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L
iving organisms go to extreme
lengths to maintain a constant
internal environment. A conspicu-
ous example of this is the level of

circulating metabolites, most critically
glucose, which in normal individuals is
maintained within a restricted range. Ac-
complishing this feat is not trivial, as con-
siderable variability in food intake and the
need for the generation of energy leads to
wide swings in the input and consumption
of substrates, respectively. One of the ma-
jor regulatory mechanisms controlling
blood glucose is provided by the endo-
crine system, most notably the beta cells
of the pancreas, which secrete insulin in
response to an increase in circulating nu-
trients. Insulin suppresses production of
glucose by the liver as well as accelerating
sugar uptake into muscle and adipose tis-
sue, the consequence of which is to main-
tain blood glucose in a healthy range.
However, a group of diseases that share a
defect in the ability of insulin to elicit its
appropriate biological actions can further
stress the beta cell; this increased demand
compels the endocrine pancreas to in-
crease the production of insulin in an ef-
fort to overcome its end organ resistance
(1, 2). The beta cells, like most endocrine
organs, accomplish this in two ways: in-
creasing the absolute secretion of insulin
per cell as well as expanding the total
beta cell mass (3). In this issue of PNAS,
Okada et al. (4) provide an indication of
one of the critical signaling pathways that
is necessary for compensatory beta cell
hyperplasia.

The major cell extrinsic determinants
of cell and organ growth are growth fac-
tors and nutrients. The peptides that
control beta cell mass have been a sub-
ject of considerable interest with much
of the recent focus on insulin itself and
its close relative, insulin-like growth fac-
tor 1 (IGF-1). Although it is clear that
the insulin and IGF-1 signaling are
operative in cell culture models of pan-
creatic beta cells, the consequences of
activation of each of these pathways in
vivo has generated controversy (5). Most
recent data, particularly of the genetic
type reported by Okada et al. (4), sup-
port a positive role for these pathways
in maintaining or stimulating beta cell
growth and/or function (6–9). An indica-
tion that there are important differences
between these signaling pathways is that
deletion of the insulin receptor exclusively
in the mouse beta cell (BIRKO) results in
a progressive loss of beta cell mass and

insulin content, whereas the beta cell-
specific IGF-1 receptor knockout mice
(BIGFRKO) display an insulin secretory
defect (6–9). Combined deletion of these
receptors in the beta cell results in a fur-
ther deterioration of function and mass
suggesting some degree of overlap or
compensation between the two receptor
signaling cascades (10).

In the current report, Okada et al. (4)
again delete the insulin receptor in beta
cells but now induce insulin resistance
by two different means. The first of
these models is the liver-specific insulin
receptor knockout (LIRKO) mouse,
which exhibits severe insulin resistance
but does not develop overt hyperglyce-
mia (11). This is most likely due to a
dramatic increase in pancreatic beta cell
mass. To determine whether this com-
pensatory response requires the insulin
receptor, Okada et al. generated mice
with both liver and beta cell insulin re-
ceptor deficiency (BIRKO/LIRKO). In
contrast to the LIRKO mice, which
maintain normal blood sugar until 4
weeks of age, the BIRKO/LIRKO mice
develop hyperglycemia by 2–3 weeks.
However, ablation of insulin receptor in
the liver also results in a functional de-
crease in IGF-1 action throughout the
organism. This confuses the question of
whether insulin receptor is required in
the beta cell during compensatory hy-
perplasia when there is a functional
IGF-1 response also present. To resolve
this issue, the other model of insulin
resistance Okada et al. use is diet-
induced obesity, which is not known to
alter IGF-1 signaling and is thought to
more closely mimic the common cause
of insulin resistance in humans (12). In
agreement with the BIRKO/LIRKO
mice, removal of the insulin receptor
from the beta cells prevented the in-
crease in beta cell mass in response to
high-fat diet. In contrast, mice with the
IGF-1 receptor deleted in the beta cells
expanded their beta cell mass in a man-
ner similar to wild-type mice.

One conclusion from these studies is
the striking disparity between the lack
of need for insulin or IGF-1 receptor
during development of the endocrine
pancreas and the requirement for insulin
receptor in compensatory hyperplasia.
These data provide a strong argument
against a model in which provoked pro-
liferation of adult beta cells is preceded
by ‘‘dedifferentiation’’ to a less mature
phenotype followed by a recapitulation

of normal developmental expansion.
What then is the role of the insulin re-
ceptor in the stressed adult beta cell?
Okada et al. (4) observe a correlation
between elevated insulin levels and beta
cell proliferation and suggest that the
insulin receptor itself is the primary re-
cipient of the message to divide. In sup-
port of this, they point out that LIRKO
mice eventually develop hypoglycemia
but that increased insulin and beta cell
mass persist (11). However, there re-
main a number of difficulties with the
model that autocrine production of insu-
lin provides the primary regulatory sig-
nal for beta cell expansion. First, it is
difficult to conceive of how a cell secret-
ing insulin into its immediate environs
could be geared to sense the level of the
hormone in blood (5). Second, and
more problematic, are the well estab-
lished consequences of altering blood
insulin levels independent of resistance.
For example, hyperinsulinemia, whether
by administration or insulinomas, results
in decreased beta cell mass (14, 15). In
addition, ablation of the genes that en-
code mouse insulin leads to the ex-
pected diabetes but with a marked islet
hyperplasia (15, 16). Thus, it is difficult
to imagine how simply raising insulin
levels during beta cell stress could acti-
vate compensatory hyperplasia unless
there is also a strong concomitant signal.

Nonetheless, in view of the data from
Okada et al. (4), one might postulate an
alternative requirement for insulin re-
ceptor, not as the primary determinate
of compensatory hyperplasia but in the
maintenance of an essential, permissive
pathway (Fig. 1). The notion that insulin
might provide a basal activity for certain
signaling intermediates to allow prolifer-
ation is neither implausible nor, to our
knowledge, refuted by existing data. For
example, despite the textbook assertion
of lack-of-insulin effects in the unfed
animal, the true absence or even a se-
vere reduction in insulin signaling dur-
ing fasting has profound consequences
for the organism, most notably fasting
hyperglycemia, the major diagnostic cri-
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terion for diabetes mellitus. In other
words, if some insulin signaling is re-
quired for metabolic homeostasis appar-
ently under all conditions, might the
same also be true for adult beta cell
proliferation? Perhaps this provides a
‘‘failsafe’’ mechanism, such that if per-
sistent beta cell proliferation causes a
reduction in function, then the falling
insulin levels would curb expansion and
allow the beta cells to recover.

If insulin is not the primary determi-
nant of beta cell growth, then what does
report the existence of insulin resistance
to the beta cell? Considerable evidence
supports a dominant role for glucose in
this process (15). For example, Terauchi
et al. (17) induced insulin resistance by
placing mice on a high-fat diet but used

mice heterozygous for a null mutation
in glucokinase, the canonical glucose
sensor of the beta cell. As expected,
beta cells from these mice demonstrated
a blunted insulin secretory response to
glucose but also were impaired in their
ability to proliferate in response to insu-
lin resistance. The authors posit that the
signal through glucokinase works, at
least in part, by increasing the level of
insulin receptor substrate 2 (IRS2) and
thus amplifying the insulin signaling cas-
cade. If this model is correct, it would
stand to reason that some signaling
through the insulin receptor would be
required to allow IRS2 to exert its effect.

In spite of the logic of this model, there
remains considerable resistance to the
idea that glucose is the primary signal for

beta cell growth. The rationale is that be-
cause during insulin resistance beta cell
hyperplasia often precedes measurable
hyperglycemia, increased serum glucose
cannot be the signal for growth. However,
this argument relies on the physician in-
vestigator being the equal of the beta cell
in perceiving modest alterations in blood
glucose. More likely, intermittent sam-
pling and current instruments fail to
replicate the sensitivity of the endocrine
pancreas, and metabolic abnormalities
exist long before we can detect them. This
is not to say that other adult regulators of
beta cell proliferation do not exist; how-
ever, proof of this awaits identification of
such factors.

Finally, why should we care about how
the pancreatic beta cell responds to the
stress of insulin resistance? As alluded to
above, a group of diseases characterized
by insulin resistance is increasing in preva-
lence in both Western and developing
societies at an alarming rate, largely be-
cause of the marked changes in lifestyle
and diet of the last 50 years (18). In par-
ticular, modern conveniences and the de-
cline of manual labor have reduced our
energy expenditure such that obesity is
reaching epidemic proportions. Although
the precise molecular mechanisms are still
hotly debated, increased adipose load in-
variably leads to insulin resistance and
enhanced demands on the beta cell (1).
How the endocrine pancreas responds to
such stress determines whether disease
ensues and, if so, the nature of the illness.
Should hormone secretion not keep pace
with worsening insulin resistance, the re-
sult is diabetes mellitus. In fact, a preva-
lent view asserts that the critical genetic
determinant of progression from obesity
through insulin resistance to diabetes mel-
litus is the capacity of the beta cell to
maintain enhanced insulin secretion in the
face of circulating toxins such as carbohy-
drate and lipids (1). Thus, the clear dem-
onstration of a critical role for the insulin
receptor in supporting compensatory beta
cell hyperplasia is an important step to-
ward understanding this process and
ultimately designing therapeutics to
enhance it.
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Fig. 1. Insulin resistance provokes expansion of the adult beta cell mass, probably by stimulating
proliferation of mature beta cells. In their report, Okada et al. (4) show that such compensatory
hyperplasia requires the presence of insulin receptors but not insulin-like growth factor 1 (IGF-1) receptors.
They describe two models to explain this process. In the first (Left), insulin resistance leads to an increase
in circulating glucose, which, through the carbohydrate sensor glucokinase (Gck), augments insulin
secretion from the beta cell. The insulin then acts in an autocrine/paracrine manner to activate a well
described signaling cascade through IRS2 and Akt to initiate cell growth. This process is independent of
the IGF-1 receptor. In an alternative mechanism (Right), insulin resistance also leads to an increase in
glucose as well as other unknown factors that act on the beta cell. The critical difference in this model,
however, is that insulin is not the primary initiating signal for growth but provides a permissive input to
allow response to glucose or other factors by another mechanism, possibly also dependent on Gck. Note
that in both cases, the hyperplastic response is absolutely dependent on cellular insulin but not IGF-1
receptors, as clearly shown by Okada et al.
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