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Beta-Cell Insulin Resistance Contributes
to Onset of Diabetes

By QINGHUA WANG, MD, PuD

Insulin is a ubiquitous growth factor that regulates cell proliferation, gene expression,
protein synthesis, and cell survival in most mammalian tissues. Recent studies indicate
that insulin plays an important role in regulating islet beta-cell growth and function. In
the development of peripheral insulin resistance leading to an increased demand for
insulin production, the compensatory islet hyperplasia associated with increased beta-cell
mass and insulin output is a crucial mechanism for maintaining euglycemia despite this
resistance. Impaired insulin signalling in the beta cells and increased beta-cell apoptosis
are associated with the onset of diabetes in models of obese, insulin-resistant type 2 dia-
betes mellitus (T2DM). Studies using gene-knockout techniques in mice have further
demonstrated that the insulin-signalling pathway in beta cells is critical for mediating
insulin action on them to maintain appropriate mass and insulin production. The decline
of insulin signalling in beta cells could be a consequence of insufficient intra-islet insulin
action and/or a reduction in insulin responsiveness of the beta cells. It is conceivable that
insulin resistance, which is usually associated with the compensatory mechanism of
hyperinsulinemia, occurring in the beta cells could be a major contributor leading to
lower insulin signalling and an increased rate of beta-cell death. It is hypothesized that
a strategy to improve intra-islet insulin action via enhancing beta-cell responsiveness
could be a considerable benefit in the prevention and treatment of T2DM. This issue of
Endocrinology Rounds reviews the mechanisms in beta cell functioning and the insulin-
signalling response in the development of T2DM.

Decline in beta-cell mass and diabetes development

A decline in beta-cell mass due to excessive beta-cell death is a major cause of hyper-
glycemia, the major clinical characteristic of diabetes and the predominant cause of long-
term complications associated with the disease. Beta cells undergo rapid differentiation
and proliferation in the embryonic and fetal stages.' In the neonatal stage and in adult-
hood, the proliferation of beta cells does not remain static, but changes in response to
external stimuli, such as injury or food intake.” Maintaining beta-cell mass is a dynamic
process; it involves augmentation by the formation of new islet beta cells from precursor
cells (replication and neogenesis), beta-cell hypertrophy, and hyperplasia.’ Beta-cell death,
mainly due to apoptosis, acts as a counter-regulator to this dynamic process. This dynamic
response is critical for the regulation of energy homeostasis, maintaining blood glucose
within a narrow physiological range. However, under certain circumstances (eg, insulin
resistance), increased beta-cell apoptosis with the consequent reduction of beta-cell mass
leads to an impairment of the compensatory capacity of beta cells to produce and secrete
insulin in response to a glucose challenge.”

Glucose is the primary fuel used by most cells in the body to generate the energy
required to maintain cellular activity. Prolonged hypoglycemia due to impaired counter-
regulatory hormone secretions can lead to a wide variety of cellular dysfunctions and
behavioural abnormalities.®” In the central nervous system, glucose is the exclusive fuel
for maintaining proper neuronal functions. Sustained glucose shortage in the brain can
cause irreversible brain damage, coma, or even death. However, glucose also acts as an
important trigger to initiate the insulin-secretory process, mainly via a glucose-sensing
pathway in the pancreatic beta cells,® but prolonged exposure to high glucose may cause
beta-cell apoptosis. In fact, persistent diabetic hyperglycemia is a major cause of beta-cell
death, dysfunction, and impaired insulin secretion.’ In addition, impaired glucose meta-
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bolism is usually associated with impaired lipid meta-
bolism. Hyperglycemia and hyperlipidemia are important
biochemical alterations in patients with T2DM, obesity,
and insulin resistance that produce toxic effects. The ele-
vated free fatty acids are particularly toxic in the context
of hyperglycemia.” The synergistic toxic effect of com-
bined chronic hyperglycemia and hyperlipidemia is
referred to as “glucolipotoxicity;”” it is a major cause of
beta-cell dysfunction and damage, as well as the
common cause of mortality in patients with T2DM."
These toxic effects appear to inhibit glucose-induced
insulin gene transcription and interfere with autocrine
insulin action on the beta cells through disruptions of
receptor-binding and the insulin-signalling cascade.'""
Recent studies suggest that free fatty acid-induced
insulin resistance in pancreatic beta cells is associated
with sustained activation of the Jun-N terminal kinase
(JNK) pathway.” However, in a severely obese rat
model, exogenous free fatty acids appear to potentiate
glucose-stimulated insulin secretion (GSIS) in islets.”
This is a manifestation of acute glucose treatment
enhancing beta-cell proliferation, whereas long-term
hyperglycemia results in increased beta-cell apoptosis
and decreased beta-cell proliferation.

Regulation of beta-cell mass by growth factors

Beta-cell neogenesis and replication are the 2
primary mechanisms for increasing beta-cell mass.
During pregnancy and puberty, a state of transient
insulin resistance occurs naturally, but most people do
not develop diabetes because their beta cells are able
to grow and secrete more insulin to overcome insulin
resistance. A decline in beta-cell mass has been consi-
dered as the major cause in developing T2DM for both
animals and humans,"* due to the loss of beta-cell com-
pensatory capacity to produce adequate insulin to meet
body needs in the face of insulin resistance. Currently,
oral antihyperglycemic agents lower blood glucose
through different mechanisms, but they do not directly
reverse the decline in beta-cell mass. Recent preclinical
data demonstrate that therapeutic approaches involving
the enhancement of beta-cell mass may potentially
reverse a decline in beta-cell mass in models of T2DM.*"
Beta-cell expansion is known to be stimulated by various
growth factors, including glucagon-like peptide-1 (GLP-
1), glucose-dependent insulinotropic polypeptide (GIP),
growth hormone, insulin-like growth factor-1 (IGF-1),
prolactin, epidermal growth factor (EGF), gastrin, and
insulin. The effects of growth factors on beta-cell growth
is through the activation of postreceptor signal trans-
duction pathways in beta cells.”” The novel drug,
exenatide, is a functional analogue of the human incretin
GLP-1 and is approved as an insulinotropic therapy for
T2DM."”* The trophic beta-cell effect of GLP-1 is
exemplified by the promotion of proliferation and the
suppression of apoptosis that can increase beta-cell mass
in subjects with T2DM."*""*"* Acting via the cyclic ade-
nocine monophosphate-protein kinase A (cAMP-PKA)
pathway, GLP-1 activates the phosphatidylinositol (PI)
3 kinase/protein kinase B (PI3K/Akt)-dependent
pathway to promote beta-cell replication and prevent

beta-cell apoptosis; this occurs via the cAMP-response
element binding protein (CREB)-mediated induction of
insulin receptor substrate-2 (IRS-2) in beta cells.”** Cor-
responding strategies of beta-cell mass enhancement
involve combinations of growth factors, exemplified by
EGF and gastrin that promote islet beta-cell neogenesis
and improve the symptoms of diabetes’'*** A recent
study by Park et al*® suggests that the GLP-1-induced
long-term effects on beta-cell growth and survival are
mediated by the insulin/IRS-1 signalling pathway.

Insulin and insulin action

Insulin, an important peptide hormone composed
of 51 amino acids with a molecular weight of 5808 Da,
is produced in the pancreatic beta cells. Insulin has
widespread effects on energy metabolism; it activates a
tyrosine kinase receptor at the cell surface to exert a
variety of biological actions in insulin-responsive cells,
such as muscle, fat, and liver cells. With hyperglycemia
(eg, postprandial), insulin facilitates glucose uptake into
muscle, fat, and liver tissue and suppresses glucose pro-
duction in the liver, thus maintaining blood glucose
within a narrow physiological range. When insulin is
absent or low, as exemplified in subjects with TIDM
where islet beta cells are destroyed due to autoimmune
attacks, hyperglycemia develops and such patients
require exogenous insulin for their survival. Under
certain circumstances, the reaction of insulin-responsive
tissues to endogenous insulin is reduced; this is referred
to as insulin resistance and is usually found in obese
subjects. With peripheral insulin resistance, the islet
beta cells exhibit a compensatory increase in insulin
production and secretion, which is associated with
increased beta-cell mass, in order to maintain the blood
glucose within a normal range.” However, when insulin
resistance becomes severe, the beta cells may lose any
further compensatory capacity, resulting in the onset of
diabetic hyperglycemia. Nevertheless, the majority of
patients with insulin resistance as a result of obesity do
not develop diabetes; in fact, if their capacity for beta-
cell compensation is maintained, only 15%-20% of
these individuals become diabetic’** Since the majority
of subjects exhibit normal glucose tolerance despite
severe insulin resistance and obesity,’' this indicates
that diabetes is not necessarily a direct consequence of
insulin resistance; instead, it only occurs when beta cells
cannot produce or secrete sufficient insulin to keep
pace with the increased demand. This poses an inter-
esting question: why are beta cells incapable of com-
pensating for increased insulin requirements in individ-
uals with insulin resistance, but not in the majority of
the population? Recent studies in T2DM models
demonstrate that during the progression of insulin
resistance, although beta-cell mass was relatively
increased (in comparison with nonobese control mice),
the impaired insulin-signal transduction in the beta cells
and reduced beta-cell insulin content (low IRS-1 and
IRS-2) may have contributed to the eventual onset of
diabetes™ These findings imply that the occurrence of
insulin resistance in the islet beta cells may underlie the
mechanism by which the beta cells from some obese



Table 1: Metabolic parameters of LETO and OLETF rats™

Group n Body weight Body length Fasting insulin 2-hour insulin
(€)) (cm) (miu/L) (miu/L)
LETO 6 474.0 £ 9.5 23.7 £ 0.67 2.34 £ 0.28 1.75+£0.24
OLETF 6 581.3 £ 21.8** 25.0 + 0.58 2.66 + 0.44 5.45 + 1.06*
Group n (£ HOMA-IR Total cholesterol Triglyceride
(mmol/L) (mmol/L)
LETO 6 0.1169 + 0.0003 0.38 £ 0.17 1.67 + 0.07 0.36 £ 0.05
OLETF 6 0.0336 + 0.0021* 1.32+1.21* 2.19 + 0.20* 1.36 + 0.12%**

Data are expressed as mean + SE (OLETF rats, n = 6; LETO rats, n = 6). * P<0.05, ** P<0.01, ***P<0.001. OLETF vs. LETO rats.
LETO=Long-Evans Tokushima-Otsuka; OLETF=Otsuka Long-Evans Tokushima fatty; HOMA-IR=homeostasis model assessment - insulin resistance;

ISI=insulin sensitivity index.

individuals are unable to compensate for peripheral
insulin resistance, leading to diabetic hyperglycemia.

Insulin signalling is pivotal in maintaining
beta-cell function

The binding of insulin to its receptor at the cell
surface activates the signalling complex through the
recruitment of adaptor molecules, including the IRS
family and src homologous collagen-like protein (SHC).
Upon tyrosine phosphorylation, these proteins interact
with signalling molecules through their SH2 domains,
which results in the activation of a variety of signalling
pathways, including PI3K/Akt signalling and mitogen-
activated protein kinase (MAPK) activation. These path-
ways act in a coordinated manner to regulate glucose
transport, protein and lipid synthesis, and mitogenic
responses.” The PI3K/Akt signalling is also a well char-
acterized proproliferative/antiapoptotic pathway in a
variety of cell types.*

As a growth hormone, insulin plays an important
role in promoting islet beta-cell growth. Some findings
suggest that defective insulin signalling in beta cells may
have important pathophysiological effects on both secre-
tory function and cell survival.” Studies by Okada et al*
demonstrated that insulin receptors on the beta cell play
a key role in promoting their growth and compensating
for peripheral insulin resistance. Using genetic mouse
models, these studies demonstrated that liver-specific
insulin-receptor knockout (LIRKO) mice exhibited
insulin resistance associated with hyperinsulinemia due
to enhanced beta-cell mass. These LIRKO mice did not
develop diabetes, confirming the concept that an ade-
quate enhancement of beta-cell mass can produce
enough insulin to compensate for peripheral insulin
resistance. However, the LIRKO mice developed severe
diabetes leading to early death when their beta-cell spe-
cific insulin receptors were additionally knocked out
(LIRKO/beta IRKO); this was due to extensive glucose
intolerance and a failure to elicit the compensatory
response of beta-cell expansion.” The relative impact of
insulin versus IGF-1 receptors in beta-cell growth was
further evaluated using mice lacking either the insulin
receptor (beta IRKO) or the IGF-1 receptor (beta
IGFRKO) in beta cells.”” The investigators found that
beta IRKO, but not beta IGFRKO, mice exhibited
inadequate beta-cell growth in response to high-fat diet-
induced insulin resistance,* indicating that the insulin

signalling pathway is crucial for an islet compensatory
growth response to insulin resistance.

In many different mammalian cells,””* insulin exerts
proliferative and antiapoptotic effects by activating IRS
proteins in the beta cells”*’ The insulin-signalling
pathway is critical for regulating islet beta-cell growth
and preventing the death of beta cells; this has been
further confirmed in studies using IRS protein-deficient
mice through targeted gene mutation techniques. In fact,
IRS-1 knockout mice (IRS-1KO) exhibited growth
retardation, hyperinsulinemia, and hyperplastic islets,
without developing overt diabetes,"”* whereas IRS-
2KOs develop insulin resistance and islet hypoplasia
leading to diabetes.”* These findings suggest that IRS-1
may be predominant in mediating insulin action on
glucose metabolism in insulin-responsive cells, whereas
IRS-2 may be more crucial in coordinating compensa-
tory beta-cell machinery in the face of insulin resis-
tance.” This is supported by evidence that IRS-1KO
mice exhibited insulin resistance that is associated with
increased expression of IRS-2 protein in beta cells and
supports the possibility of the role in beta-cell compen-
sation for insulin resistance.” Furthermore, in vitro beta-
cell proliferation assays demonstrated that serum-
induced beta-cell proliferation is indeed associated with
increased tyrosine phosphorylation of IRS-2 and PI3K
recruitment to IRS-2; this is comparable to the observa-
tions in IRS-2 knockout mouse where beta-cell mass is
markedly reduced.” Consistently, mouse islets lacking
IRS-1 and IRS-1-deficient beta-cell lines exhibited
marked insulin secretory defects in response to a glucose
challenge; " this is consistent with the findings from mice
beta cells that lack active Akt.”

Recently, the effect of IRS-2 on beta-cell growth was
verified using a transplantation approach where the host
insulin-resistance is isolated from islet function.* In these
studies, islets isolated from wild-type (WT) mice were
transplanted into WT or insulin-resistant IRS-1KO males
under the kidney capsule. The beta-cell proliferation rate
(by 5-bromo-2-deoxyuridine [BrdU] assay) in the trans-
planted islets of insulin resistant IRS-1KO recipients was
significantly increased compared with WT recipients. In
addition, beta-cell apoptosis using a rhodamine deoxy-
ribonucleic acid (DNA) fragmentation detection assay
(terminal deoxyribotransferase [TdT]-UTP nick end
labelling [TUNEL] assay) was dramatically reduced in
the grafts of IRS-1KO recipients compared with WT
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recipients. These changes were associated with a
substantial increase in IRS-2 expression and an
enhancement of cytosolic forkhead transcription
factor (FoxO1) in the islets transplanted into IRS-
1KO mice, as well as in endogenous islets from IRS-
1KOs; this indicates that under peripheral insulin-
resistant conditions, the transplanted islets undergo
a compensatory process with the enhanced insulin/
IRS-2/Akt pathway.” These in vivo findings suggest
that insulin exerts trophic effects on the beta cell
through an IRS-2 mediated signalling pathway. This
is consistent with recent in vitro data from a study
by Lingohr et al,” demonstrating that expression
levels of IRS-2 are regulated by glucose and insulin
that in turn control beta-cell survival via modulating
Akt kinase activities.

Intra-islet insulin resistance
and onset of diabetes

In T2DM, the occurrence of peripheral insulin
resistance precedes beta-cell dysfunction. It is inter-
esting to speculate whether the reduction of
responsiveness in beta cells due to impaired insulin
signalling may lead to beta-cell dysfunction and
incompetence in the compensation for increased
demand and, consequently, diabetic hyperglycemia.
In collaboration with the Hu laboratory at Fudan
University of Shanghai, we studied the diabetic type
Otsuka Long-Evans Tokushima fatty (OLETF) rat
model to support this notion. OLETF rats lack a
functional cholecystokinin-A receptor and, as a
result, exhibit hyperphagia, obesity, insulin resist-
ance, and simultaneously develop diabetic hyper-
glycemia at 25 weeks of age (Table 1)’** During a
course of feeding, the adaptation of the beta-cell
mass and insulin signalling in the beta cells as a
response to the progression of insulin resistance was
determined. It was found that at the onset of dia-
betes, the expression of IRS-1 and IRS-2 proteins
were significantly decreased.”” Remarkably, at the
onset of diabetes, despite the pancreatic islet and
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beta-cell hyperplasia exhibited by the OLETF rats,
the relative beta-cell insulin content was decreased.
In addition, immunohistochemistry demonstrated
that at the onset of diabetes, despite elevated beta-
cell numbers, the rate of beta-cell apoptosis was sig-
nificantly increased; this was associated with a reduc-
tion in phosphorylated-Akt kinase. These findings
indicate that impaired insulin/IRS/Akt signalling
pathways contribute to beta-cell dysfunction and
development of diabetes (Figure 1). Interestingly, the
increased beta-cell mass seen at the onset of diabetes
in OLETF rats may represent a compensatory
mechanism of the beta cells in response to impaired
insulin signalling (beta-cell insulin resistance), in
addition to peripheral insulin resistance. At this stage,
it is conceivable that, although the beta cells are
functioning at maximum capacity, they are not able
to make enough insulin to fully compensate for

peripheral insulin resistance resulting in the onset of
frank diabetes.”

Impaired autocrine insulin action and
beta-cell dysfunction

Insulin was once thought to act as a negative
regulator of beta cells in insulin synthesis and secre-
tion; however, it has recently been demonstrated
that secreted insulin acts directly on beta cells via its
own receptor to promote beta-cell growth and
survival,”" and secretion.” Such autocrine insulin
action also exerts stimulatory effects on insulin gene
expression and insulin synthesis at both transcrip-
tional and translational levels.””* This autocrine
pathway may also regulate the glucose sensing/
utilization as impaired insulin signalling in the beta
cells affect insulin secretion.” Therefore, the
autocrine insulin action appears to be an important
mechanism of beta-cell compensatory machinery,
allowing a dynamic modelling of beta-cell mass in
response to demands for insulin. Recent studies by
Johnson et al’’” demonstrated that exogenous low-
nanomolar concentrations of insulin (0.2-20 nM)
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completely prevented apoptosis of mouse and
human islets induced by serum withdrawal, sug-
gesting that physiological concentrations of insulin
are antiapoptotic and that insulin signalling is self-
limiting in islets.” The beneficial effect of insulin on
pancreatic beta cells is likely mediated through
nuclear localization of the homeobox transcription
factor, Pdx1.”*® Furthermore, insulin not only
prevents beta-cell death during high-metabolic
demand, but also during oxidative stress. Insulin
inhibition of islet beta cells under oxidative stress is
mediated by the activation of PI3K/Akt signalling
pathway The autocrine role of insulin in pro-
tecting islet beta cells has been further supported in
the studies by Paraskevas et al,* demonstrating that
cytokine-induced beta-cell death could be rescued
by exogenous insulin in isolated islets from canine
and cadaveric human pancreata.

Importantly, insulin as a physiological sup-
pressor of glucagon secretion represents an impor-
tant physiological process, since excessive secretion
of glucagon from alpha cells is a major cause of dia-
betic hyperglycemia. The paracrine insulin action
on alpha-cell secretion appears to be the cellular
mechanism underlying insulin-suppressed glucagon
secretion in the body."*®' Defects in intra-islet
insulin signalling, which is referred to as alpha-cell
insulin resistance, appears to contribute to hyper-
glucagonemia and hyperglycemia in patients with
diabetes® This action complements insulin resis-
tance in pancreatic beta cells that may cause the
development of diabetic hyperglycemia™ It is
possible that the occurrence of insulin resistance in
islet beta cells diminishes autocrine insulin action
and may be a cause of beta-cell incompetence in
compensating for peripheral insulin resistance, due
to increased beta-cell death and reduced insulin
content.”

Conclusion

Insulin plays an important role in regulating
islet beta-cell mass and function. Adaptation of
appropriate beta-cell mass and insulin output is a
critical mechanism to accommodate the demand
for insulin and maintain blood-glucose levels
within a normal physiological range. Insulin pro-
motes beta-cell growth, insulin gene expression,
and insulin production and secretion. The auto-
crine insulin action on beta cells appears to be
critical for the maintenance of normal beta-cell
function; as a result, impaired insulin signalling in
the beta cells may lead to beta-cell dysfunction due
to increased apoptosis and disrupted insulin syn-
thesis and secretion. Given that the development
of diabetes is associated with increased beta-cell
apoptosis and a decline in insulin signalling, it is
possible that a therapy involving beta-cell rediffer-
entiation® and targeting the insulin-signalling
pathway may be an effective alternative.”
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