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Inadequate compensatory β cell hyperplasia in insulin-resistant states triggers the development of overt diabe-
tes. The mechanisms that underlie this crucial adaptive response are not fully defined. Here we show that the 
compensatory islet-growth response to insulin resistance in 2 models — insulin receptor (IR)/IR substrate–1 
(IRS-1) double heterozygous mice and liver-specific IR KO (LIRKO) mice — is severely restricted by PDX-1 
heterozygosity. Six-month-old IR/IRS-1 and LIRKO mice both showed up to a 10-fold increase in β cell mass, 
which involved epithelial-to-mesenchymal transition. In both models, superimposition of PDX-1 haploin-
sufficiency upon the background of insulin resistance completely abrogated the adaptive islet hyperplastic 
response, and instead the β cells showed apoptosis resulting in premature death of the mice. This study shows 
that, in postdevelopmental states of β cell growth, PDX-1 is a critical regulator of β cell replication and is 
required for the compensatory response to insulin resistance.

Introduction
Islet hyperplasia and hyperinsulinemia develop to varying degrees 
in virtually all states of insulin resistance and are apparent in 
humans, rodents, and other mammals in the presence of obesity, 
genetic insulin resistance, and states of stress or when counter-
insulin hormones are chronically elevated (reviewed in ref. 1). 
The factors that stimulate growth, the specific proteins in the 
β cells, and the precise mechanisms that regulate this compen-
satory hyperplasia in insulin resistance remain poorly defined 
(reviewed in ref. 1). The pancreatic homeodomain protein PDX-1 
and the insulin/IGF-I signaling pathway are both important for 
growth and cell proliferation in the pancreas. While PDX-1 has 
been shown to regulate expansion of pancreatic progenitor cells 
(reviewed in ref. 2), proteins in the insulin/IGF-I signaling pathway 
are known to regulate growth, cell proliferation, adhesion, and tis-
sue architecture as well as to modulate metabolism in virtually all 
tissues in mammals, including the pancreatic islets (3, 4).

PDX-1 regulates target gene transcription both as a monomer and 
as a heterodimer with the three amino acid loop extension home-
odomain protein PBX-1. The monomeric and dimeric forms of PDX 
regulate specific and distinct targets. PDX-PBX dimerization has been 
shown to be critical for embryonic pancreatic cell proliferation (5–7). 
PBX-1–null mice display an approximately 30% decrease in pancreatic 
cell proliferation, while mice expressing the PBX-1 interaction–defi-
cient PDX-1, on a PDX-null background, manifest a severe attenua-
tion of pancreatic cell expansion during embryogenesis (7). Mice with 
PDX-1 heterozygosity have been reported to exhibit enhanced β cell 

apoptosis (8). On the other hand, mice with a β cell–specific KO of the 
insulin receptor (IR) exhibit decreased islet growth in adults and a sus-
ceptibility to developing overt diabetes (9, 10). Although mice with IR 
substrate-1 (IRS-1) deficiency show attenuated nutrient sensing in the 
islets, the compensatory islet hyperplasia in response to insulin resis-
tance is maintained (11, 12). Similarly, mice double heterozygous for 
the IR and IRS-1 (also called IR/IRS-1 mice) and liver-specific IR KO 
(LIRKO) mice both have severe insulin resistance that results in mas-
sive compensatory hyperplasia with up to a 10-fold increase in β cell 
mass (13, 14). By contrast, deficiency of IRS-2 results in hyperglycemia, 
β cell apoptosis (12, 15, 16), and a strain-dependent dysregulation of 
PDX-1 expression (17). To explore the direct link between PDX-1 and 
the insulin resistance–dependent proliferative response of β cells, we 
crossed IR/IRS-1s or LIRKOs with PDX-1 heterozygous mice (PDX-1 
mice). Our data demonstrate a crucial role of PDX-1 as a regulator of 
growth and proliferation of adult β cells in insulin-resistant states and 
complement the recent observation that β cell replication is impor-
tant in the maintenance of β cell mass (18).

Results
Growth and development of IR/IRS-1/PDX-1 triple heterozygous KO 
mice. All mice were born in a normal mendelian ratio in the dif-
ferent groups, and no embryonic lethality was observed. Mice 
that were heterozygous for IRS-1 — the IRS-1 heterozygous 
(IRS-1), IR/IRS-1 double heterozygous (IR/IRS-1), IRS-1/PDX-1 
double heterozygous (IRS-1/PDX-1), and IR/IRS-1/PDX-1 triple 
heterozygous KO (TKO) groups — exhibited a significant (10–15%) 
reduction in body weight (Figure 1A, left and right panels), con-
sistent with earlier reports (11, 19). The further decrease in body 
weights in TKO and IRS-1/PDX-1 males and females compared 
with the IRS-1 and IR/IRS-1 groups is likely caused by glycosuria 
and wasting due to severe diabetes in older mice. Qualitatively sim-
ilar but milder phenotypes were observed in females. Therefore, 
data from males only will be presented.
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TKO mice manifest severe hyperglycemia, hypoinsulinemia, loss 
of acute phase insulin secretion, and glucose intolerance. IR/IRS-1 
mice showed normal glucose levels at 2 months that worsened 
slightly at 4 months of age, especially in the fed states. In PDX-1 
heterozygotes, however, the fed blood glucose was mildly elevat-
ed at 2 months, and the hyperglycemia persisted at 4 months. 
At this time IR and IR/IRS-1 mice showed hyperinsulinemia 
(13), and this was adequate to maintain normoglycemia. By age 
4 months, the double heterozygous mice showed hyperglycemia 
despite the presence of even higher levels of circulating insu-
lin (Figure 1, B–D). In mice with combined heterozygosity for 
PDX-1, IR, and/or IRS-1, we detected significantly higher blood 
glucose levels in the fasted and fed states by 2 months, and the 
hyperglycemia worsened by 4 months in all groups, except IR/
PDX-1 compared with PDX-1 single heterozygotes (Figure 1, B 
and C). The hyperglycemia in IRS-1/PDX-1 and TKO compound 
KOs could be attributed to significantly lower serum insulin lev-
els compared with those in individual heterozygotes and con-
trols (Figure 1D). Plasma C-peptide, measured at 3 months of 
age, showed a similar trend, suggesting a significantly reduced 
insulin output from the endocrine pancreas (Figure 1E).

Insulin/IGF-I signaling in β cells has been demonstrated to play 
a role in glucose-stimulated insulin secretion (20–22), while PDX-1  

is known to regulate expression of Glut2 and glucokinase genes 
(23, 24). Furthermore, insulin/IGF-I signaling in the islet has been 
linked with glucokinase (10, 21, 25, 26) and PDX-1 expression (26). 
To evaluate insulin secretory function, mice were injected with glu-
cose by the intraperitoneal route. An approximately 3-fold secre-
tory response was observed in the WT, while virtually no responses 
were observed in all the groups that were heterozygous for PDX-1, 
consistent with an earlier study (Figure 2, A and B) (27). Conse-
quently, the groups heterozygous for PDX-1 displayed glucose 
intolerance by 2 months, and the glucose levels were highest at 
all time points during the glucose tolerance test in IRS-1/PDX-1  
and TKO mice (Figure 2D), compared with respective controls 
(Figure 2C), and continued to worsen as the mice aged (Figure 2,  
E and F). We observed mild glucose intolerance in the PDX-1 group 
(Figure 2D), while the IR/IRS-1 mice were glucose intolerant only 
at age 4 months (Figure 2E). We did not observe significant dif-
ferences in insulin sensitivity, as measured by an insulin tolerance 
test, between the groups at 2 months (data not shown). The severe 
hyperglycemia in the IRS-1/PDX-1 and TKO groups is likely due to 
relatively low circulating insulin levels in the compound KOs.

Altered PDX-1 protein expression and reduced β cell mass in TKO 
islets. Western blotting of proteins from whole pancreas, to quan-
tify the partial loss of PDX-1, showed approximately 50% lower 

Figure 1
Growth curves and alterations in 
blood glucose and serum insulin 
levels. (A) Body weights of male 
mice were determined between the 
ages of 4 and 20 weeks. Mice are 
divided into IR/IRS-1 (left panel) 
and PDX-1 (right panel) groups.  
P < 0.05, IRS-1 or IR/IRS-1 vs. 
WT at all time points; P < 0.05, IR 
vs. WT from 12 weeks onward;  
P < 0.05, IRS-1/PDX-1 or TKO 
vs. PDX-1 at all time points, IR/
PDX-1 vs. PDX-1 from 12 weeks 
onward (n = 12–26). (B) Fasting 
blood glucose was measured after 
a 14-hour overnight fast in 2- and 
4-month-old male mice. (C) Fed 
blood glucose was measured in 
random-fed 2- and 4-month-old 
male mice. (D) Fasting serum insu-
lin was measured after a 14-hour 
overnight fast in 2- and 4-month-
old male mice. (E) C-peptide levels 
were measured by RIA. *P < 0.05, 
IR/PDX-1, IRS-1/PDX-1, or TKO 
vs. PDX-1; †P < 0.05, IR, IR/IRS-1, 
or PDX-1 vs. WT (n = 10–22).
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levels of PDX-1 protein in PDX-1 heterozygotes compared with 
the WT, IR, and IRS-1 groups (Figure 3, A and B). However, the 
PDX-1 levels were reduced even further in the IRS-1/PDX-1 and 
TKO groups compared with the PDX-1 group; in fact, PDX-1 was 
almost undetectable in these groups. By contrast, a 2.3-fold high-
er level of PDX-1 protein was observed in IR/IRS-1 mice com-
pared with WT mice (Figure 3B). When PDX-1 was expressed per 
milligram islet protein, however, the values were not significantly 
different from those for the WT group, which suggests that the 
increase in PDX-1 protein levels in the pancreas in IR/IRS-1 mice 
is due to islet hyperplasia (Figure 3C).

Morphometric analysis of β cell mass at 3 months of age showed 
a 2- to 4-fold increase in the IR/IRS-1 group (and about a 9-fold 
increase at 6 months; data not shown), compared with the WT 
(Figure 3, D and E) (13, 28). Similarly, IR and IRS-1 heterozygous 
mice showed a significant increase in β cell mass, which indicates 
a compensatory response of islets to insulin resistance (11, 12, 29). 
In contrast, we detected a milder, statistically insignificant reduc-
tion in β cell mass in PDX-1 heterozygotes (30). When PDX-1  
heterozygosity was combined with heterozygosity for 1 or more of 
the insulin signaling proteins (IR/PDX-1, IRS-1/PDX-1, and TKO), 
a dramatic decrease in β cell mass was observed compared with 
that in PDX-1 heterozygotes alone (Figure 3E). In fact, we detected 
few or no islets in pancreas sections in a majority of IRS-1/PDX-1  
and TKO mice. The reduced β cell mass was consistent with 
reduced pancreatic insulin content in the various groups, the low-
est content being observed in the IRS-1/PDX-1 and TKO groups 
(Figure 3F). We did not detect significant differences in non-β cell 
mass among the groups (data not shown).

Decreased expression of PDX-1 targets in TKO mice. We evaluated 
pancreata from the various groups for expression of key mark-
ers of islet function including insulin (Figure 4A, upper panels) 

and glucagon (Figure 4A, green, middle panels). Insulin- and 
glucagon-positive cells could be detected in all genotypes, which 
indicates that differentiation of α and β cells was not disrupted 
in the compound KOs. As expected, IR/IRS-1 mice showed an 
approximately 3-fold increase in islet size, due to an increase in 
β cell mass, with the non-β cells scattered throughout the islets 
(Figure 4A, upper and middle panels) (13, 28). To examine wheth-
er the islet hyperplasia was due to an increase in non-β cell types 
in the islets, we costained for expression of insulin, glucagon, and 
somatostatin in pancreas sections from IR/IRS-1 and PDX-1– 
deficient groups (Figure 4B). The hyperplastic islets in IR/IRS-1 
mice were characterized by an increase in β cells with glucagon- 
and somatostatin-positive cells scattered within the islet. Consis-
tent with a lack of significant difference in circulating glucagon 
levels among groups, the number of glucagon- and somatostatin-
positive cells appeared to be in similar proportions in all groups. 
Pancreas sections from IRS-1/PDX-1 and TKO mice showed very 
small islets with a reduced number of β cells, which resulted in 
the appearance of an increase in glucagon-staining α cells with-
in the core of the islet (Figure 4A, middle panels). The absence 
of a significant alteration in non-β cell mass and in circulating 
glucagon levels (data not shown) in the compound KOs suggested 
a predominant effect on β cells. Furthermore, we did not detect 
differences in circulating levels of total glucagon-like peptide–1 
between groups, which suggests that the altered β cell mass is 
unlikely to be linked with glucagon-like peptide–1 action (WT, 
14 ± 4; IR/IRS-1, 16 ± 6; PDX-1, 15 ± 7; IRS-1/PDX-1, 22 ± 10;  
TKO, 17 ± 4 pmol/l; n = 3–5, P = NS).

We also examined islets for alterations in Glut2, a key target for 
PDX-1 (24). Robust Glut2 expression was detected in IR, IRS-1, 
and IR/IRS-1 double heterozygote islets (Figure 4A, lower panels). 
However, the protein was virtually undetectable in all mice carry-

Figure 2
Alterations in acute phase response to glucose and glucose tolerance. (A and B) Acute phase insulin secretory response to intraperitoneal (i.p.) 
injection of glucose was measured in mice after a 14-hour overnight fast. *P < 0.05, WT vs. PDX-1, IR/PDX-1, IRS-1/PDX-1, or TKO; ‡P < 0.05, 
IRS-1 or IR/IRS-1 vs. WT (n = 4–10). (C–F) Glucose tolerance after intraperitoneal injection of glucose was measured after a 14-hour fast in 
2-month-old (C and D) and 4-month-old (E and F) male mice. In 2-month-old mice, *P < 0.05, IRS-1/PDX-1 or TKO vs. PDX-1; †P < 0.05, PDX-1 
vs. WT. In 4-month-old mice, *P < 0.05, IRS-1/PDX-1 or TKO vs. WT; †P < 0.05, IR/IRS-1 or PDX-1 vs. WT (n = 7–18).
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ing a single allele for PDX-1, including PDX-1, IRS-1/PDX-1, and 
TKO mice. These observations are consistent with earlier obser-
vations that Glut2 is a direct transcriptional target for PDX-1 
(24). In addition, based on preliminary gene expression profiling 
studies in islets from PDX-1 heterozygotes (M. Montminy, U.S. 
Jhala, and J. Kushner, unpublished observations), we examined 
expression of synaptophysin, another PDX-1 target and an inte-
gral component of the neuroendocrine secretory granule (Figure 
4A, red, middle panels). The expression pattern of synaptophysin 
paralleled that of Glut2 (Figure 4A, lower panels). Thus, in addi-
tion to regulating insulin, PDX-1 also regulates other genes that 
are important for glucose sensing and for insulin exocytosis, 
which may in part explain the loss of acute phase insulin secre-
tion observed in the PDX-1–deficient mice.

Increased β cell apoptosis and diminished β cell replication in TKO islets. 
β Cell mass in the adult mouse is maintained by a balance between 
newly generated β cells (by β cell replication and neogenesis 

from potential ductal precursors) and β cell death by apoptosis 
or necrosis (18, 31). To obtain an estimate of these parameters 
and to isolate the potential mechanism underlying the poor islet 
compensation in the IRS-1/PDX-1 and TKO groups, we examined 
the pancreas for markers of proliferation and apoptosis in these 
mice (32, 33). In double heterozygous mice carrying both copies 
of PDX-1, we observed a striking pattern and increase in prolifer-
ating cellular nuclear antigen (PCNA) staining in cells within the 
islets, while virtually no PCNA+ cells were evident in other groups 
(Figure 5A; Table 1). Furthermore, the PCNA+ cells showed a dis-
tinct morphology compared with surrounding β cells. In contrast, 
examination of the pancreas for activated caspase-3, a marker for 
the end stage of apoptosis, showed increased staining in islets of 
TKO mice. Some caspase-3+ cells were also observed in islets of 
IRS-1/PDX-1 mice, while few or none could be detected in other 
groups (Figure 5B; Table 1). Thus, the islet hyperplasia in IR/IRS-1  
mice is predominantly caused by a robust expansion of β cells, 

Figure 3
Expression of PDX-1 in pancreas and reduced β cell mass and pancreatic insulin content in IRS-1/PDX-1 and TKO mice. (A) Western blotting of 
PDX-1 and CREB proteins prepared from pancreas as described in Methods. Each lane corresponds to an individual mouse (n = 3). (B) Quantitation 
of PDX-1 levels in A. Data are depicted as the ratio of PDX-1 to CREB and expressed as arbitrary densitometry units. *P < 0.05, PDX-1 vs. IRS-1/
PDX-1 or TKO; †P < 0.05, PDX-1 or IR/IRS-1 vs. WT (n = 3). (C) Western blotting of PDX-1 and CREB proteins prepared from freshly isolated islets 
from WT and IR/IRS-1 mice (n = 2). (D) Representative pancreas sections were stained with cocktail antibody to non-β cell hormones as described in 
Methods. Scale bar: 50 μm. (E) β Cell mass was estimated by morphometric analysis as described in Methods. *P < 0.05, IR/PDX-1, IRS-1/PDX-1, 
or TKO vs. PDX-1; †P < 0.05, IR, IRS-1, or IR/IRS-1 vs. WT. (F) Pancreatic insulin content was measured in acid-ethanol extracts of homogenized 
pancreas as described in Methods. *P < 0.05, IRS-1/PDX-1 or TKO vs. PDX-1; †P < 0.05, IR/IRS-1 vs. WT (n = 4–6).
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whereas the lack of compensatory response in IRS-1/PDX-1 and 
TKO groups is most likely a result of the combined absence of β 
cell proliferation and increased β cell apoptosis.

To evaluate the origin of the PCNA+ cells, we stained serial sec-
tions of pancreas with a fluorescence-labeled duct-specific lectin 
(DBA) (34). Ductal epithelial cells showed the expected positive 
staining; however, none of the cells in the area of proliferation were 
positive for DBA-lectin immunohistochemistry for duct-specific 
glycoconjugates (Figure 5C). These data strongly suggest that the 
proliferating cells, rather than being of ductal origin, are likely 
replicating β cells with metaplastic changes. Similar metaplastic 
changes in rapidly expanding epithelial cell types are associated 
with marked changes in adherens junctions between cells (4). In the 
pancreas, the cadherin-catenin complex regulates aggregation of β 
cells in vivo (35) and participates in paracrine signal transmission 
from neighboring cells by interacting with growth factor recep-
tors (36, 37). We therefore examined the islets for expression of 2 
important components of the adherens junction, namely E-cad-
herin, a transmembrane protein that mediates cell-to-cell associa-
tion, and β-catenin, which anchors E-cadherin to the cytoskeletal 

network in the cells (4, 35). β Cells in WT islets stained positive 
for both E-cadherin and membrane-bound β-catenin, indicating 
strong cell-to-cell adhesion, which normally occurs in well-clus-
tered islets (Figure 5D). E-cadherin, however, was dramatically 
downregulated and undetectable in the hyperplastic islets in IR/
IRS-1 mice (Figure 5D). In marked contrast, PDX-1 heterozygotes 
strongly expressed E-cadherin but showed a virtual absence of 
β-catenin, suggesting a fundamental alteration in adherens junc-
tions in β cells of the PDX-1 islets (Figure 5D).

These data are reminiscent of changes in adhesion protein 
expression that are normally observed in rapidly proliferating 
cells, especially during tumorigenesis (4). In such a model, the 
loss of E-cadherin leads to a dissolution of the adherens junc-
tion and allows the membrane-bound β-catenin to migrate into 
the cytoplasm and nucleus and participate in activation of genes 
required for proliferation (4). Accordingly, the PCNA+ cells in the 
hyperplastic islets from IR/IRS-1 mice showed a decrease in mem-
brane-bound β-catenin and an increase in translocation into the 
cytoplasm and nucleus. In the surrounding nonproliferating β 
cells, however, β-catenin was found to be membrane bound. The 

Figure 4
Immunostaining of pancreas sections for islet cell markers. (A) Representative islets from pancreas sections stained with immunofluorescent 
antibodies for insulin (upper panels, green), glucagon (middle panels, green), synaptophysin (middle panels, red), and Glut2 (lower panels, red) 
as described in Methods. (B) Representative islets from pancreas sections from the TKO group, costained for insulin (purple), glucagon (green), 
and somatostatin (red). Four different TKO islets are shown.
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colocalization of PCNA and β-catenin in the nucleus strongly 
suggests the involvement of β-catenin in active proliferation (Fig-
ure 5C, lower right panels). On the other hand, the morphologi-
cal changes and downregulation of E-cadherin was not observed 
in TKO or IRS-1/PDX-1 islets, which suggests a limited ability 
of the mutant β cells to respond to the insulin resistance in the 
presence of PDX-1 haploinsufficiency. Surprisingly, β cells in 
TKO islets stained positive for caspase-3, suggesting a loss of β 
cells due to apoptosis (Figure 5B).

PDX-1 haploinsufficiency limits islet hyperplasia in a second model of 
insulin resistance, the LIRKO. In the next series of studies, we exam-
ined whether PDX-1 haploinsufficiency can also limit the islet 
hyperplastic response in other models of 
insulin resistance. We chose to examine 
the role of PDX-1 in the LIRKO mouse, 
which also shows severe hyperinsulinemia 
and robust islet hyperplasia (14). We 
generated compound KOs by crossing 
PDX-1 heterozygotes with mice bearing 
a homozygous deletion of exon 4 of the 
IR gene. This model of insulin resistance 
has been described earlier (14). Again, 
we observed an approximately 4-fold 

increase in β cell mass in LIRKOs, while in contrast, in LIRKO/
PDX-1 compound KOs, the hyperplastic response was virtually 
absent and instead the islets were small with non-β cells scat-
tered throughout the islet (Figure 6, A and B). Thus, haploinsuf-
ficiency of PDX-1 limited the ability of islets to compensate in 
a second model, suggesting that the homeodomain protein is a 
crucial component in the β cell proliferative response to insu-
lin resistance. As in the IR/IRS-1 model, hyperplastic islets in 
the LIRKO mice showed alterations in the adherens junction 
(Figure 6C). Furthermore, the hyperplastic islets in LIRKOs also 
showed an absence of E-cadherin, pointing to a common path-
way for β cell expansion that critically requires the presence of 

Figure 5
Immunostaining for pancreatic ductal marker, and markers for cell death and neogenesis. (A and B) Representative sections of pancreas from different 
genotypes, showing islets stained for PCNA (A) and caspase-3 (B). Note the magnified image for TKO. (C) Consecutive sections of pancreas from 
IR/IRS-1 mice immunostained for PCNA (left panels) or costained for insulin (green) and DBA-lectin immunohistochemistry for duct-specific glyco-
conjugates (red) (upper right panel). The lower right panels show 2 magnified images (×60) of islet cells from IR/IRS-1 mice; the arrows point to cells 
positive for PCNA (purple chromogen) that also stain positive for nuclear β-catenin (blue chromogen). (D) Pancreas sections from WT, IR/IRS-1, PDX-1 
heterozygous, IRS-1/PDX-1, and TKO mice costained for E-cadherin (purple) and β-catenin (orange) as described in Methods. Scale bars: 50 μm.

Table 1
Reduced number of PCNA+ cells and increased number of caspase-3+ cells in TKO islets

 WT IR IRS-1 PDX-1 IR/IRS-1 IRS-1/PDX-1 TKO
PCNA+ cells per islet 0.5 0.3 0.3 0.6 28 4 0.1
Caspase-3+ cells per islet 1.3 2.2 1.8 3.1 4.1 11.2 26.4

PCNA+ cells and caspase-3+ cells in islets in compound KO mice. At least 30 islets from 2 differ-
ent mice were scored for each genotype. The average of data from at least 2 different animals in 
each group is shown.
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both copies of the PDX-1 gene. Consistent with earlier reports, 
we did not observe significant differences in non-β cells among 
the groups (Figure 6B).

Discussion
In the present study, we have used 2 independent models of 
insulin resistance to demonstrate that PDX-1 is an important 
regulator of β cell replication even in postdevelopmental states 
of β cell growth. Indeed, PDX-1 is linked to β cell neogenesis in 
the NOD mouse and in a model of pancreatic injury (partial-
pancreatectomy), and is associated with increased proliferation 
of isolated duct cells (38, 39). The lineage tracing of β cells and 
the mechanism of replication of adult β cells are currently areas 
of intense research. While ductal cells have been thought to be 
precursors of islet neogenesis, in the 2 models examined in this 
study, the proliferating PCNA+ cells in the actively expanding islet 
are negative for a ductal marker. Furthermore, the fact that the 
associated changes in the composition of the adherens junction 
occurred only in large islets in the insulin-resistant mice indi-
cates a coordinated and regulated process of β cell replication. 
These observations are supported by several studies reporting the 
molecular mechanisms of other rapidly expanding epithelial cells, 
which show results remarkably similar to our own (40, 41).

Although the specific molecular mechanism(s) by which PDX-1  
modulates β cell replication is not fully understood, the low 
expression of β-catenin in β cells in the PDX-1 islet and the nucle-
ar translocation of β-catenin in islet hyperplasia in the IR/IRS-1 
mice suggest an association between PDX-1 and β-catenin in the 
coordination of β cell expansion. A recent study reporting that β 
cells in adult mice are generated from preexisting β cells (18) favors 
replication as the process most actively involved in the compensa-
tory response to insulin resistance. The profound decrease in β cell 
mass due to apoptosis in the TKO group was unexpected. Studies 
on differentiated neuronal cells (42) suggest that apoptosis is a 
potential default mechanism secondary to an abortive attempt at 

entering the cell cycle. Such a hypothesis is consistent with the 
increased caspase-3 staining in TKO islets, and the β cell death in 
these mice may indeed be secondary to a failure to expand. PDX-1 
has been reported to regulate the expansion of pancreatic endo-
crine cells during development, and PDX-1 has been considered a 
regulator of β cell–specific genes and proteins in the mature β cell. 
These observations provide direct evidence, for the first time to 
our knowledge, that in addition to its role in β cell–specific gene 
regulation, PDX-1 interacts with the insulin signaling system and 
that the homeodomain protein is a critical regulator of β cell plas-
ticity for the maintenance of glucose homeostasis.

Methods
Animals. IR/IRS-1 mice, PDX-1 heterozygotes, and LIRKOs were main-
tained on the original mixed background (C57BL/6 × 129Sv × DBA/2) 
and bred at the Brandeis Animal Facility (Brandeis University, Waltham, 
Massachusetts, USA) on a 12-hour light/12-hour dark cycle with ad lib 
water and food (Mouse Diet 9F; PMI Nutrition International). A mixed 
mating scheme was adopted for breeding the two groups of mice. In 
the first group, both males and females carrying either the IR, IRS-1, or 
PDX-1 alleles were used. In the second group, males and females which 
were homozygous for loxP sites (IRLox) were mated with mice expressing 
Cre recombinase on an albumin promoter. The breeding generated sev-
eral genotypes for the 2 studies. The genotypes of mice in the IR/IRS-1/ 
PDX-1 study included the WT, IR, IRS-1, IR/IRS-1, PDX-1, IRS-1/PDX-1, 
IR/PDX-1, and TKO groups. In the LIRKO/PDX-1 study, the genotypes 
included mice homozygous for loxP sites (IRLox), PDX-1 mice, LIRKO 
mice, and LIRKO/PDX-1 mice. Genotyping was performed by PCR anal-
ysis of genomic DNA obtained from tail snips (9). All procedures were 
approved by the Joslin Diabetes Center Institutional Animal Care and Use 
Committee and performed in accordance with its guidelines.

Blood glucose, serum insulin, and C-peptide levels and pancreatic insulin con-
tent. Overnight fasting (14 hours) and fed glucose levels were measured 
by a glucometer (Elite; Bayer Corp.) using tail vein blood. Serum insu-
lin levels were assayed by ELISA using mouse insulin standards (Crys-

Figure 6
Alterations in a second model of islet hyperplasia, the LIRKO. (A) β Cell mass was estimated by morphometric analysis as described in 
Methods. *P < 0.05, LIRKO vs. IRLox (control), PDX-1, or LIRKO/PDX-1; †P < 0.05, LIRKO/PDX-1 vs. IRLox or PDX-1 (n = 4–6). (B) Rep-
resentative islets from pancreas sections from the LIRKO group, costained for insulin (purple), glucagon (green), and somatostatin (red). 
(C) Representative pancreas sections from IRLox, PDX-1, LIRKO, and LIRKO/PDX-1 mice, costained for E-cadherin (purple) and β-catenin 
(orange) as described in Methods. Scale bars: 50 μm.
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tal Chem Inc.). C-peptide was measured by an RIA kit (Linco Research 
Inc.). Pancreatic insulin content was measured in acid-ethanol extracts 
of homogenized pancreas as described previously (9). Glucose and insu-
lin tolerance tests and acute phase insulin release experiments were per-
formed essentially as described previously (9).
β Cell mass and immunohistochemistry. Mice were anesthetized, and 

pancreata were rapidly dissected, weighed, fixed in Bouin’s or 4% 
paraformaldehyde solution, embedded in paraffin, sectioned, and stained 
as described below. β Cell mass was estimated by morphometric analy-
sis as described previously (9, 14). Five-micrometer sections of paraffin-
embedded pancreas were dewaxed using xylene, rehydrated through 
serial dilutions of ethyl alcohol, and subjected to antigen retrieval using 
10 mM citrate (pH 6.1) or DAKO High pH antigen-retrieval solution 
(DAKO Corp.). The sections were washed and stained with the respec-
tive antibodies in staining buffer with 100 mM NaCl, 3% BSA, 1% Triton 
X-100, and 50 mM NaPO4 (pH 7.4). Primary antibodies included guinea 
pig anti-insulin (Linco Research Inc.) or sheep anti-insulin (The Bind-
ing Site Ltd.), rabbit anti-somatostatin (DAKO), mouse anti-glucagon 
(Sigma-Aldrich), rabbit anti-Glut2 (a gift from B. Thorens, University of 
Lausanne, Lausanne, Switzerland), rabbit anti-synaptophysin (DAKO), 
mouse anti-PCNA (DAKO), β-catenin (BD Biosciences — Pharmingen), 
E-cadherin (Valeant Pharmaceuticals), rabbit anti–caspase-3, and Texas 
red–conjugated lectin (EY Laboratories Inc.). The secondary antibodies 
used included Cy2 and Cy3 fluorescent conjugated dyes (Jackson Immu-
noResearch Laboratories Inc.). Sections were viewed and photographed 
using a DeltaVision deconvolution microscope (Applied Precision LLC). 
For immunohistochemistry, sections were stained with primary antibod-
ies (DAKO Corp.), followed by incubation with secondary antibodies 
(Envision Plus; DAKO Corp.). For color development, diaminobenzidine 
(DAB) chromogen (DAKO) was used and counterstained with May-
er’s hematoxylin (diluted 1:1). Several chromogens were used for 
counterstaining as follows: for PCNA and caspase-3, we used DAB 
hematoxylin counterstaining; for PCNA and β-catenin, we used grey-black 
immunoprecipitates (Vector SG; Vector Laboratories Inc.) to visualize  
β-catenin and VIP substrate (red-purple color; Vector Laboratories Inc.) to 
visualize PCNA; for β-catenin and E-cadherin immunostaining, β-catenin 
was visualized with DAB (brown color) and E-cadherin with brown-black 
immunoprecipitates (Vector SG; Vector Laboratories Inc.); Nuclear Red 
(DAKO Corp.) was used for counterstaining of nuclei.

Western blotting. Whole pancreata were removed from mice and promptly 
homogenized using a polytron in 5 ml of 1% SDS/6 M urea lysis buffer 
containing protease and phosphatase inhibitors. Islets were homogenized 
using a hand-held homogenizer in the SDS-urea lysis buffer and processed 
similarly to whole pancreata. Equal proteins from samples (assessed by 
Micro BCA protocols; Pierce Biotechnology Inc.) were resolved by 10% 
SDS-PAGE, and the gel was transferred to nitrocellulose and probed for 
PDX-1 protein with anti–PDX-1 antibody (a gift from J. Habener, Mas-
sachusetts General Hospital, Boston, Massachusetts, USA) or anti-CREB 
antibodies using ECL (Amersham Biosciences).

Statistical analysis. Statistical analysis was performed by the Student’s t test or 
ANOVA as appropriate, and values were considered significant at P < 0.05.
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