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Increased insulin secretion and expansion of pancreatic β cell mass work 
together to maintain normal glucose levels when insulin resistance devel-
ops. Changes in glucose concentration have long been known to have pro-
found effects upon the rates of insulin secretion and β cell mass, but vari-
ous other agents can also cause changes, raising questions about which 
mechanisms are dominant. Evidence favoring a dominant role for glucose 
is provided by Terauchi et al. in this issue of the JCI (see the related article 
beginning on page 246). Mice haploinsufficient for β cell glucokinase (Gck) 
were unable to increase their β cell mass in response to insulin resistance 
produced by high-fat feeding. Gck is known to be the glucose sensor for 
glucose metabolism in β cells. The study also provides strong evidence that 
insulin receptor substrate 2 (Irs2), which is known to have major effects on 
β cell growth and survival, is a key downstream mediator of the effects of 
glucose found in this study.

When faced with the insulin resistance 
imposed by obesity and the sedentary life-
styles of our industrialized societies, blood 
glucose levels remain in the normal range 
thanks to precisely regulated increases of 
insulin secretion. Some of this increase is 
due to increases in pancreatic β cell mass that 
can be dramatic in rodents (1) but are more 
modest in humans. Obese humans have β 
cell masses about 50% greater than those of 
normal-weight controls, but this mean value 
does not reflect the considerable variability 
found in a large number of autopsy speci-
mens from obese individuals (2, 3). The mass 
of β cells can be increased through β cell rep-
lication, β cell hypertrophy, or formation of 
new islets through neogenesis (4). In adult 
rodents the dominant mechanism appears 
to be β cell replication, while the dominant 
mechanism in humans remains unclear.

The capacity of β cell mass to increase in 
the face of insulin resistance is very impor-
tant because it usually prevents the develop-
ment of type 2 diabetes (T2D), yet this com-
pensation fails often enough to be a major 
culprit in the current epidemic of diabetes. 

It is now accepted that β cell mass in T2D 
is about 50% of normal and that this reduc-
tion is fundamental to T2D pathogenesis 
(2). There is great interest in the mecha-
nisms of β cell expansion and maintenance, 
and the study by Terauchi and colleagues in 
this issue of the JCI highlights the impor-
tance of glucose signaling in this process 
(5). While normal mice in response to high-
fat feeding have an increase in β cell mass, 
mice haploinsufficient for β cell glucokinase 
(Gck+/– mice) do not. Gck is the key rate-
limiting enzyme in glucose metabolism in 
β cells and has been convincingly shown to 
be the glucose sensor for glucose-stimulat-
ed insulin secretion (GSIS) (6). While it has 
long been known that glucose can stimulate 
β cell replication, the role of Gck in this pro-
cess was previously not well defined.

Physiologic arguments that glucose 
is the dominant factor in β cell 
compensation for insulin resistance
There has been much debate about wheth-
er the increased insulin secretion and β 
cell mass accompanying insulin resistance 
can be explained by glucose signaling. An 
often-asked question is: How can glucose 
be the signal for increased insulin secretion 
in individuals who have “normal” glucose 
levels? It can be argued that regulation is 
so precise that changes in glucose levels 
cannot be measured, like a good thermo-
stat system, or that subtle glucose increases 
after meals or at night might be influential. 

Another possibility is that the activity of 
Gck could be enhanced and/or that hexo-
kinase expression is increased such that the 
set point for GSIS could be lowered (7, 8).

Although these hypotheses are attractive 
because control of β cell function is so dom-
inated by glucose, other possibilities must 
be considered. In a canine model of high-
fat feeding, a combination of low to normal 
fasting glucose levels and high plasma insu-
lin levels could possibly be explained by a 
stimulatory effect of high free fatty acid lev-
els on insulin secretion (9). It is instructive, 
however, that in the present Gck-deficient 
model, expansion of β cell mass did not 
occur in spite of an increase in circulating 
free fatty acids equal to that in high-fat–fed 
controls (5). Other circulating factors capa-
ble of stimulating β cell replication include 
prolactin, growth hormone, Igf1, and glu-
cagon-like peptide 1 (Glp1), but there is 
little reason to implicate these as having 
a major role in common insulin-resistant 
states. Nonetheless, various plasma factors 
are likely to have important permissive or 
contributing roles in the regulation of β cell 
mass, which are secondary to the dominant 
effects of glucose. The hypothesis that insu-
lin may serve as a paracrine or autocrine sig-
nal for growth is discussed below.

Downstream pathways of glucose 
signaling in β cells
The present work by Terauchi et al. (5) pro-
vides strong evidence that glucose signal-
ing is important for the expansion of β cell 
mass that is associated with insulin resis-
tance and shines a spotlight on Irs2, which 
has already been implicated as a key media-
tor of β cell growth and survival (10, 11).  
Two strong mediators of β cell replication, 
glucose and Glp1 (the latter acting through 
cAMP), depend upon Irs2 for their efficacy 
(12). How does glucose enhance the expres-
sion of Irs2 and then β cell replication? 
The present study, building on other work, 
provides an outline of underlying mecha-
nisms (Figure 1). Terauchi et al. (5) hypoth-
esize that impaired intracellular calcium 
responses to glucose fail to trigger cAMP-
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responsive element–binding protein (CREB) 
Ser133 phosphorylation, which would in 
turn account for the lack of change in Irs2 
levels (13). Although decreased glucose oxi-
dation in isolated islets might be expected 
to correlate with these calcium changes, no 
such relationship was found. We should 
not make too much of this lack of correla-
tion. Glucose oxidation is only one aspect 
of glucose metabolism; in vitro measure-
ment of oxidation on isolated islets may 
have missed some important signal from 
metabolism in vivo. The search for signals 
from glucose metabolism that are respon-
sible for the KATP-independent pathway of 
GSIS underscores the complexity of these 
glucose signaling mechanisms.

In addition, downstream of Irs2 is the pre-
sumed cascade of PI3K, 3-phosphoinositide–
dependent protein kinase-1 (Pdpk1), and 
PKB/Akt signaling. Downstream of PKB/
Akt, the signaling steps are less clear, but the 
finding of decreased nuclear exclusion of 
the forkhead transcription factor FoxO1 in 
the Gck+/– mice (5) seems important because 
of its previously demonstrated role in β cell 
compensation for insulin resistance (14). 
How activation of PKB and FoxO1 nuclear 
exclusion affect cell cycle mechanisms of rep-

lication is more difficult to understand, but 
clues may be provided by the finding in the 
present study that in the Gck+/– mice, expres-
sion of cyclin D2 was decreased and that of 
p15 inhibitor was increased (5).

Glucose versus insulin as a  
mediator of β cell growth
The issue of insulin versus glucose signaling 
also merits discussion. It can be argued that 
glucose exerts its effects on β cell growth by 
stimulating insulin secretion, which then 
feeds back on the β cell to promote growth. 
This is challenged by a recent report that 
demonstrated glucose stimulation of Irs2 
expression can be dissociated from insu-
lin secretion by using somatostatin, which 
inhibits the distal steps of insulin secretion 
(15). Also instructive is the observation that 
separately knocking out the insulin or Igf1 
receptors on β cells has surprisingly little 
effect upon β cell mass (16, 17). The double 
knockout of both receptors is associated with 
β cell mass that is normal at birth but then 
decreases as glucose levels increase, demon-
strating that glucose signaling alone cannot 
maintain β cell mass (18). While it is tempting 
to conclude that the ligands insulin and/or  
Igf1 are important, it is possible that loss of 

the receptors alone, even in the absence of 
the ligand, can lead to impairment of the 
insulin signaling pathways upon which glu-
cose effects depend. A mysterious, but likely 
important, finding of the present study is the 
increase in expression of the Igf1 receptor in 
the islets of high-fat–fed wild-type mice (5). 
Was this change influenced by either the 
Igf1 or insulin ligands? Perhaps not. Another 
instructive result is that a double knockout 
of the genes encoding insulin 1 and 2 in mice 
results in an increase in β cell mass at birth 
followed by death of the mice from hypergly-
cemia (19). Because insulin deficiency in the 
fetus can raise fetal blood glucose levels (20), 
and because maternal diabetes leads to fetal 
β cell expansion, it is attractive to propose 
that glucose is driving the hyperplasia in the 
absence of insulin. The primacy of glucose 
(over insulin) is also demonstrated by the 
hypoglycemia caused by insulin-producing 
tumors, which leads to marked reduction of 
β cell mass (21). Another test of the insulin 
signaling hypothesis comes from experi-
ments with global heterozygous knockouts 
of Irs1 and the insulin receptor, which result 
in severe insulin resistance and massive β 
cell hyperplasia (1). In this situation, hap-
loinsufficiency of insulin receptors on β cells 

Figure 1
The pathway from glucose metabolism to increased β cell mass through enhanced β cell replication and survival. Glucose enters the β cell via 
glucose transporter 2 (Glut2; also known as Slc2a2) and is phosphorylated to glucose-6-phosphate (G6P) by the rate-limiting enzyme of gly-
colysis, Gck. Further metabolism of glucose increases the expression of Irs2, possibly through CREB phosphorylation at residue Ser133 as a 
result of increased cytosolic calcium levels generated via voltage-dependent calcium channels (VDCCs), the ER, and mitochondria. The calcium 
effect is likely mediated by calmodulin-dependent protein kinases (CaMKs). Calcium can also increase cAMP levels in β cells. Increased Irs2 
activity can then activate a signalling cascade that leads to β cell replication (via FoxO1 nuclear exclusion) and β cell survival (via PKB/Akt). This 
pathway can be augmented by cAMP signaling through GLP1 receptors (Glp1r). The contributions of the insulin and Igf1 receptors (Insr and 
Igf1r, respectively) are likely to be permissive. P, phosphate group.
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has no discernible inhibitory effect on β cell 
expansion. Taken together, these findings 
cast doubt on the likelihood that insulin or 
Igf1 play more than a possible permissive 
role in the β cell expansion of insulin resis-
tance. Perhaps what have been called the 
insulin signaling pathways in β cells should 
be viewed as growth and survival pathways 
used by glucose, cAMP, and a variety of 
growth factors. Although we have focused 
on the obviously important Irs2/PI3K/PKB 
pathway, the complete picture of the signals 
responsible for β cell growth is no doubt far 
more complex.

The fact that this tidy reduction of Gck 
in β cells prevents β cell expansion in an 
excellent model of insulin resistance (5) 
adds great strength to the hypothesis that 
glucose is the dominant force responsible 
for this important compensatory mecha-
nism. But, as with any hypothesis, future 
rigorous challenge is awaited. Nonetheless, 
because of the importance of β cell failure 
in T2D and the power of new therapeutic 
approaches, it is essential that glucose sig-
nals involved in β cell replication in both 
health and disease be carefully defined.
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After intestinal injury, both the number and type of intestinal epithelial cells 
must be restored. Intestinal stem cells, located at the base of the intestinal 
crypt, repopulate the depleted crypt in a process known as compensatory 
proliferation. In this issue of the JCI, Brown et al. describe a new mechanism 
by which this process is regulated (see the related article beginning on page 
258). Surprisingly, they find that a subset of stromal cells present within 
the intestinal tissue and expressing the proliferative factor prostaglandin-
endoperoxidase synthase 2 (Ptgs2) is repositioned next to the intestinal stem 
cell compartment where local production of PGE2 controls injury-induced 
epithelial cell proliferation.

Most tissues of complex metazoans are 
renewable, which provides an obvious 
advantage for animals with an extended 
life span. In some tissues (for example, skin 
and intestinal epithelium), newly differ-
entiated cells simply replace damaged and 
worn-out older cells. In the immune system, 

on the other hand, continuous replacement 
of lymphocytes is needed to maintain the 
diversity of antigen receptor specificities. 
The cell turnover rates vary widely among 
different tissues, with hematopoietic and 
intestinal epithelial cells, at the extreme end 
of the spectrum, characterized by the high-
est rate of renewal of as quick as 2–3 days. 
In all cases, tissue renewal is afforded by 
the presence of adult stem cells, which can 
produce new terminally differentiated cells 
in the steady state and as part of a tissue 
repair response triggered by injury-induced 
cell loss. The proliferative state of stem cells 
must therefore be regulated by extrinsic cues 
that report the tissue status and thus adjust 
the rate of tissue renewal. The nature of these 
signals, how they are regulated, and whether 

Nonstandard abbreviations used: DSS, dextran sodi-
um sulfate; PSC, prostaglandin-expressing stromal cell; 
Ptgs2, prostaglandin-endoperoxide synthase 2.
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