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Abstract

 

Insulin-like growth factors (IGFs) have been implicated in normal growth, and especially
foetal pancreas beta-cell development. As low birth weight has been implicated in the
development of obesity and type 2 diabetes, much research has evolved into the importance
of IGF and their signalling pathways for pancreas beta-cell development, and for type 2
diabetes. Insulin-like growth factor-I signalling has a lot in common with insulin signalling,
and is involved in diverse cellular effects such as antiapoptosis, protein synthesis, cell growth and
mitogenesis. Insulin-like growth factor-II can be bound by the insulin receptor A subtype
and the IGF-1 receptor, which may explain its antiapoptotic effect.

Various knock-out model studies indicate that absence of IGF-I or the IGF-1 receptor is
critical for foetal and postnatal growth. Similarly, knock-out models of post-receptor
molecules (such as IRS-2) point to the physiological role of IGFs for pancreas beta-cell
development. A beta-cell-specific IGF-1 receptor knock out model indicates the importance
of IGF-I for beta-cell function. The Goto-Kakizaki (GK) rat, a model for diabetes, has
insufficient beta-cell development, which may be related to its defective IGF-II synthesis.

As normal pancreas beta cells adapt to the prevailing insulin resistance with increasing
beta-cell function, it is possible that insulin resistance interacts with IGF signalling in
pancreas beta cells.
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Insulin resistance and beta-cell dysfunction

 

The syndromes of both insulin resistance and type 2
diabetes have reached epidemic proportions in the West.
Previously, most research regarding the pathophysiology of
type 2 diabetes has been directed towards disturbances
either in insulin action or in beta-cell function [1]. It now
appears that both entities probably act together and that
both are prerequisites for the development of diabetes [2].
The initial step in the development of type 2 diabetes
mellitus is often considered to be peripheral insulin resist-
ance [3]. Indeed, Pima Indians have been carefully studied,
and nondiabetic offspring have been shown to be insulin
resistant. Further studies have also revealed that the off-

spring had a two- to three-fold increased insulin secretion,
which is a sign of the strong adaptive mechanisms of the
pancreas beta cells [4]. As subjects with type 2 diabetes
often show abnormalities in beta-cell function, it was assumed
that this adaptation could lead to ‘exhaustion’ of the beta
cells with subsequent development of hyperglycaemia. In
line with these observations, a decreased insulin secretion
is the most important determinant in the development of
type 2 diabetes mellitus in Pima Indians [2].

However, other carefully conducted studies revealed a
decreased insulin secretion without insulin resistance in
first-degree relatives of type 2 diabetes subjects, especially
in Caucasian subjects [5,6]. However, also in Caucasians,
insulin resistance remains one of the strongest predictors of
(future) development of type 2 diabetes. The adaptation of
insulin-secreting beta cells to sustained insulin resistance is
therefore presumably a key factor in the control of glucose
homeostasis.

The capacity of insulin-secreting cells is probably obtained
in the prenatal period, and during the first year after birth.
Interestingly, a low birth weight has been linked to later
development of obesity, insulin resistance and type 2 dia-
betes mellitus, leading to the Barker hypothesis that foetal
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programming leads to later development of various diseases
such as obesity and type 2 diabetes [7,8]. This sparked
recent research of factors involved in the embryologic
development of the pancreas. We will focus in this editorial
on a possible role of insulin-like growth factors (IGFs) for
the development and function of the pancreas islet. Recent
results suggest that these factors initiate a number of
pathways concerning cell maturation and differentiation,
after binding to their target cells. These pathways have been
described in more detail in various reviews [9–13].

 

Insulin-like growth factors

 

Insulin-like growth factors-I and -II share some homology
with each other and with insulin. This has some physio-
logical relevance because they may bind to several receptors.
Insulin- and IGF-receptors belong to the protein tyrosine
kinase receptor family. The insulin-receptor and the IGF-1
receptor are homologous, and can bind both ligands (that
is insulin and the IGF). In addition, the IGF-1 receptor has
binding sites for IGF-II, which are presumably separate
from the IGF-I binding sites. Insulin-like growth factor-II
has also some homology with insulin. As the IGF-2 receptor
(also known as the mannose-6-phosphate receptor) has little
homology with the other receptors, it can only bind to IGF-
II. Inversely, IGF-II can also be bound by insulin A-subtype
receptors in addition to IGF-1 receptors.

Most IGF-I and IGF-II is produced locally within the
tissues where it has its action. In addition to this, IGF-I and
-II are also available as circulating hormones bound to a
number of binding proteins. Of note is that postnatal
production of IGF-II increases gradually in humans,
and plasma IGF-II levels are approximately three times
higher than plasma IGF-I during adult life, while various
rodents show little secretion of IGF-II after birth. Genetic
influences on production of both IGFs is marked, as the var-
iability of plasma expression of IGF-II is 66% genetically
determined.

The IGF-1 receptor activates mitogenesis via pathways
partially identical to insulin signalling. We will describe now
some of the essential features of these signalling pathways.

 

Insulin/IGF signalling

 

Insulin-receptor substrates

 

Upon binding of insulin to extracellular domains of the
insulin receptor, the signal transduction is mediated through
intracellular beta-subunits that undergo autophosphoryla-
tion of tyrosine residues. After phosphorylation of these
submembranous structures, a cascade of phosphorylations
of so-called insulin-receptor substrates (IRS) starts [12,13].
Hitherto, four intracellular IRS (IRS 1–4) proteins have
been isolated, and their distinctive IRS proteins direct to
different intracellular pathways, while very recently two
further IRS [-5 and -6] have been described [14]. In short,

IRS-1 regulates somatic cell growth and is involved in
insulin activity of muscle and adipose tissue [15], and
IRS-2 is involved in insulin activity mainly in the liver, brain
growth, and reproduction, and is assumed to have an impor-
tant role in pancreas beta-cell growth [16], as disruption of
IRS-2 leads to loss of ability of beta cells to adapt to insulin
resistance [17]. The pathways that are related to IRS-3 and
IRS-4 remain unelucidated, but these IRS proteins are
expressed in tissues of neuroendocrine and adipose origin.
Insulin-receptor substrate-3 and -4 disruption gives rise to
normal (or even slightly lower) plasma glucose and normal
insulin levels [12]. Insulin-receptor substrate-3 has been
shown to be able to block some of the effects of insulin-
receptor activation, notably on IRS-2 translocation to the
plasma membrane, thereby reducing part of the subsequent
signalling [18].

 

Downstream signalling

 

Upon phosphorylation of IRS proteins, the phospho-inositol
3-kinase (PI3-K) pathway is activated. This pathway con-
sists of multiple subsequent phosphorylations, and gives rise
to the expression of insulin’s effects on glucose homeostasis
[9]. Moreover, the signal transduction towards more down-
stream pathways of the PI3K pathway results in additional
insulin-related effects, i.e. on protein synthesis, gene expres-
sion, mitogenesis, and cell growth. The PI3-K pathway
involves phosphokinase B (PKB) and mammalian target of
rapamycin (mTOR) activation [10], which ultimately lead to
activation of a large number of transcription factors [10,13].

The other well-characterized pathway upon stimulation
of the insulin or IGF-1 receptor involves activation of Grb2,
SOS, RAS, and MAPK.

The final pathways of insulin signalling include effects on
transcription factors, part of which is described here: PKB
(also known as Akt) is now known to regulate gene expres-
sion via inactivation of the transcription factor FKHR (fork-
head in rhabdomyosarcoma, or FoxO1), which is a specific
enhancer of the activity of signal translator and activator of
transcription (STAT)-3-dependent promoters [19]. The
PI3-K-PKB pathway has presumably an important role in
regulating the cell cycle, as PI3-K mutants increase cell size
by affecting p70S6 k and mTOR activity [20]. Mammalian
target of rapamycin desinhibits the translation complex by
its inhibition of the initiation factor 4E-binding protein
(4E-BP1), and also activates p70S6 k. The latter will indirectly
lead to translating ribosomal proteins and translation
elongation factors, and induces cell size increase. While
mTOR does not trigger cell division, PI3-K appears to have
separate actions to induce cell division, and Alvarez 

 

et al

 

.
suggest that this may take place via cyclin D and E synthesis
[19]. Phosphokinase B inhibits glycogen synthase kinase-3
(GSK-3), thereby decreasing beta-catenin activity which is
a transcriptional activator in the cell nucleus [13].

The aforementioned activation of RAS by insulin/IGF
will ultimately lead to activation of the MAPK isoforms
extracellular regulated kinases (Erk)-1/-2, which translocate
to the nucleus and promote transcription [13].
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Apoptosis

 

Phosphokinase B-activation also plays a role in the pro-
grammed cell death (apoptosis), and may have an anti-
apoptotic activity via inhibition of Bcl-2-associated death
protein (BAD), at least in neurone cells [21] and Mdm2
[13]. One of the central phenomena in apoptosis is the
translocation of Bcl-associated X protein (BAX) to the
mitochondrion, leading to caspase activation; BAX can be
displaced from the antiapoptotic BCL-Xl by (proapoptotic)
BAD.

Mdm2 targets p53 for proteasomal degradation; interest-
ingly, Mdm2 associates physically with the IGF1R, leading
to its degradation in the proteasome [22].

 

IGF signalling

 

IGF-1 receptor

 

Insulin-like growth factor-I mainly acts via the IGF-1 receptor
(IGF-1r). The IGF-1r has structural homology with the
insulin receptor, and upon its activation, as for insulin,
partly identical transduction pathways are activated via IRS-
2, followed by activation of PI3-K and mTOR, but also of
MAPK, leading to cell growth and mitogenesis. In tissues,
IGF-I is capable of increasing cell numbers by inhibiting
apoptosis (it inhibits the programmed cell death) [23].
Inhibition of apoptosis has been reported to depend on the

I/IGF signalling pathways, notably via stimulation of
PI3-K, leading to modulation of Erk-1/-2 and some of the
PKC-alpha and -zeta, at least in chondrocytes [24]. Possibly,
some of these effects depend on IRS-1, as an IRS-1 knock-
out model displayed much less IGF-1 prevention of caspase-
3 cleavage [25]. In neuroblastoma cells, IGF-I is capable of
reducing caspase-3 activation and cell death via PI3-K and
Akt [26]. In other cell lines, IGF-I inhibits tumour-necrosis
factor (TNF)-alpha-induced (antiapoptotic) nuclear factor
kappa B (NF-

 

κ

 

B) expression, also via PI3K [27]. Akt-related
inhibition of STAT3 may also influence TNF-alpha gene
expression [28]; this may possibly add to the reduction
in NF-

 

κ

 

B expression. In addition, IGF-1r activation also
inhibits apoptosis signal-regulating kinase 1 (ASK1), which
is independent of PI3K [29].

 

IGF-2 receptor

 

The IGF-2 receptor possibly has a role as a tumour sup-
pressor [16], and binding of IGF-II leads to degradation of
the growth factor. In one study, GH was capable of activating
the promoter region of IGF-II gene [30], but the precise
importance of GH–IGF–II interactions is unclear. As a result
of cross reactivity with the IR type A and IGF-1r, IGF-2
exerts an antiapoptotic effect in various tissues, including
pancreatic beta cells [31]. It is of note that IGF-binding pro-
teins may stimulate apoptosis and may inhibit cell prolifer-
ation not only indirectly by binding IGFs but also directly,
as IGFBP-3 mutants which could not bind IGF-I or -II are
capable of inducing apoptosis in prostate cancer cells [32].

Figure 1 Influences of maternally derived Insulin-like growth 
factors (IGFs) on pancreas islet development during early foetal 
life.

Figure 2 Influences of Insulin-like growth factors (IGFs) on 
pancreas B-cell function during later foetal life and during postnatal 
life.
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IGF and the pancreas: animal studies

 

Prenatal period

 

During the prenatal period, the differentiation and matura-
tion of many tissues including pancreatic beta cells are
dependent on the interaction of growth factors, such as
IGF-I and -II, which are major prenatal growth factors, and
their cell-surface receptors (Fig. 1).

During the prenatal period, the differentiation and
maturation of many tissues including pancreatic beta cells
are dependent on the interaction of growth factors, such as
IGF-I and -II, which are major prenatal growth factors, and
their cell-surface receptors [33].

The origin of the development of pancreatic beta cells
is a complex interaction of a large number of signalling
molecules very early during pancreas development [9,34,35].
Insulin secretion in embryonic life is observed from as early
as 4 months. Until 4 months’ gestation, control of most
growth factors that circulates in embryonic tissue is derived
from maternal circulation. In this concept, plasma levels of
IGF-I (a major factor in foetal growth) and IGF-II (a major
growth factor that regulates differentiation of most
mesodermal tissues, such as insulin-secreting beta cells) in
embryonic life is a reflection of maternal genetic expression
concerning IGF phenotype [36]. During the second trimester
of pregnancy, the influence of the placenta as a tissue that
secretes growth factors (such as placenta-derived growth
hormone; PdGH) gradually increases and from the 16th
week to the last period of pregnancy, secretion of PdGH
exceeds circulating GH secreted from the maternal pituitary
[37,38]. In human subjects, GH modulates autonomous
IGF-I secretion principally by the liver. Levels of IGF-I are
related to antiapoptotic mechanisms. At birth, processes in
pancreatic tissue such as an increase in apoptosis of beta

cells with further maturation of remaining cells are observed.
This increased apoptosis may be related to transfer of
placenta-derived growth factors to newborn-derived growth
factors. Variation of plasma levels in adult individuals is
highly genetically determined (35% for IGF-1 and 66% for
IGF-2, respectively) [39]. Consequently, the developmental
programme in which growth factors regulate the final insulin
secretion capacity of the pancreatic beta cells is principally
determined by its genetic expression, but is modulated by
various growth factor-secreting tissues that govern during
distinctive periods of early life [40].

 

IGF-I in postnatal life

 

Pancreatic beta cells are under the influence of growth factors
not only during the prenatal period (Fig. 2). Also later in
adult life, the influence of growth factors on the insulin-
secreting cells is considerable. Especially, the involvement
of the PI3K cascade in survival of pancreatic beta cells and
the positive effect of MAPK activation on gene transcription
show relationships between insulin-receptor-mediated and
IGF-receptor-mediated effects with respect to beta-cell
growth [9]. Although insulin-secreting beta cells are well-
differentiated in adult human life (less than 1% of pancreatic
beta cells are in mitosis), they can still undergo proliferative
changes [9]. Beta-cell proliferation is stimulated by IGF-I
via the activation of the post-receptor IRS-2 proteins [41]
(Fig. 3). In animal models, the IRS-2 knock-out mice have
been shown to have not only impairment of insulin action,
but also of beta-cell development, with consequent devel-
opment of diabetes [17]. Those mice have a 60% reduction
in pancreas islet cell mass with a relative beta-cell deficiency;
the number of islets is also half that of normal. Transgenic
mouse models have indicated that subsequent phosphoryla-
tion of PI3-K, Akt and mTOR are necessary for the trans-
duction of this IGF-I signalling [20,42,43]; mouse models
also showed that glucose has a modifying (stimulating) effect
on the transduction of the IGF-I signalling [44]. Studies in
knock-out models have shown that absence of IGF-I or the
IGF-1 receptor is critical for foetal and postnatal growth
[45]. Recent studies in mice with a beta-cell-specific knock-
out of the IGF-1 receptor indicate that the mice showed
normal growth and development of beta cells but had a
defective glucose-stimulated insulin secretion (with hyper-
insulinaemia) and had impaired glucose tolerance. These
studies indicate that even if IGF-1r is not crucial for islet-
cell development, it is of importance for beta-cell function
[46]. Parenthetically, absence of insulin itself leads to
enlargement of the islets without an increase in the size of
individual beta cells with a lower incidence of apoptotic
cells, again pointing to the importance of insulin/IGF
signalling for apoptosis [47].

 

IGF-II

 

Much less is known about the role(s) of IGF-II in pancreas
beta-cell mass and function. Insulin-like growth factor-II is

Figure 3 Schematic representation of various intracellular effects 
of I /IGF pathways in pancreas B cells.
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known to have antiapoptotic properties. At least part of the
effects of IGF-II may relate to its capability to bind to IGF-
1 receptors. Recently, it was found that the Goto-Kakizaki
(GK) rat, which has been widely studied with it being a
model for diabetes, displays defective IGF-II synthesis
which may be causative for its insufficient beta-cell devel-
opment [48]. However, transgenic mice overexpressing
IGF-II develop frequent diabetes in spite of an increased
beta-cell mass, possibly as a result of an increase in glucagon-
producing alpha cells [12,49]. Pancreas cells are capable of
producing IGF-II themselves [50].

Growth factors other than IGF are presumably also at
play. Fibroblast growth factors (FGFs) have been proposed
to have been implicated very early in the embryonic
pancreas development [51]. 

 

In vitro

 

 studies suggest that they
may influence the intestinal differentiation programme
and the development of the dorsal and/or ventral part of the
developing pancreas [52]. Fibroblast growth factors bind to
extracellular FGF-receptors (FGFR), also belonging to the
tyrosine kinase family. Recently, it was shown in 

 

in vitro

 

studies that FGF7 could control the development of
exocrine pancreatic tissue, while removal of the FGF7 led
to proliferation of endocrine tissue [53]. Studies with trans-
genic mouse models expressing a dominant negative version
of FGFR1 show that these animals develop diabetes [54].
These animal models not only have a reduced number of beta
cells, but also an impaired expression of glucose transporter-
2 (Glut-2), the most prominent glucose transporter of both
the pancreas and the liver. Moreover, the expression of
PC1/3, prohormone convertase 1/3, which is the enzyme
catalyzing the final conversion of the prohormone proinsulin
into the actual hormone insulin in the pancreas, is also
decreased. Interestingly, the production of FGFs occurs
in the beta cells themselves under the influence of other
transcription factors, notably Ipf1/Pdx1, insulin-promoter
factor-1 or pancreatic duodenal homeobox gene 1. Ipf1 is
known to stimulate insulin gene transcription and Glut 2
expression [31]. In humans, a nonsense mutation of the Ipf1
gene is a known cause of maturity onset diabetes of young
type 4 (MODY4) [55].

 

IGF and the pancreas: human studies

 

Recently, several reports have mentioned the effect of
disturbances in the expression of the IGF system on beta-
cell function in humans in relation to glucose metabolism.
A limited number of studies explore possible associations
between plasma levels of the IGF system and insulin release;
some investigate the presence of (common) IGF gene
polymorphisms and insulin release.

 

Relationship with IGF-I

 

Presence of low plasma IGF-I levels has been associated
with an increased risk to develop IGT and type 2 diabetes
[56]. Both IGT and type 2 diabetes have been found to
relate to a relative insufficiency of insulin secretion [57].
However, in hyperglycaemic clamps in normal-glucose-

tolerant subjects, we did not find a relationship between
plasma IGF-I and pancreas beta-cell function [58]. In view
of the above-mentioned findings in IGF1-receptor knock-out
mice [45], it could well be that the role of this polymorphism
in insulin secretion is more subtle, and would only become
apparent during the development of IGT. It is of note that
the development of type 2 diabetes mellitus generally is the
result of a combination of disturbances in insulin secretion and
in sensitivity [57]. Therefore, it could also be that the role
of IGF-I in the development of IGT might possibly relate
to an effect of IGF-I on peripheral tissue insulin sensitivity.

Recently a very modest relationship was observed between
an IGF-I gene polymorphism with (reduced) insulin sensi-
tivity and an unclear effect on the Disposition Index, which
is a measure of the adaptation of the pancreas beta-cell
function to the prevailing insulin (in)sensitivity [59]. Follow-
up studies may be of relevance to clarify this point.

 

Relation with IGF-II

 

Direct observations of the influence of IGF-II in humans
are scarce. In recent studies in normo-glucose-tolerant
human adults we could not find a relationship between
variations in plasma IGF-II levels and measures of beta-cell
function. However, more studies in this area are necessary.
Of special interest may be the question of whether IGF-II
may play a role in the adaptation of beta-cell function to
certain events during life, such as development of insulin
resistance and/or obesity, or pregnancy.

 

Interference of insulin resistance with IGF

 

As insulin and IGF have their signalling pathways partially
in common, the possibility of reciprocal interference is raised.
Under conditions of insulin resistance (obesity, pregnancy),
pancreas beta cells may sharply increase their function, and
sometimes also their mass. Whether IGFs are implicated in
this phenomenon remains to be seen.

Interestingly, the effect of IGF-I on isolated (rodent)
pancreas beta cells is glucose dependent. Although the
antiapoptotic effect of IGF-I may be a factor necessary for
the adaptation of beta cells to the strain of hyperglycaemia,
prolonged hyperglycaemia has been associated with
apoptosis, leading to decreased beta-cell mass [60]. How-
ever, recent studies have also pointed to a negative role for
hyperlipidaemia and free fatty acids (FFAs) in this respect.
Free fatty acids can activate Protein Kinase C (PKC)
isoforms, some of which may reduce not only IRS-1 activity,
but have also been proposed to inhibit IRS-2 [13], which
is part of the insulin/IGF-signalling pathway. The latter
effect might then interfere with IGF-1 receptor action,
which would be in line with the observations that FFAs
inhibit IGF-I induced activation of PKB, and that FFAs
inhibited IGF-I-induced DNA synthesis [61]. As most
hyperglycaemic subjects are also hyperlipidaemic, and as
insulin resistance is known to lead to elevated levels of FFAs
[62], it may be difficult to discern the effects of hypergly-
caemia and FFAs.
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Conclusion

 

Taken together, animal studies showed a significant impact
of growth factors, such as IGF-I and IGF-II, in the physi-
ological development of prenatal pancreatic beta cells, and
in adaptive properties of beta cells on environmental
changes in the postnatal period. Insulin-like growth factor-I
signalling has a major part in common with insulin signal-
ling. In humans, the observation of a relationship between
low birth weight and an increased prevalence of impaired
glucose tolerance and type 2 diabetes has prompted
research into the effect of the IGF system on (adult) insulin
secretion and the occurrence of derangements of glucose
homeostasis. Insulin-like growth factor-I levels have been
shown to relate to the development of IGT. A major area of
further research relates to the question of whether the impact
of growth factors on the insulin secretion capacity in humans
is limited to the prenatal period or whether it is also related to
coping processes of the beta-cell in the post-natal period, such
as during obesity, insulin resistance or pregnancy. Careful
observational studies on the impact of obesity on onset of
type 2 diabetes in subjects with polymorphisms of the IGF-
pathways are also necessary. The presence of polymor-
phisms may potentially lead to better defining subgroups
in whom intervention could be more (or less) probable in
order to lead to improvements of glucose homeostasis.

Hopefully, better knowledge about the IGF system may
lead to novel preventive measures and/or therapeutic appro-
aches in the future.
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