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Diabetes is associated with defective f§ cell function and altered f cell mass. The mechanisms regulating 3
cell mass and its adaptation to insulin resistance are unknown. It is unclear whether compensatory f3 cell
hyperplasia is achieved via proliferation of existing [ cells or neogenesis from progenitor cells embedded in
duct epithelia. We have used transgenic mice expressing a mutant form of the forkbead-O1 transcription factor
(FoxO1) in both pancreatic ductal and endocrine f3 cells to assess the contribution of these 2 compartments
to islet expansion. We show that the mutant FoxO1 transgene prevents 3 cell replication in 2 models of 3 cell
hyperplasia, 1 due to peripheral insulin resistance (Insulin receptor transgenic knockouts) and 1 due to ectopic
local expression of IGF2 (Elastase-IGF2 transgenics), without affecting insulin secretion. In contrast, we failed
to detect a specific effect of the FoxO1 transgene on the number of periductal f§ cells. We propose that {3 cell
compensation to insulin resistance is a proliferative response of existing 3 cells to growth factor signaling and

requires FoxO1 nuclear exclusion.

Introduction

The mechanisms regulating f§ cell compensation to insulin resis-
tance and their eventual failure in type 2 diabetes are incom-
pletely understood (1). B cells arise from neurogenin 3-express-
ing endocrine progenitor cells during embryogenesis (2, 3) and
are renewed by replication during adult life (4). Uncertainty
persists as to the role of neogenesis, i.e., the generation of endo-
crine cells from undifferentiated or partially differentiated pre-
cursors, in the maintenance of B cell mass in the adult pancreas
(S). While the presence of hormone-positive cells within or near
pancreatic ducts has been taken as evidence that duct epithelia
are sites of 3 cell neogenesis (6), this conclusion is not supported
by lineage-tracing studies (7). It is unclear whether proliferation
or neogenesis governs  cell hyperplasia in insulin-resistant
states and what drives expansion of § cell mass. Many growth
factors can increase f cell proliferation (8-10), but there is no
evidence that the metabolic syndrome increases systemic growth
factor levels. Similarly, although both glucose (11) and free fatty
acids (12) can promote f3 cell proliferation, the increase of § cell
mass in mouse models of insulin resistance precedes the onset
of these metabolic changes.

Studies of mice with targeted gene mutations indicate that the
insulin signaling pathway regulates several aspects of pancreatic
B cell function, including hormone secretion and proliferation
(13). For example, mice lacking insulin receptor (Insr) (14), Igf1
receptor (15, 16), or Insr substrate 1 (Irs1) (17) show impaired
insulin secretion while mice nullizygous for Insr substrate 2 (Irs2)
develop f cell failure due to decreased proliferation/increased
apoptosis (18, 19). Ablation of the regulatory subunit (p85) of
phosphoinositol-3 kinase results in constitutive insulin secretion
(20) while overexpression of constitutively active Akt causes f3 cell

Nonstandard abbreviations used: Foxo, forkhead-O transcription factor; Insr, insu-
lin receptor; Irs1, insulin receptor substrate 1.
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hyperplasia but does not affect basal insulin secretion (21, 22).
The forkhead-O (FoxO) subfamily of transcription factors plays
an important role in insulin action. We have shown that FoxO1
haploinsufficiency reverses (3 cell failure in Irs27~ mice through
partial restoration of § cell proliferation, positioning FoxO1 as
a key distal mediator of Insr signaling in f cells (23). The ability
of FoxO1 to restore 3 cell mass in Irs27/~ mice is associated with
increased expression of Pdx1, a critical regulator of § cell surviv-
al (24), suggesting that FoxO1 is a repressor of Pdx1 expression.
We have further shown that transgenic expression of constitu-
tively nuclear FoxO1 in liver causes impaired fasting glucose by
increasing expression of glucogenic enzymes, as does combined
expression of the transgene in liver and f cells (25). The meta-
bolic consequences of expressing the mutant FoxO1 in f§ cells
remain poorly defined, as does the role of FoxO1 in f cell adapta-
tion to insulin resistance.

In this study, we used transgenic mice expressing a constitu-
tively nuclear FoxO1 (25) to examine the mechanism of f3 cell
adaptation to insulin resistance. We summarize the features
of the mouse strains at the beginning of Results. Using experi-
mental crosses between FoxO1 transgenic mice (25) and Insr
transgenic knockouts (26), we show that constitutive nuclear
expression of FoxO1 in B cells prevents 3 cell hyperplasia and
accelerates the onset of diabetes, despite a compensatory increase
in insulin secretion. To rule out that the observed failure of
cell proliferation is due to the complex genetic makeup of the
FoxO1/Insr double-transgenic mice (26), we also studied the
effects of the FoxO1 transgene in a model of “pure” § cell hyper-
plasia, brought about by ectopic expression of IGF2 (referred to
as EI-IGF2 mice). Similar to FoxO1/Insr mice, FoxO1/El-IGF2
double-transgenic mice showed impaired expansion of f cell
mass. When viewed in the context of previous work with FoxO1
haploinsufficient mice (23), the data indicate that FoxO1 signal-
ing is an integral part of the f cell response to insulin resistance.
The latter, in turn, appears to consist primarily of proliferation
of existing f3 cells.
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Table 1
Experimental crosses

Strain Derivation Metabolic phenotype
L1 Insr7-rescued by Ttr-Insr Hyperinsulinemia,
transgene expressed in euglycemia
liver, brain, and g cells
307 Fox01525%A transgene Impaired fasting
expressed in liver glucose
305 Fox(Q15253 transgene Impaired fasting
expressed in f cells, liver glucose
L1 x 307 This study This study
L1 x 305 This study This study
IGF2 This study This study
IGF2 x 305 This study Hyperinsulinemia,
euglycemia

Sites of insulin resistance Expected outcome p cell mass?
Muscle, fat N/A x2-3
Liver N/A Normal
B cells (?), liver N/A Normal
Muscle, fat, liver Diabetes with x2-3
B cell hyperplasia
Muscle, fat, liver, p cells Diabetes with {3 cell failure x1.6

Not present
None

B cell hyperplasia x3
Reduced B cell mass x0.6

L1 mice are Insr transgenic knockouts in which Insr expression is limited to liver, brain, and f cells. They are insulin resistant and nondiabetic. The 307
mice express a constitutively active FoxO1 transgene in liver while 305 mice express a constitutively active FoxO1 transgene in f cells and liver. They have
mild fasting hyperglycemia and modest hyperinsulinemia. When L1 and 307 mice are intercrossed, the expectation is that the FoxO1 transgene will impair
hepatic insulin action and cause further insulin resistance and diabetes. When L1 and 305 mice are intercrossed, the expectation is that the FoxO1 trans-
gene will impair both hepatic insulin action and f cell compensation. When IGF2 mice and 305 mice are intercrossed, the expectation is that {3 cell mass will
decrease but, because there is no additional metabolic impairment, mice will be euglycemic. AFold increase in mg.

Results

To study the mechanism of compensatory 8 cell mass expan-
sion in insulin resistance, we generated diabetic mice with muta-
tions affecting insulin signaling and 8 cell replication. In the
first experimental cross, we intercrossed Insr transgenic knock-
out mice, in which Insr is expressed only in liver, brain, and f
cells (henceforth, L1) (26), with transgenic mice expressing a
constitutively nuclear FoxO1 in liver (henceforth, 307) (25).
The mutation replaces a key phosphorylation site (Ser253Ala),
thereby preventing phosphorylation-dependent nuclear exclu-
sion (25). The expectation was that the FoxO1 transgene would
impair insulin action in liver and cause a compensatory increase
in f3 cell mass (Table 1).

In the second experimental cross, we intercrossed L1 mice with
transgenics expressing constitutively nuclear FoxO1 in 3 cells, pan-
creatic ducts, and liver (henceforth, 305). The expectation here was
that, in addition to impairing liver insulin action, expression of the
mutant FoxO1 in f cells would curtail expansion of §§ cell mass by
preventing [} cell replication (Table 1). The mutant transgene is not
expressed in the exocrine compartment (25).

Figure 1 summarizes expression patterns of Insr and FoxO1
transgenes in the 3 mouse strains. We detected Insr in liver and
brain, but not in muscle extracts from L1 mice. As negative con-
trols, we show liver extracts from Insr/~ mice and brain or muscle
extracts from L2 transgenic knockout mice, which express Insr
only in liver and B cells (26) (Figure 1A). The mutant FoxO1
transgene was tagged with a c-Myc epitope to distinguish it
from the endogenous protein (25). We detected expression of
the c-Myc-FoxO1 fusion protein by immunoprecipitation with
anti-c-Myc antiserum followed by immunoblotting with anti-
FoxO1 antiserum in liver of lines 307 and 305, but not in WT
mice (Figure 1B). We also detected expression of c-Myc-FoxO1
fusion protein in f cells of 305 mice, but not 307 or WT mice,
by immunohistochemistry of pancreatic sections (25). It should
be noted that the transthyretin-driven transgene is expressed in
approximately 80% of all § cells (Figure 1C).
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Early-onset diabetes in double-mutant mice. Transgenic mice carry-
ing the various mutations were born with the expected Mendelian
frequency. At 2 weeks of age, all mutants showed an approximately
20% decrease in body weight compared with WT mice (Table 2).
Metabolic analyses indicated that mean glucose levels of single
and double transgenics did not differ from WT mice. However,
approximately 14% of L1/307 and approximately 27% of L1/305
double-transgenic mice had glucose levels in the diabetic range
(>200 mg/dl) (Figure 2A). L1 mice showed a 7-fold increase in
insulin levels compared with WT mice (Figure 2B) (26). The 307
and 305 mice had insulin levels similar to WT mice. In contrast,
both double mutants showed hyperinsulinemia. L1/307 had the
same levels as L1 mice whereas L1/305 mice had approximately
55% lower levels than L1 mice. It should be noted that mean glu-
cose levels and percentage of diabetic mice were higher in L1/305
than in L1/307 mice. Therefore, L1/305 mice have a more severe
metabolic derangement than L1/307 mice. We also measured f3
cell mass using immunohistochemistry on pancreatic sections.
We failed to detect significant differences among the various gen-
otypes (Figure 2C). However, since the mutant mice are growth
retarded, one would predict that, in order to achieve the same 3
cell mass as WT mice, {3 cell replication rates should be increased.
Indeed, when we measured proliferation as the percentage of Ki67-
positive 3 cells, we detected an approximately 2-fold increase in all
mutant mice (Figure 2D).

At 8 weeks of age, both L1/307 and L1/305 mice had developed
overt diabetes whereas 307 and 305 mice showed slight increases
in glucose levels (25) (Figure 3A). Most of the double-mutant
mice succumbed to diabetes between 4 and 12 months of age.
Therefore, to avoid the confounding effects of chronic hyper-
glycemia, we carried out metabolic measurements in 8-week-old
mice. L1 mice showed a 25-fold increase in insulin levels with
normal glucose levels, indicative of a state of compensated insu-
lin resistance. L1/307 and L1/305 mice had greater than 50-fold
higher insulin levels than WT mice, but this increase failed to
prevent diabetes (Figure 3B).
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We have previously shown that L1 mice have normal hepatic
insulin signaling and gene expression (26) while 307 and 305
mice have increased levels of gluconeogenic genes (25). Measure-
ments of hepatic insulin signaling and gene expression in double-
mutant mice L1/305 and L1/307 showed the expected metabolic
abnormalities, with increased expression of glucogenetic enzymes
(Pck1 and G6pc) accompanied by normal Insr content and phos-
phorylation (data not shown).

Expression of the FoxO1 transgene in 3 cells prevents expansion of 3
cell mass. We next examined islet morphology (Figure 4, A and B)
and P cell mass (Figure 4C) in 8-week-old mice. L1 mice showed
a 2.4-fold increase in f cell mass whereas neither 307 nor 305
transgenics showed significant differences compared with WT
mice. L1/307 double transgenics showed a 3.4-fold increase in
B cell mass while L1/305 mice
showed a 60% increase compared
with WT but an approximately
65% decrease compared with sin-
gle L1 transgenics (Figure 4C).
These data are consistent with the
hypothesis that hepatic expression
of the FoxO1 transgene causes

307

305

305

Table 2

WT (n=13)
9.3+0.5

L1(n=10)
74+08
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Figure 1

Detection of c-Myc—FoxO1 fusion proteins. (A) Insr Western blot. We
detected Insr by Western blotting of liver, brain, and muscle extracts
of WT mice. L1 mice express Insr in liver and brain, but not muscle.
Insr-- mice do not express Insr in liver while L2 mice are Insr trans-
genic knockouts with Insr expression limited to liver and f cells (26).
(B) FoxO1 Western blot. We performed immunoprecipitations with
anti—c-Myc antiserum and Western blotting with anti-FoxO1 antiserum
(upper panel). As a control, we show immunoblotting with anti-FoxO1
(middle panel) and antitubulin antisera (lower panel). (C) Pancreatic
immunohistochemistry. We performed immunostaining of pancreatic
sections from WT, 307, and 305 mice with anti-c-Myc antiserum to
detect transgene-encoded FoxO1 (left panels, red). DNA counterstain-
ing with DAPI is shown in right panels. We show representative sec-
tions to illustrate the difference between transgene-positive and trans-
gene-negative cells, indicated by the yellow arrows. Magnification, x40
(top 3 rows); x100 (bottom row).

diabetes by augmenting insulin resistance while 3 cell expres-
sion of the FoxO1 transgene does so by curtailing expansion of
f cell mass. The relative increase of f cell mass in L1/305 com-
pared with WT or 305 mice (Figure 4C) can be accounted for by
increased replication of the 20% of f§ cells that do not express the
FoxOl1 transgene (Figure 1C).

To examine why f cell mass failed to increase in L1/305 mice, we
measured rates of § cell proliferation and apoptosis. Only occa-
sional apoptotic cells (<0.001% of 8 cells) were present in all mice
analyzed, and we did not detect differences among the various
genotypes. Proliferating 3 cells, as measured by Ki67 incorpora-
tion, were rare in WT, 307, L1, and L1/307 mice (<0.01% of 3 cells)
but were completely absent in 305 and L1/305 mice, indicating
that proliferation was effectively prevented by the FoxO1 trans-
gene. It should be noted that, although L1/305 mice had smaller
B cell mass than L1/307 mice, their circulating insulin levels were
similar, suggesting that they compensated for peripheral insulin
resistance by increasing insulin secretion. These data indicate that,
while the FoxO1 transgene inhibits 3 cell proliferation, it does not
adversely affect insulin secretion. Indeed, we have recently reported
that FoxO1 promotes expression of the insulin gene transcription
factors NeuroD and MafA (27).

Effects of the FoxO1 transgene on 3 cell neogenesis. There is continuing
controversy on the role of neogenesis versus proliferation in 3 cell
turnover (4). We explored this issue in our experimental crosses.
The rationale was that, since the FoxO1 transgene is expressed
from the transthyretin promoter, it should affect proliferation
not only of terminally differentiated § cells but also of duct cells,
a site of transthyretin expression (28). We obtained 2 surrogate
measures of  cell “neogenesis” by counting f3 cell singlets/dou-
blets and 3 cells abutting the lumen of pancreatic ducts (4,21, 22).
While neither measure can be unequivocally assumed to represent
neogenesis, certain testable predictions can be made.

If singlets/doublets arise from undifferentiated progenitors in
response to insulin resistance, their number should increase in

Body weights of 2-week-old mice

307 (n=10)
6.1+0.58

305 (n=28)
7.7 £047

L1/307 (n=7)
7.4+ 0.4

L1/305 (n=11)
7.3+0.44

Weights are expressed in grams. AP < 0.01 versus WT. BP < 0.01 versus WT, 305, L1/305, and L1/307.
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L1/305 transgenics to compensate for the failure to increase f3
cell mass through replication because the FoxO1 transgene is
not expressed in progenitor cells. If they arise from replication,
their number should decrease in L1/305 transgenics in propor-
tion to the overall decrease in 3 cell mass because the FoxO1
transgene prevents their replication. Indeed, the number of
singlets/doublets remained constant throughout the various
genotypes, except in L1/305 double mutants. The latter showed
a 65% decrease compared with WT mice and a 55% decrease com-
pared with L1 mice (Figure SA). These data are consistent with
the notion that f§ cell singlets/doublets arise from replication of
existing 3 cells (4).

With respect to the ductal origin of f cells, the prediction was
that, if duct epithelia are a site of § cell neogenesis, the num-
ber of periductal § cells should decrease in mice expressing the
FoxOl1 transgene, as the ductal promoter-driven transgene will
curtail expansion of this cell population. If  cells arise from
other cell types, residing by happenstance in proximity to ducts,
their number should increase to compensate for peripheral insu-
lin resistance. In L1 mice, despite the increase in f§ cell mass, we
failed to detect an increase in the number of duct-associated f3
cells. Unexpectedly, we saw a decrease in 307 mice, which, how-
ever, do not express the mutant transgene in ducts (25). The 305
transgenics had numbers similar to those of WT and L1 mice.
Both L1/307 and L1/30S5 transgenics showed a decrease in peri-
ductal B cells compared with L1 mice (Figure SB). As a control,
we measured overall proliferation rates in pancreatic ducts and
detected no differences among the various genotypes (Figure SC).
The decrease of periductal f cells in L1/305 could be construed
as consistent with the ductal cell hypothesis. However, because
a similar decrease was present in L1/307 mice, which do not
express the transgene in ducts, this finding cannot be attributed
solely to the effects of the FoxO1 transgene. The conclusion of
these experiments is that the reduction of §§ cell mass in L1/305
transgenics is largely, if not exclusively, due to impaired {3 cell
replication in adult mice. If there is a contribution from extra-
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Figure 2

Metabolic data in 2-week-old mice. We measured glucose (A) and
insulin levels (B) in random-fed mice. (C) p cell mass. We deter-
mined the percentage of the area of pancreas occupied by f cells on
pancreatic sections stained with anti-insulin antiserum. We scored at
least 3 animals per genotype and 4 sections per animal spaced 80 um
apart. We then determined f cell mass by multiplying the area for
pancreatic weight. (D) We measured the percentage of Ki67-positive
cells (Ki67-labeling index) in 3 sections for each of 3 animals per
genotype. *P < 0.05 versus WT.

islet B cells (ductal or otherwise), it is quantitatively small. Our
data also caution against a quantitative interpretation of peri-
ductal B cells until more specific lineage markers are employed
to address this question.

A paracrine mechanism of B cell expansion. The failure to increase
B cell mass in L1/305 transgenics may be due to the complex
genetic makeup of these mice, which lack Insr in many cell types
(26). To obtain independent evidence for the role of f cell pro-
liferation in insulin-resistant states, we developed a model of
cell hyperplasia by ectopic growth factor expression in the pan-
creas. To this end, we generated elastase-IGF2 transgenic mice
(henceforth, EI-IGF2) (29). We chose IGF2 because it binds with
equal affinity to the 2 receptors of the insulin/IGF family, Insr
and Igf1 receptor (30). Moreover, since IGF2 is not expressed in
adult rodents (31), changes in IGF2 levels are readily detectable.
The elastase promoter was chosen because it is expressed in exo-
crine pancreas and ducts, thus enabling transgenically produced
IGF2 to act in a paracrine fashion on f cells in view of the ana-
tomical contiguity of the exocrine/duct and endocrine compart-
ments (32). EI-IGF2 transgenic mice showed elevated IGF2 levels
in whole pancreas extracts (Figure 6, A and B) without detect-
able circulating IGF2 in plasma (data not shown). Four-week-old
El-IGF2 mice had a slight decrease in glucose levels and a 2-fold
increase in insulin levels, associated with a 2-fold increase in Ki67
labeling of § cells (Figure 6, C-E). Total pancreas weight (Figure 6F)
and B cell mass (Figure 6G) were similar to WT mice at this age. In
age-matched EI-IGF2/305 mice, we observed whole-pancreas IGF2
(Figure 6, A and B), plasma glucose, and insulin levels similar to
those of EI-IGF2 mice (Figure 6, C and D). In contrast, we detect-
ed trends toward decreased Ki67-positive (3 cells (Figure 6E) and
B cell mass (Figure 6G), with normal pancreas weight (Figure 6F).
Because the EI-IGF2/305 mice do not develop diabetes, we could
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Figure 3

Metabolic data in 2-month-old mice. We measured glucose (A) and
insulin levels (B) in random-fed 2-month-old mice. *P < 0.01 versus
WT, 305, and 307.
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Pancreatic histology and morphometry. (A) Insulin immunohistochemistry. (B) Glucagon immunohistochemistry. Magnification, x10 (top panels); x40
(bottom panels). (C) Measurements of § cell mass. We determined p cell mass as indicated in Methods, following immunohistochemistry with anti-
insulin antiserum. We scored at least 3 animals per genotype and 4 sections per animal spaced 80 um apart. “*P < 0.01 versus WT, 305, and 307.

also measure the long-term effects of the FoxO1 transgene in
6-month-old animals (Figure 7). At this age, we observed normal
glucose levels across all genotypes and only modest increases of
insulin levels (<2-fold) in all transgenics. B cell mass increased
approximately 2-fold in EI-IGF2 mice but decreased approxi-
mately 30% in 305 mice and approximately 40% in EI-IGF2/305
double-transgenic mice.

Discussion

The goal of this work was to analyze the mechanism(s) of 3 cell
hyperplasia in insulin-resistant states. To this end, we generated
transgenic models of combined insulin resistance and 3 cell failure
by introducing mutations that affect insulin signaling in periph-
eral tissues and f cells of mice. Our findings indicate that expan-
sion of B cell mass in response to insulin resistance requires FoxO1
nuclear exclusion in 3 cells and is therefore primarily a mitotic
response of terminally differentiated cells, as opposed to de novo
differentiation of progenitor cells. In addition, we show that §
cell hyperplasia can occur in response to locally acting growth
factors via a paracrine mechanism. The present data cast FoxO1
as a key mediator of B cell proliferation, but we should note that
nuclear exclusion of FoxO1 is necessary but not sufficient for §
cell replication. In fact, FoxO1 can be physiologically detected in
the cytoplasm of nondividing p cells (23), indicating that addi-
tional triggers are required to promote {3 cell mitosis. Similarly,

The Journal of Clinical Investigation

it should be emphasized that the role of the FoxO1 transgene to
prevent expansion f cell mass appears to reflect an effect on f cell
turnover in adult mice and not during early life, when f cell-pro-
liferation rates are unaffected by the mutant FoxO1 protein. This
observation could be due to late onset of transgene expression or
to compensatory hyperproliferation of the transgene-negative 3
cell subpopulation, potentially reflecting the first wave of post-
natal  cell growth described in rodents (33). Nonetheless, when
these observations are viewed in the context of prior work showing
that FoxO1 haploinsufficiency partially restores f cell prolifera-
tion in Irs2 knockout mice (23), they begin to outline an important
role for FoxO1 in f cell turnover.

The relationship between insulin sensitivity and f cell com-
pensation has been the object of extensive investigation. Data
in humans and rodents indicate that there exists a negative cor-
relation between insulin sensitivity and insulin secretion (13).
But why does increased insulin secretion cause an expansion of
B cell mass? There are several mutually compatible possibilities.
The B cell may possess a sensing mechanism to promote mito-
sis if insulin secretion exceeds a certain threshold, or insulin
resistance could promote the generation of humoral mediators
of B cell proliferation (34). A less circuitous explanation is that
secreted insulin acts as a 3 cell proliferation factor (13). This is
consistent with the observation that disruption of insulin signal-
ing, for example, in Irs2 knockouts, affects 3 cell mass (18, 19).

http://www.jci.org 5
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Measurements of § cell singlets/doublets and ductal § cells. (A) We measured the number of extra-islet  cell singlets and doublets and normalized
the number by the area of pancreas examined. At least 4 independent sections were scored for each of 3 animals of each genotype. *P < 0.01 ver-
sus WT. (B) For measurements of duct-associated f cells, we scored insulin-positive cells that could be unequivocally located within the lumen of
a pancreatic duct and were not part of an islet. The number was normalized by section area. At least 4 independent sections were scored for each
of 3 animals of each genotype. *P < 0.01 versus WT, 305, and 307. (C) Duct cell proliferation. We determined the Ki67-labeling index of duct cells,
identified based on their anatomical location. We scored 6 mice per genotype and 3 sections for each animal.

It has been argued that this mechanism cannot explain the
human islet's adaptation to insulin resistance because individu-
als with mutations that affect insulin signaling (for example,
patients with Donohue syndrome, or leprechaunism, a rare syn-
drome caused by INSR mutations) have exceedingly high plasma
insulin levels (35). However, it should be noted that insulin at
high concentrations can activate the cognate IGF1 receptor,
and we have shown that the 2 receptors play overlapping roles
in organismal growth (36, 37). Therefore, islet compensation
could be mediated by IGF1 receptors, as are other side effects
of extreme insulin resistance in humans (35). Regardless of
whether human and rodent islets respond in similar or diverg-
ing fashions to insulin resistance, the data in IGF2 transgenic
mice provide proof of principle that §§ cell hyperplasia could
occur as a response to an alteration of the local environment, in
the absence of systemic metabolic changes.

From where do 3 cells arise in adult life? Lineage tracing stud-
ies, using the insulin promoter (4), and the present work, using
the transthyretin promoter, support the view that §§ cell mass is
controlled via replication rather than de novo differentiation.
A similar conclusion is supported by studies of physiologic islet
turnover in cyclin D (38) and E2F1 knockouts (39, 40), both of
which affect cell-cycle progression and are in the FoxO1 path-
way (41-43). When compared with these prior findings, there
are 3 aspects to the present work that we believe are new. First,
we have studied f cell hyperplasia associated with insulin-resis-
tant states, as opposed to physiologic f cell turnover. Second,
unlike most other studies in this field, which have used the
Insulin2 promoter to drive expression of reporter genes, we have
used the transthyretin promoter to provide independent evi-
dence that replication is a feature of terminally differentiated
B cells. Finally, the use of the transthyretin promoter to drive
FoxO1 expression has also enabled us to address whether there
is a contribution from transthyretin-expressing duct epithelia
to the process of 3 cell compensation to insulin resistance. The
data in this respect are equivocal since a decrease in periductal
B cells is observed both in L1/305 mice and L1/307 mice, which
do not express the FoxO1 transgene in ductal cells and have
otherwise robust § cell compensation. Our data do not rule

6 The Journal of Clinical Investigation

out the presence of progenitor endocrine cells in the postnatal
pancreas, nor do they imply that these cells are unimportant,
since even a rare population could potentially be expanded in
vitro to produce a permanent source of 3 cells for transplanta-
tion. Indeed, the identification of these endocrine progenitors
remains an important goal of diabetes research.

Methods

Animal production and phenotypic analysis. The Columbia University Institu-
tional Animal Care and Utilization Committee approved all procedures.
We have described L1 (26), 307, and 305 mice (25) in previous publica-
tions. The animals were maintained on a mixed background derived from
129/sv, C57BL/6], and FVB mice. We measured glucose and insulin as
described previously (44). We genotyped animals using PCR on tail DNA
as described (25, 26). To generate transgenic mice expressing IGF2 in the
exocrine pancreas (IGF2), we cloned the IGF2 cDNA downstream from
the 500-bp human Elastase promoter (29). We identified transgenic mice
using PCR genotyping with the following primers: forward, 5" TAACT-
GAGTGCCGGCCTTGTTCTG-3' (sequence from the elastase promoter);
and reverse, 5'“TGAGAAGCACCAACATCGACTTCC-3' (sequence from
Igf2 cDNA). These primers amplify a 279-bp product.

Western analysis. We prepared nuclear extracts from liver as described
previously (25). We immunoprecipitated equal amounts of liver extracts
with antibody against c-Myc (9E10; Santa Cruz Biotechnology Inc.),
resolved the immunoprecipitants on 8% SDS-PAGE, and transferred to
nitrocellulose membrane (Protoran; Schleicher & Schuell BioScience
Inc.). We probed the membranes with anti-FoxO1 antibody (H128; Santa
Cruz Biotechnology Inc.) at a 1:200 dilution, followed by detection with
horseradish peroxidase-coupled anti-rabbit IgG (Amersham Pharmacia
Biotech) ata 1:5,000 dilution using the ECL detection system (Amersham
Pharmacia Biotech). For detection of endogenous and transgene-encoded
FoxO1, we resolved equal amounts of liver extracts by 8% SDS-PAGE and
transferred them to nitrocellulose membranes. We detected FoxO1 pro-
teins as described above. To normalize for protein content, we stripped the
filters and reprobed them with anti-B-tubulin antibody (TU27; CRP Inc.)
at a 1:1,000 dilution, followed by detection with anti-mouse IgG antise-
rum (Amersham Pharmacia Biotech) and ECL.

Immunobistochemical analysis of pancreatic islets. We isolated and weighed

pancreata and then fixed them overnight in 2% paraformaldehyde solu-
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IGF2 levels and metabolic data in 4-week-old mice. (A) We measured mean + SEM IGF2 levels using an ELISA assay in acid-ethanol extracts
from whole pancreata. *P < 0.01 versus WT and 305. (B) IGF2 levels in individual transgenic mice and WT controls. (C) Glucose and (D) insulin
levels in random-fed mice. (E) f cell replication. We determined the labeling index of pancreatic f§ cells by double immunohistochemistry with anti-
Ki67 and anti-insulin antibodies. We scored at least 3 animals per genotype and 4 sections per animal. (F) Pancreas weight in EI-IGF2, 305, and

WT mice in 6 mice for each genotype. (G) We determined f3 cell mass as indicated in Methods in 6 mice for each genotype. IGF2, EI-IGF2.

tion, embedded them in paraffin, and obtained 4-um-thick sections. We
immunostained sections for f§ and o cells using mouse anti-insulin and
anti-glucagon antibodies, respectively (Sigma-Aldrich). To detect trans-
gene-expressing f cells, we immunostained sections using anti-c-Myc anti-
body (2276; Cell Signaling Technology). We detected the antiserum using
rhodamine- and fluorescein-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories Inc.).
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Pancreatic morphometry. We analyzed 3 sections, spaced at least 80 wm apart,
of each animal using SPOT software (version 4.0.8; Diagnostic Instruments)
and Image-Pro Plus software (version 5.0.1; MediaCybernetics Inc.). We studied
4 to 6 animals of each genotype for each age investigated. We calculated {3 cell
mass by multiplying the percentage of surveyed pancreatic area occupied by §
cells by total pancreatic weight. We determined the f§ cell Ki67-labeling index by
dividing the number of Ki67-positive by the total number of § cells in at least 3
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separate sections in 3 to 6 animals for each genotype (16). For duct proliferation
analysis, we performed a similar calculation in anatomically identifiable ducts.

Measurement of IGF2 content. We prepared pancreatic extracts in 12.5%
2 N HCl, 87.5% ethanol at room temperature for 30 minutes. After cen-
trifugation, the supernatant was neutralized by addition of NaOH. We
measured IGF2 content by ELISA using the mouse IGF-II DuoSet (R&D
Systems) and total protein by BCA protein assay (Pierce Biotechnology)
according to the manufacturers’ protocols.

Statistics. We calculated descriptive statistics and ANOVA followed by
Fisher’s test using the Statsview software (SAS Institute Inc.).
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