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Maintenance of glucose homeostasis depends on adequate amount and precise pattern of insulin
secretion, which is determined by both �-cell secretory processes and well-developed microvascular
network within endocrine pancreas. The development of highly organized microvasculature and
high degrees of capillary fenestrations in endocrine pancreas is greatly dependent on vascular
endothelial growth factor-A (VEGF-A) from islet cells. However, it is unclear how VEGF-A produc-
tion is regulated in endocrine pancreas. To understand whether signal transducer and activator of
transcription (STAT)-3 is involved in VEGF-A regulation and subsequent islet and microvascular
network development, we generated a mouse line carrying pancreas-specific deletion of STAT3
(p-KO) and performed physiological analyses both in vivo and using isolated islets, including glu-
cose and insulin tolerance tests, and insulin secretion measurements. We also studied microvascular
network and islet development by using immunohistochemical methods. The p-KO mice exhibited
glucose intolerance and impaired insulin secretion in vivo but normal insulin secretion in isolated
islets. Microvascular density in the pancreas was reduced in p-KO mice, along with decreased
expression of VEGF-A, but not other vasotropic factors in islets in the absence of pancreatic STAT3
signaling. Together, our study suggests that pancreatic STAT3 signaling is required for the normal
development and maintenance of endocrine pancreas and islet microvascular network, possibly
through its regulation of VEGF-A. (Endocrinology 151: 2050–2059, 2010)

Insulin is the major anabolic hormone that regulates glu-
cose homeostasis. Insulin is stored and secreted from

�-cells via a complex and highly regulated process. Under
physiological conditions, an elevation of blood glucose
triggers rapid uptake of glucose into pancreatic �-cells
through glucose transporter (Glut)-2. Glucose metabo-
lism inside �-cells results in increased ATP to ADP ratio,
which leads to ATP-sensitive potassium channel closure,
membrane depolarization, and subsequent opening of
voltage-gated calcium channels and the rise in cytoplasmic

calcium concentration (1). Glucose-stimulated insulin se-
cretion consists of two phases: a 10- to 15-min rapid first
phase and a less prominent but sustained second phase (2).
The first phase requires a rapid and marked elevation of
intracellular calcium, whereas the second phase requires
amplifying signals from glucose metabolism in addition to
oscillatory intracellular calcium (3). Upon exocytosis of
insulin-containing secretory granules, insulin is released
into blood stream and carried to target organs, such as
liver and muscle. Maintenance of glucose homeostasis de-
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pends on adequate amount and precise pattern of insulin
secretion, which is determined by both �-cell secretory
processes and the extensive and well-developed microvas-
cular network within the endocrine glands. Although is-
lets constitute only about 1% of the total pancreatic vol-
ume, endocrine pancreas receives up to 5–10% of total
pancreatic blood flow (4, 5). Pancreatic islets are supplied
with arterial blood from arterioles, which form a dense
glomerulus-like capillary network after penetrating the is-
let capsule, leaving all endocrine cells within one-cell dis-
tance from arterial blood (6). Furthermore, the islet cap-
illaries have 10 times more fenestrations than those in the
exocrine parenchyma (7). The unique structural organi-
zation of the endocrine pancreas and microvascular net-
work ensures efficient release of insulin into circulating
system and timely delivery to target tissues.

The development of highly organized microvascular
network and high degrees of capillary fenestrations in the
endocrine pancreas is largely dependent on vascular en-
dothelial growth factor (VEGF)-A from islet cells (8–11).
In �-cell-specific VEGF-A knockout (KO) mice, develop-
ment of the islet microvasculature and islet capillary fen-
estrations is impaired, leading to reduced insulin response
in vivo and glucose intolerance (12). On the other hand,
overexpression of VEGF-A results in pancreas hypervas-
cularization, and hyperplasia of pancreatic islets (13).

Levels of VEGF-A is up-regulated in human pancreatic
cancer specimens, and the up-regulation correlates with
elevated STAT3 activation (14), which is critical for an-
giogenesis of pancreatic tumors (15). These studies suggest
that signal transducer and activator of transcription
(STAT)-3 signaling may promote pancreatic tumor angio-
genesis, growth, and metastasis by regulating VEGF ex-
pression. Furthermore, a putative binding site for STAT3
has been identified on the VEGF promoter, providing fur-
ther evidence for a direct role of STAT3 in the regulation
of VEGF expression (16).

Given the potential regulatory role of STAT3 in VEGF-A
production, we reason that STAT3 signaling in the pan-
creas may be necessary during the normal development of
islet microvascular network and pancreatic islets through
its regulation of VEGF-A production. We tested this hy-
pothesis by using a pancreas-specific STAT3 KO mouse
model, in which STAT3 signaling in the pancreas is elim-
inated from the very early stage of pancreas development.
We found that pancreas-specific deletion of STAT3 resulted
in glucose intolerance and impaired insulin secretion in vivo,
whereas insulin secretion from perifused isolated islets was
normal. The KO mice exhibited reduced vascular density
along with decreased VEGF-A expression level in islets in the
absence of STAT3-signaling in the pancreas. Together our
results establish a direct role of pancreatic STAT3 signaling

to the normal development and maintenance of endocrine
pancreas and islet microvascular network through its regu-
lation of VEGF-A expression.

Materials and Methods

Animal welfare
All animal experiments were performed in accordance with

the protocol approved by the Institutional Animal Care and Use
Committee of Agency for Science, Technology, and Research
Biomedical Sciences Institutes. The mice were bred and housed
in our animal facilities with standard rodent diet and water pro-
vided ad libitum.

Generation of pancreas-specific STAT3 KO mouse
Pancreas-specific STAT3 KO mice (p-KO) were generated by

crossing STAT3fl/fl mice containing Cre transgene under pan-
creas-duodenum homeobox gene 1 (Pdx1) promoter (Pdx1-Cre)
with STAT3fl/fl mice. STAT3fl/� was a generous gift from Drs.
Kiyoshi Takeda and Shizuo Akira (Osaka University, Osaka,
Japan) and Pdx1-Cre from Dr. Doug Melton (Harvard Univer-
sity, Boston, MA). Littermates with genotypes of STAT3fl/fl/
Pdx1-Cre (P-KO) and STAT3fl/fl (control) were used in this
study. Genotyping was performed on tail DNA by PCR using the
following primers: 5�-TGC TTC TGT CCG TTT GCC GGT-3�
and 5�-CTA AGT GCC TTC TCT ACA CCT-3� for Pdx1-Cre
(500 bp); 5�-CCT GAA GAC CAA GTT CAT CTG TGT GAC-3�
and 5�-CAC ACA AGC CAT CAA ACT CTG GTC TCC-3� for
STAT3 alleles (PCR fragment of 280 and 350 bp for wild type
and mutant allele, respectively).

Glucose and insulin tolerance tests
Intraperitoneal glucose tolerance tests (IPGTTs) were per-

formed on 8- to 12-wk-old mice. Animals were studied after 18 h
fasting with free access to water. Blood glucose levels were tested
before and at 15, 30, 60, 90, and 120 min after ip injection of
20% D-glucose solution at 2 g/kg body weight. For insulin tol-
erance tests, fed animals were ip injected with human biosyn-
thetic insulin Astrapid HM Penfill (1 U/kg body weight; Novo
Nordisk, Copenhagen, Denmark). Glucose concentration was
measured before and at 15, 30, 60, and 90 min after insulin
injection. For measurement of glucose-stimulated insulin secre-
tion in vivo, mice were ip injected with 20% D-glucose solution
at 2 g/kg body weight after 18 h fasting. Blood glucose was
measured before and at 8, 15, and 30 min after glucose injection.
Blood glucose levels were monitored by measuring tail-vein
blood samples using Accu-Chek Advantage blood glucose meter
(Roche Diagnostics GmbH, Mannheim, Germany). Insulin lev-
els were measured in plasma samples obtained from tail-vein
blood after mixing with 2 �l of 0.5 M EDTA on ice and centrif-
ugation at 10,000 � g for 10 min by using the Ultrasensitive
mouse insulin ELISA kit (Mercodia, Uppsala, Sweden).

Immunohistochemistry
Pancreatic tissue was harvested, fixed in 4% paraformalde-

hyde for 3–4 h at 4 C, washed in PBS, and incubated in 30%
sucrose-PBS solution at 4 C overnight. The tissue was then em-
bedded in Tissue-Tek optimum cutting temperature compound
medium (Ted Pella, Redding, CA), frozen, and stored at �80 C.
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Five-micrometer cryosections mounted on Polysine glass slides
(Menzel GmbH, Freiburg, Germany) were washed in PBS with
0.1% Triton X-100, blocked with 5% goat serum for 30 min,
and incubated with primary antibodies overnight at 4 C. A
monoclonal rat antimouse CD31 (platelet endothelial cell adhe-
sion molecule-1) antibody (Invitrogen, Carlsbad, CA) at 1:200
dilution, guinea pig antihuman insulin at 1:200 dilution (Dako,
Carpinteria, CA), polyclonal rabbit anti-VEGF-A (Santa Cruz
Biotechnology, Santa Cruz, CA) at 1:100 dilution, and poly-
clonal rabbit anti-STAT3 (Cell Signaling Technology, Beverly,
MA) at 1:100 dilution were used for CD31, insulin, VEGF-A,
and STAT3 detection, respectively. After washing, appropriate
combinations of secondary antibodies, Alexa Fluor 594-conju-
gated goat antirabbit Ig, Alexa Fluor 488-conjugated goat anti-
guinea pig, and Alexa Fluor 488-conjugated goat antirat at 1:400
dilution were applied and incubated for 40 min. Primary and
secondary antibodies were diluted in PBS containing 5% goat
serum. After immunolabeling, the sections were washed and
mounted using Vectashield medium with 4�,6�-diamino-2-phe-
nylindole (Vector Laboratories, Burlingame, CA). Digital images
of the sections were acquired on an LSM510 confocal laser scan-
ning microscope (Zeiss, Jena, Germany).

Evaluation of vascular density and expression of
VEGF-A by immunostaining

Five-micrometer cryosections from different parts of the pan-
creas were immunostained with antibody against endothelial
marker CD31 (platelet endothelial cell adhesion molecule-1) or
VEGF-A. After immunostaining, confocal images of 10 serial
sections were acquired using a Zeiss LSM510 META confocal
microscope (objectives �40, �63; Carl Zeiss). All images were ac-
quiredwith identical settingsonthe laser-scanningsystem.Vascular
density was assessed as area of positive CD31 signal above a preset
threshold value relative to the whole pancreatic area using Image
Pro-Plus software (Media Cybernetics, Inc., Bethesda, MD).

Pancreatic islet isolation and insulin secretion
Pancreatic islets were isolated from mice by liberase digestion

as previously described (17). Isolated islets were cultured over-
night in RPMI 1640 medium (Invitrogen) supplemented with
10% fetal calf serum, 2 mM L-glutamine, 15 mM HEPES, 1%
streptomycin and penicillin, and 11.1 mM glucose. Subsequent
handling was performed using Krebs-Ringer HEPES (KRH)
buffer containing (in millimoles): 130 NaCl, 4.7 KCl, 1.2
KH2PO4, 1.2 MgSO4, 2.56 CaCl2, 20 HEPES, and supple-
mented with 1 mg/ml BSA and 3 (basal) or 20 mM (stimulatory)
glucose. After 1 h incubation in KRH buffer containing 3 mM

glucose, 20 islets were loaded in a chamber and continuously
perifused for another 30 min with the same buffer at flow rate of
1 ml/min at 37 C and then stimulated with KRH buffer contain-
ing 20 mM glucose. Perifusion fractions were collected every 3
min for 40 min, starting at 6 min before switching to 20 mM

glucose. Insulin concentration in fractions was measured using
mouse insulin ELISA (Mercodia).

Combined fluorescence measurements of reduced
nicotinamide adenine dinucleotide and reduced
nicotinamide adenine dinucleotide phosphate
[NAD(P)H]

This was performed essentially as previously described (17).
Briefly, islets were incubated for 60 min at 3 mM glucose and then

placed in a perifusion chamber on an inverted microscope, and
continuously superfused with the same buffer at 37 C. After 10
min of perifusion with 3 mM glucose, islets were stimulated with
20 mM glucose. NAD(P)H fluorescence was captured at 5-sec
intervals on a CoolSNAP HQ2 charge-coupled device camera
(Photometrics, Tucson, AZ) using the following optical filters
from Omega: 380DF30, 415DCLP, and 440AF21. Fluorescence
increase was measured as the difference between the level im-
mediately before the start of increase and the early plateau phase.
Lag time was determined as the interval between the beginning
of stimulation and the appearance of fluorescence rise.

Ca2� measurements
Fura-2-loaded isolated islets were placed in a perifusion

chamber on the stage of a Eclipse TE2000-U (Nikon, Tokyo,
Japan) and continuously superfused with KRH buffer at 37 C.
The islets were positioned to be close to the inflow tube. Fura-2
was excited at 340 and 380 nm using a �-DG-4 (Sutter Instru-
ment Co., Navato, CA) and emitted signal projected onto a
charge-coupled device camera (CoolSNAP HQ2; Photometrics)
behind a band pass filter (535DF35; Omega Optical, Tarzana,
CA). Islets were perifused with KRH containing 3 mM glucose for
15 min before the buffer was switched to KRH containing 20 mM

glucose for an additional 30 min. Images were collected every 2 sec,
and fluorescence signals from individual cells were measured as a
function of time using Metafluor software (Molecular Devices,
Sunnyvale, CA). Ca2� concentration was calculated from 340:380
nm ratio (18). Lag time for intracellular free calcium concentration
([Ca2�]i) rise was defined as the time from the buffer switch to the
first value above baseline average, which was calculated during the
2 min before stimulation. Calcium rise was calculated as the dif-
ference between the average basal value and highest peak value.

Western blot analysis
Brain and pancreas samples were removed from mice, frozen

in liquid nitrogen, and kept at �80 C until use. Frozen tissue
samples were homogenized in a Tris-based lysis buffer at 4 C.
Protein was quantified by using DC protein assay (Bio-Rad, Her-
cules, CA). Samples containing 80 �g of protein were loaded in
each well, resolved on a 12% sodium dodecyl sulfate-polyacryl-
amide gel, and transferred to a nitrocellulose membrane. The
membranes were incubated with antibody against STAT3 (1:
2000; Cell Signaling) or tubulin (1:1000; Sigma, St. Louis, MO)
overnight at 4 C. After incubation with secondary horseradish
peroxidase-conjugated antibody, the signals from protein bands
were visualized by using enhanced chemiluminescence chemilu-
minescent system (Amersham Biosciences, Piscataway, NJ).

RNA extraction and quantitative RT-PCR
Quantitative real-time PCR was performed using SYBR

Green chemistry and gene-specific primers on an Applied Bio-
systems Prism 7500 sequence detection system or StepOnePlus
real-time PCR system (Applied Biosystems) (19). Total RNA was
extracted from about 150 islets of control and p-KO mice with
TRIzol reagent (Invitrogen) according to the manufacturer’s in-
structions. RNA samples were reverse transcribed into cDNAs
using the TaqMan reverse transcription reagents kit (Roche Mo-
lecular Systems, Pleasanton, CA). �-Actin was used as the inter-
nal standard to determine relative mRNA levels. Sequences of the
primers that were used in quantitative PCR analyses are available
on request.
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Quantification of VEGF-A content
For estimation of VEGF-A content, batches of 12 isolated

islets were incubated for 24 h in a medium with 11.1 mM glucose
and then sonicated in 200 �l Tris-based lysis buffer on ice. After
quantification with Bio-Rad DC protein assay, 20 �l of lysate
containing equal total amount of protein were used for the assay.
VEGF-A content in the islet lysate was measured using mouse
VEGF ELISA kit (IBL-Hamburg, Hamburg, Germany).

Statistical analysis
The data are presented as means � SEM. Comparisons of data

were made by using two-tailed Student’s t test for independent
data. The level of statistical significance was set at P � 0.05.

Results

Generation of pancreas-specific STAT3 KO mice
To investigate whether STAT3 signaling in the pancreas

was involved in the regulation of pancreatic islet develop-
ment and maintenance, including development of microvas-
cularnetwork in the islets,wegeneratedp-KOmicebycross-
ing STAT3fl/fl mice with and without Pdx1-Cre transgene
(Fig. 1A) (8, 20). p-KO mice and littermate STAT3fl/fl (con-
trol) were used in the experiments. Pdx1 promoter drives
specificexpressionofCrerecombinase inbothendocrineand
exocrine pancreas, with no detectable expression in the hy-
pothalamus, incontrast to therat insulinpromoter (RIP)-Cre
mouse line, in which Cre is expressed in both pancreas and

hypothalamus (8, 21, 22). Under the
Pdx1 promoter, Cre expression in the
pancreatic epithelium starts at early em-
bryonic stages, which ensures STAT3 de-
letion before islet formation (8).

We evaluated the efficiency of STAT3
deletion in the pancreas of p-KO mice.
STAT3 was expressed at abundant
level in extracts from pancreatic tissue
of control mice but reduced to barely
detectable level in the pancreas of the
p-KO mice (Fig. 1B). The detected re-
sidual STAT3 protein in the p-KO mice
was most likely from contaminating en-
dothelial and blood cells because pro-
tein extracts were prepared from snap-
frozen samples of whole pancreata.
STAT3 was shown to be expressed in
these cells, and STAT3 expression in
blood vessels was not affected in p-KO
mice (Refs. 23 and 24 and data not
shown). Consistent with the restricted
expression of Pdx1-cre in the pancreas,
we did not observe STAT3 reduction in
the brain of p-KO mice, as evidenced by
the comparable levels of STAT3 mRNA

(data not shown) and protein (Fig. 1B) in samples obtained
from brains of p-KO and control mice. Tofurtherassess the
extent of STAT3 deletion in pancreas, particularly in pan-
creatic islets, we performed immunohistochemistry on pan-
creatic cryosections of control and p-KO mice. STAT3 im-
munoreactivity was readily detectable throughout the islet
area of control mice, with intense signal concentrated in
the nucleus of endocrine cells, such as �-cells (Fig. 1C),
whereas only scattered background staining was ob-
served in p-KO pancreas, which could be due to signals
from endothelium or residual blood cells (Fig. 1C) (23,
24). STAT3 levels decreased to almost background in both
islets and exocrine tissues of p-KO mice (Fig. 1C and data
not shown). These results demonstrated that STAT3 was
efficiently deleted only in pancreas but not in brain or
blood vessels.

p-KO mice exhibit impaired glucose tolerance but
normal insulin sensitivity

To assess the effect of STAT3 deletion in the pancreas
on systemic glucose homeostasis, we measured resting and
fasting glucose levels, and performed IPGTTs on over-
night-fasted p-KO mice and their control littermates be-
tween 8 and 12 wk old. There was no difference in fasting
(5.1 � 0.2 mmol/liter, n � 15, p-KO; 5.2 � 0.1 mmol/liter,
n � 23, control; P � NS) or resting (9.8 � 0.4 mmol/liter,

FIG. 1. Generation of p-KO mice and assessment of STAT3 deletion in pancreatic tissue.
A, Exon 21 and part of exon 22 of STAT3 gene were flanked by loxP sites (open triangle) in
STAT3fl/fl mice. In p-KO mice, Cre-mediated recombination removes sequences between the
loxP sites (KO) and results in specific inactivation of STAT3 gene in the pancreas without
affecting STAT3 expression in other tissues. B, STAT3 protein levels were assessed by Western
blot analysis using polyclonal STAT3 antibody. Equal amounts of brain and pancreatic tissue
extracts from KO and control mice were resolved by SDS-PAGE. STAT3 was barely detectable
in the pancreas of STAT3 KO mice, whereas it was expressed at a similar level in the brain as
control. Tubulin was used as loading control. C, Immunohistochemical analysis of STAT3 and
insulin expression was performed on 5-�m pancreatic cryosections of 12-wk-old p-KO and
control mice. STAT3 (red) was localized throughout the islet area in control but was
undetectable in p-KO mice. Scale bar, 50 (a and c) and 5 �m (b and d).
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n � 12, p-KO; 9.6 � 0.3 mmol/liter, n � 25, control; P �
NS) glucose levels between p-KO and control mice. We
then tested glucose response in the p-KO and control mice
by using IPGTTs. Female p-KO mice showed significantly
higher glucose levels at all time points after glucose injec-
tion (Fig. 2A), indicating that they were glucose intolerant.
However, we did not observe similar glucose intolerance
in male p-KO mice because the responses from male mice
were highly variable among the four groups tested (data
not shown); therefore, female mice were used in subse-
quent experiments. To ensure that the glucose intolerance
phenotype was not due to Pdx1-directed Cre recombinase
expression, we compared Pdx1-cre transgenic mice with
wild-type control and found no difference in glucose levels
and glucose tolerance between the two groups (data not
shown). We also tested whether p-KO mice had lower
sensitivity to insulin compared with control by ip insulin
tolerance test. Insulin induced a similar drop in glucose
levels in p-KO mice and their control throughout the tests,
indicating that insulin sensitivity was normal in p-KO
mice (Fig. 2B). To further evaluate insulin signaling in
p-KO and control mice, we examined Akt phosphoryla-
tion in liver and soleus muscle after insulin injection and
found that insulin induced a similar degree of Akt phos-
phorylation in the liver and muscle preparations (data
not shown). Together, these data demonstrated that the
delayed glucose clearance in p-KO mice was not due to
impaired liver or muscle responses to insulin but most
likely the result of impaired glucose-stimulated insulin
secretion.

p-KO mice show impaired glucose-stimulated
insulin secretion in vivo

To determine whether glucose-induced insulin secre-
tion was impaired in p-KO mice, we measured insulin
secretion before and at 8, 15, and 30 min after a bolus

injection of glucose at 2 g/kg body weight in
p-KO and control mice. After overnight fast-
ing, basal insulin levels were not different be-
tween p-KO and control mice. However, p-KO
mice showed consistently lower insulin levels
after glucose challenge (Fig. 3A), indicating
impaired glucose-induced insulin secretion.
Net insulin secretion by glucose stimulation
was calculated as area under the curve after
baseline subtraction. Both the first phase (15
min) and total (30 min) insulin secretion was
reduced in p-KO mice (Fig. 3B), which could
account for the delayed glucose clearance dur-
ing IPGTT.

p-KO mice exhibit normal glucose-
stimulated insulin secretion in isolated islets
in vitro

We then tested whether impaired glucose-stimulated
insulin secretion persisted in isolated islets, which would
indicate �-cell secretory defects. Insulin secretion was
measured in isolated and overnight-cultured islets from
p-KO and control mice. No difference in insulin release
was observed between p-KO and control islets during the
initial 6 min before stimulation. Increase of glucose con-
centration in perifusion buffer from 3 to 20 mM resulted in
a sharp rise in insulin release, which reached peak at 6 min
after stimulation, followed by a sustained but less-prom-
inent elevation in insulin levels. Insulin secretion patterns
were indistinguishable between p-KO and control islets
(Fig. 4A). Glucose-induced insulin secretion in vitro was cal-
culated as the sum of insulin amount per islet in all fractions
during the first 15 min, corresponding to the first phase of
insulin secretion, or during the entire period of stimulation
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(total) after subtraction of basal secretion. There was no dif-
ference in the first phase or total insulin secretion in isolated
islets from p-KO and control mice (Fig. 4B).

To further investigate possible defects in �-cell secre-
tory processes in p-KO mice, we examined proteins and
cellular signals involved in the insulin secretion process.
Quantitative PCR analysis showed that expression levels
of Glut2, glucokinase, and insulin receptor substrate-1
and -2 were not affected by STAT3 deletion in p-KO mice
(fold change vs. control: 1.15 � 0.10, 1.12 � 0.05, 1.06 �
0.07, and 1.10 � 0.09 for Glut2, glucokinase, and insulin
receptor substrate-1 and -2, respectively; n � 4 indepen-
dent experiments in triplicates, P � NS). Combined redox
signal from NAD(P)H in glucose-stimulated islets, a mea-
sure of mitochondrial and glycolytic function (25), was
used to examine the metabolic response in p-KO mice.
NAD(P)H fluorescence response to 20 mM glucose fol-

lowed a similar pattern (Fig. 4C). There was no difference
in the timing of response (58.8 � 4.9 vs. 63.5 � 4.4 sec,
p-KO vs. control, n � 12 and 11 for p-KO and control,
respectively, P � NS) and the relative fluorescence in-
crease from basal levels (50.5 � 5.9 vs. 49.6 � 6.5, p-KO
vs. control, n � 12 and 11 for p-KO and control, respec-
tively, P � NS) between p-KO and control islets. These
results indicate that mitochondrial and glycolytic func-
tion, a key determinant of downstream secondary signals
such as [Ca2�]i rise, was normal in p-KO �-cells.

We then recorded calcium changes to high glucose in
fura-2-loaded p-KO and control mouse islets. A typical
cytoplasmic calcium response in pancreatic islets consists
of a short silent period, initial lowering in [Ca2�]i followed
by a sharp rise, and subsequent decrease. After that, the
dynamics of [Ca2�]i changes normally follows an oscilla-
tory pattern (Fig. 4D) (26). When stimulated with 20 mM

glucose, calcium responses in p-KO and control islets were
nearly identical (Fig. 4D). There was no difference in lag
time after stimulation (56 � 3 vs. 51 � 4 sec, p-KO vs.
control, n � 17 and 12 for p-KO and control, respectively,
P � NS), nadir of initial lowering (16 � 3 vs. 19 � 3 nM,
p-KO vs. control, n � 17 and 12 for p-KO and control,
respectively, P � NS), calcium increase from baseline level
(134 � 23 vs. 126 � 21 nM, p-KO vs. control, n � 17 and
12 for p-KO and control, respectively, P � NS), or the rate
of calcium oscillations (0.3 � 0.02 vs. 0.3 � 0.03 min�1,
p-KO vs. control, n � 17 and 12 for p-KO and control,
respectively, P � NS). These data demonstrate that p-KO
mice produced normal cytoplasmic calcium responses on
glucose stimulation. Taken together, p-KO mice had no de-
tectable defects in glucose uptake, glucose metabolism, and
calcium responses in pancreatic islets; thus, the impaired in-
sulin secretion in vivo was not due to defective �-cell secre-
tory processes but most likely was the result of impaired
collection of released insulin into the circulatory system.

Decreased vascular density in the pancreas and
reduced VEGF-A expression level in pancreatic
islets of p-KO mice

To investigate the involvement of STAT3 in the forma-
tion of pancreatic microvascular network, we labeled
blood vessels with endothelial cell-specific marker CD31
and assessed vascular density in the pancreas of p-KO and
control mice (Fig. 5A). Total area of CD31 signal relative
to the whole pancreas was significantly reduced in STAT3
KO mice (Fig. 5B), suggesting that microvascular network
in the pancreas of p-KO mice was less developed than that
of control mice. Vascular density, as indicated by CD31-
labeled area, in endocrine pancreas appeared to be more
severely affected by STAT3 deletion, whereas it was mar-
ginally reduced in exocrine tissue (Fig. 5C). To ensure that
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responses.
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the observed reduction in vascular density was not the
result of reduced CD31 level caused by STAT3 deletion,
we tested the vascular density with two additional endo-
thelial markers, isolectin-B4 and VE-cadherin in the pan-
creas of p-KO and control mice (27). Quantification of
vascular density by isolectin-B4 and VE-cadherin labeling
yielded similar results as by CD31 staining (Supplemental
Figs. 1 and 2 published on The Endocrine Society’s Jour-
nals Online web site at http://endo.endojournals.org).

Because VEGF-A is essential in the regulation of cap-
illary network formation, we tested whether reduced
vascular density in p-KO pancreas was associated with
reduced VEGF-A expression level. Quantitative real-
time PCR showed that VEGF-A mRNA level in pancre-
atic islets was significantly lower in p-KO than in con-
trol mice (Fig. 5D). Consistent with the quantitative
PCR result, VEGF-A protein level in pancreatic islets was
also lower in p-KO mice (Fig. 5E). To examine whether
reduced VEGF-A expression was limited to endocrine
pancreas, we stained pancreatic sections with an antibody
against VEGF-A and quantified fluorescence intensity of
VEGF-A signal in the islets and exocrine pancreas (Fig.
5F). In agreement with VEGF-A protein measurement in
pancreatic islets (Fig. 5E), we found that VEGF-A levels in
the islets decreased to the similar extent (Fig. 5G). Similar

reduction of VEGF-A levels was also observed in exocrine
tissue (Fig. 5G). We also tested whether other vasotropic
factors were affected by STAT3 deletion by measuring
expression levels of FGF1 (fibroblast growth factor 1),
EGF (epidermal growth factor), and IGF-I (insulin-like
growth factor-I) by quantitative real-time PCR using total
RNA extracted from pancreas. There was no difference in
expression levels of FGF1, EGF, or IGF-I between control
and p-KO pancreas (fold change vs. control: 0.92 � 0.13,
1.18 � 0.10, and 1.15 � 0.26 for FGF1, EGF, and IGF-I,
respectively; n � 4 independent experiments in triplicates,
P � NS). These data suggest that vascular density may be
negatively affected by STAT3 deletion via reduced
VEGF-A expression in p-KO mice.

Discussion

STAT3 is activated by cytokines and growth factors and is
important for a wide range of biological responses (28).
Because STAT3 deletion results in early embryonic lethal-
ity (29), previous genetic studies relied on cre-loxP system
to create tissue-specific knockout mice for investigation of
STAT3 functions in various tissues, including pancreas
(20, 21, 24, 30–34). So far, two conditional STAT3 KO
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(STAT3fl/fl) mouse lines have been generated and used in
various reports. One KO line targeted exons 18–20 en-
coding SH2 domain (21, 33), whereas the other one floxed
exons 21 and 22 encoding a tyrosine residue and MAPK
recognition site (Refs. 20, 21, 32, and 35 and the current
study). The targeted exons in both mouse lines encode pro-
tein fragments (SH2 domain, tyrosine, and MAPK recogni-
tion site) that are essential for STAT3 activation; therefore,
conditional deletion generated on both STAT3fl/fl mouse line
results in inactivation of STAT3 signaling (20, 35). Mice
with RIP-Cre-mediated STAT3 inactivation (STAT3/RIP-
KO) are mildly hyperglycemic, hyperinsulinemic, hy-
perphagic, and glucose intolerant (32, 34). In addition to
�-cells, RIP-Cre transgene is expressed in the hypothala-
mus; therefore, STAT3 was also deleted in the hypothal-
amus in these studies (32, 34). Because both �-cells and
hypothalamus are important in regulating glucose metab-
olism, it is not clear the relative contribution of STAT3 in
�-cells and hypothalamus to the observed phenotypes. To
clearly identify the function of STAT3 in �-cells without
hypothalamic interference, we generated pancreas-spe-
cific STAT3 KO using the well-established Pdx1-cre, cre
expression being limited only in the pancreas (8). Efficient
STAT3 deletion in the pancreas of p-KO mice was con-
firmed by immunostaining and Western blotting, whereas
STAT3 levels in other tissues, such as brain and blood
vessels, were not affected. In Western blotting, we did not
observe a truncated STAT3 protein in p-KO mice as pre-
dicted by Cre recombination of the target gene vector (20),
consistent with a previous report (32).

Glucose homeostasis is regulated by the major anabolic
hormone, insulin. Maintenance of glucose homeostasis
depends on adequate supply and efficient delivery of in-
sulin to target organs and tissues, which is determined by
both �-cell secretory processes and the extensive and well-
developed microvascular network within the endocrine
glands. Microvasculature in endocrine pancreas depends
on proper VEGF-A level for its development and mainte-
nance (10, 11, 36). STAT3 activation is essential for VEGF
expression and subsequent angiogenesis in pancreatic can-
cer (15). However, it was not clear whether STAT3 is
involved in normal islet vascularization. Therefore, we
tested whether pancreas-specific STAT3 deletion affected
pancreas microvascular network and whether the action
was mediated through VEGF-A. In this study, we found
that in vivo insulin response during glucose tolerance test
was impaired and delayed in p-KO mice, although insulin
secretion from isolated p-KO pancreatic islets was normal.
We further found impaired vascular network develop-
ment and reduced VEGF-A levels in the pancreas of p-KO
mice, thus linking STAT3 to the regulation of VEGF-A, a
key regulator of vascular development. Our findings that

islet vascularization is impaired in the absence of STAT3
signaling and that VEGF-A expression, but not other va-
sotropic factors, is reduced in p-KO mouse pancreas pro-
vide evidence for a direct role of STAT3 in the formation
and maintenance of islet microvascular network and ex-
tend previous studies on VEGF-A conditional KO mice by
Brissova et al. (12) and Iwashita et al. (37) to link STAT3
as an upstream signaling molecule to VEGF-A expression.

Consistent with the previous VEGF-A KO study by
Lammert et al. (8), we observed increased proportion of
small islets in the p-KO mice, although the total endocrine
islet area relative to the whole pancreas remained similar
to that in the control mice (Kostromina, E., and W. Han,
unpublished observations). Furthermore, mice with RIP-
Cre mediated STAT3 deletion also exhibited abnormal
�-cell distribution in the islets (34). These observations
suggest that STAT3 might be directly involved in islet de-
velopment, in addition to its role in regulating the forma-
tion and maintenance of islet microvascular network. Fur-
ther studies are needed to delineate the precise role of
STAT3 in regulating islet development and function.

In this study, we observed a dichotomy of in vivo and
in vitro insulin secretion in p-KO mice. Similar findings
were also reported previously in VEGF-A conditional KO
mice: Brissova et al. (12) found that vascular alterations in
islets could lead to reduced insulin output in the absence
of �-cell dysfunction, and Iwashita et al. (37) reported that
abnormal quantity and quality of blood vessels could be a
cause of impaired insulin secretion without impairment of
�-cell function. The fact that isolated islets function nor-
mally but p-KO mice have impaired insulin secretion sug-
gests that the decreased in vivo insulin response could be
caused by blunted delivery of glucose to the islets and/or
reduced efficiency in insulin collection and output from
islet microvascular network to system circulation, a no-
tion that is supported by the observation that microvas-
cular density inside the islets is reduced in p-KO mice.

Although we clearly identified glucose intolerance and
impaired insulin secretion and vascular defects in the pan-
creas of the p-KO mice, a previous study using Pdx1-Cre-
mediated STAT3 KO mice found that STAT3 was not
required for glucose homeostasis or body weight regula-
tion (21). The lack of phenotype in pancreas-specific
STAT3 KO mice was unexpected, considering that STAT3
can be activated in �-cells by leptin and other cytokines
(21, 38–41). Furthermore, some of the phenotypes re-
ported in STAT3/RIP-KO mice were unlikely the result of
hypothalamic STAT3 deletion, i.e. reduced VEGF-A ex-
pression in �-cells (34). The discrepancy between our
present study and the previous report could be due to the
fact that we used different STAT3fl/fl mice. Although both
floxed mice should give rise to STAT3 inactivation (20,

Endocrinology, May 2010, 151(5):2050–2059 endo.endojournals.org 2057

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 03 February 2014. at 00:49 For personal use only. No other uses without permission. . All rights reserved.



35), we cannot exclude the possibility that subtle differ-
ences between the two floxed lines may have caused the
observed differences.

In the present report, we focused our study on female
mice because the responses from male mice were highly
variable during the initial rounds of glucose tolerance
tests. It is not uncommon to observe the sexual dichotomy
in metabolic studies at the whole animal level (42, 43),
including one of our earlier studies that investigated cal-
cium-dependent insulin secretion in synaptotagmin-7 KO
mice (17). To test whether STAT3 signaling performs sim-
ilar functions in male and female mice, we stained pan-
creatic sections from male p-KO and control mice and
quantified vascular density as we did for the female mice.
STAT3 deletion led to similar reduction in vascular den-
sity in the pancreas of both male and female p-KO mice
(Supplemental Fig. 3), confirming that the same STAT3
signaling mechanism applies to both sexes.

In summary, we studied pancreatic STAT3 function by
using a Pdx1-Cre mediated STAT3 KO mice, with STAT3
deletion specifically in the pancreas before islet formation
during embryonic development. We demonstrated that
p-KO mice exhibit delayed glucose clearance and impaired
insulin release. Our major finding in this study is that
vascular density in the pancreas is reduced in the absence
of STAT3 signaling along with decreased pancreatic
VEGF-A transcription and translation, suggesting a func-
tional role of pancreatic STAT3 signaling in the normal
development and maintenance of islet microvascular net-
work through its regulation of VEGF-A production.
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