the adaptation. Finally, it
has also been proposed that a single, unifying, mechan-
ism might be underlying both the insulin resistance
and the islet dysfunction. A candidate for such a
mechanism is defective function of the insulin receptor
substrate-2 (IRS-2), which is expressed in insulin sen-
sitive tissues, including the beta cells, and involved
in the signalling of insulin [44]. Thus, a mouse model
with knockout of the IRS-2 gene is associated with
insulin resistance in association with defective beta-
cell compensation [45]. In any case, therapeutic attempts
in type 2 diabetes need to acknowledge that a major goal
of treatment, from a mechanistic point of view, is to
restore the normal relation between insulin sensitivity
and insulin secretion in the individual patient, i.e. to
return the subject above the hyperbolic line as illustrated
in figure 1.

Approaches to therapeutic restoration of
defective islet adaptation

A first approach to restore islet adaptation is to increase
the capacity of the beta cells to secrete insulin, as

© 2004 Blackwell Publishing Ltd
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this will allow the now augmented insulin secretion to
match for the insulin resistance. Several compounds
are known to be efficient stimulators of insulin secre-
tion. Most commonly used are the sulphonylureas [46].
These compounds activate the specific-SUR1 receptor
on the beta cells, which is coupled to closing the
ATP-dependent K-channels thereby leading to depolar-
ization, uptake of calcium and exocytosis of insulin.
Although efficient also over a longer period of time and
well documented through the use for several decays,
drawbacks of sulphonylureas are the risk for hypogly-
cemia and that a substantial fraction of subjects fail in
the longer run [47]. Recently, the more short-lived com-
pounds, repaglinide and nateglinide, have been intro-
duced. They are given in conjunction with meal intake
to cope for the increased insulin demand in the prandial
situation [48]. These compounds work through a similar
mechanism as sulphonylureas. As they seem to exhibit a
lower risk of hypoglycemia than sulphonylureas, they
may be of advantage in the future. A different approach
in restoring beta-cell function would be to remove
factors underlying the dysfunction, like improving the
processing of proinsulin, preventing or inhibiting the
islet amyloid formation [49], or reducing the beta-cell
lipid accumulation, the latter being a succesful approach
in experimental studies in Zucker Diabetic Fatty rats
[49,50].

A second approach to restore defective islet adapta-
tion is to increase insulin sensitivity. This will move
the patient in the insulin sensitivity/insulin secretion
diagram to the right and the capacity of the beta cells to
secrete insulin might then be sufficient for the now
increased insulin sensitivity. The most commonly used
compound with this aim is metformin [51], which acts
through lowering glucose production of the liver by
inhibiting gluconeogenesis [52]. Metformin has been
used since a long time and is considered safe, although
a slight risk of lactacidosis exists and, furthermore,
adverse events in the form of gastrointestinal discomfort
are not rare at high-dose levels. More recently, the
thiazolidinediones (TZD) have been introduced. These
compounds activate peroxisome proliferator-activated
receptor-y (PPAR-y), which through a complex tran-
scriptional mechanism increases the expression of
important signalling molecules for insulin action in
insulin sensitive tissues, leading to translocation of
GLUT-4 and increased fat oxidation, thereby reducing
insulin resistance and increasing peripheral glucose
uptake [53]. As PPAR-y also is expressed in the beta
cells, it has been of interest that the TZDs also augment
beta-cell function, perhaps by increasing fat oxidation
thereby reducing the intracellular lipid accumulation
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and preventing the lipotoxicity [50,53,54]. TZDs may
therefore not only improve insulin sensitivity but also,
apart from this action, improve beta-cell function,
thereby aiming from two directions to restore the normal
non-linear relation between insulin sensitivity and
secretion. Although the initially introduced TZD, trogli-
tazone, appeared unsafe due to hepatotoxicity, the cur-
rently used TZDs do not seem to adversely affect liver
function. They do, however, increase the risk for oedema
and heart failure. It should be emphasized, however,
that the most important way of improving insulin sensi-
tivity is life-style changes with weight reduction and
increased physical activity [55]. This has been well docu-
mented in the important Malmo Preventive Trial in which
life-style changes in subjects with IGT have been shown to
prevent the development of type 2 diabetes as well as
reduce cardiovascular morbidity and mortality [56].

A third therapeutic approach would be to support or
increase the signals mediating the increased insulin
secretion in insulin resistance. An idea behind this
approach is that it may be the signals themselves that
are not sufficient to cope with the reduced insulin sen-
sitivity. Both the cholinergic system and GLP-1 have
been proposed as such therapeutics in type 2 diabetes.
Cholinergic agonism was thereby shown to improve the
IGT and type 2 diabetes in experimental models in mice,
where insulin secretion was markedly improved after
long-term high-fat feeding [32]. Furthermore, GLP-1 has
been explored in quite a detail for its use in treatment of
type 2 diabetes during recent years [39—41]. Thus, GLP-1
has been shown to be anti-diabetogenic, and this effect is
partially executed through stimulation of insulin secre-
tion and, interestingly, in the longer run also through
improvement of insulin sensitivity [57]. GLP-1 may thus
be optimal in restoring the normal insulin sensitivity/
secretion relation in subjects with type 2 diabetes. A
problem has been that the peptide is so short-lived that
it is not possible to administer unless a continuous infu-
sion is given. As this short half-life is due to the activity
of the degrading enzyme, dipeptidyl peptidase-4 (DPP-4)
[58] attempts to overcome the problem include develop-
ment of DPP-4 resistant analogs or development of
agents inhibiting DPP-4 [59].

The fourth approach for restoring the normal relation
between insulin sensitivity and insulin secretion would
be to remove factors counteracting the signals mediating
the insulin hypersecretion. Here, two candidates are
obvious, and it is glucose and FFAs. Although both
these factors, at least in the beginning of development
of IGT and type 2 diabetes might mediate a normal
beta-cell adaptation, when increased over certain levels,
they create toxic effects in the beta cells, the so-called
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glucotoxicity or lipotoxicity, which may counteract the
normal islet adaptation [60,61].

Concluding remarks

The reciprocal relation between insulin sensitivity and
insulin secretion requires that both variables are esti-
mated for accurate estimation of beta-cell function, as a
main function of these cells is to adapt insulin secretion
to insulin resistance. Defective islet adaptation is there-
fore a key mechanism underlying type 2 diabetes. In fact,
type 2 diabetes may be regarded as a disease where the
islet adaptation to insulin resistance fails. Therapeutic
intervention should therefore aim at restoring the
normal non-linear relation between insulin sensitivity
and insulin secretion. Although the optimal treatment
still awaits to be established, several approaches that
are currently used serve this aim.
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