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Pancreatic islets adapt to insulin resistance through a complex
set of changes, including b-cell hyperplasia and hypertrophy. To
determine if islet vascularization changes in response to insulin
resistance, we investigated three independent models of insulin
resistance: ob/ob, GLUT4+/2, and mice with high-fat diet–induced
obesity. Intravital blood vessel labeling and immunocytochemis-
try revealed a vascular plasticity in which islet vessel area was
significantly increased, but intraislet vessel density was decreased
as the result of insulin resistance. These vascular changes were
independent of islet size and were only observed within the b-cell
core but not in the islet periphery. Intraislet endothelial cell fen-
estration, proliferation, and islet angiogenic factor/receptor ex-
pression were unchanged in insulin-resistant compared with
control mice, indicating that islet capillary expansion is mediated
by dilation of preexisting vessels and not by angiogenesis. We
propose that the islet capillary dilation is modulated by endothe-
lial nitric oxide synthase via complementary signals derived from
b-cells, parasympathetic nerves, and increased islet blood flow.
These compensatory changes in islet vascularization may influ-
ence whether b-cells can adequately respond to insulin resistance
and prevent the development of diabetes. Diabetes 62:4144–
4153, 2013

P
ancreatic islets are highly vascularized, and this
feature is critical for b-cells to rapidly sense the
blood glucose and secrete insulin into the sys-
temic circulation (1,2). Islet vascularization begins

early in pancreas development and is maintained in adult-
hood as a consequence of islet cell production of angiogenic
factors such as vascular endothelial growth factor-A (VEGF-A)
and angiopoietin-1 (Ang-1) (3–6). These factors recruit
endothelial cells (ECs), stimulate blood vessel growth and
maturation, and in the case of VEGF-A, promote formation
of EC fenestrations (5,6). In addition, ECs adjacent to pan-
creatic epithelium reciprocally influence islet cell differen-
tiation and development (7,8).

b-Cells have a remarkable ability to respond to changes
in an organism’s metabolic state, such as changes in the
blood glucose or increased insulin requirements. For exam-
ple, when insulin resistance develops, b-cells of the pan-
creatic islet can dramatically increase insulin production
and secretion with an increase of b-cell mass, thus main-
taining normoglycemia (9,10). In this way, mouse models
with marked insulin resistance and humans with obesity-
related insulin resistance are hyperinsulinemic but not
hyperglycemic. The mechanisms underlying this b-cell ad-
aptation to insulin resistance and their subsequent failure in
some individuals who develop type 2 diabetes are incom-
pletely understood.

Because of the highly vascularized state of pancreatic
islets and the marked changes in b-cell size and number in
the setting of insulin resistance, we hypothesized that the
islet vasculature must adapt to these changes in b-cell
mass and insulin requirements. We envisioned that a hy-
perplastic islet, like a growing tumor mass, would increase
production of angiogenic factors to increase its vascular
supply with expanding b-cell mass (11). To test this hy-
pothesis, we examined islet vascularization in three mouse
models of insulin resistance and found, unexpectedly, that
islet vessel density was decreased, not increased, and that
the intraislet vasculature became markedly dilated whereas
vessels in the exocrine tissue were unchanged. The dilation
of intraislet capillaries was independent of islet size, sug-
gesting the vascular adaptation may primarily support in-
creased b-cell insulin secretory demand rather than b-cell
mass expansion. Moreover, these vascular changes were
accompanied by an increase in islet parasympathetic in-
nervation. Our results indicate that the metabolic state
influences islet angioarchitecture and innervation, suggesting
that islet neurovascular remodeling may influence whether
b-cells can adequately respond to insulin resistance and
maintain normoglycemia.

RESEARCH DESIGN AND METHODS

Animals. Animal studies were performed in accordance with guidelines of the
Vanderbilt University Institutional Animal Care and Use Committee. Adult male
and female ob/wt mice on the C57BL/6J background were bred and genotyped
according to protocol provided by The Jackson Laboratory (Bar Harbor, ME).
The ob/ob and wt/wt controls were studied at 4, 8, and 16 weeks of age.
GLUT4+/2 mice and their GLUT4+/+ littermates were 48–50 weeks of age on
mixed C57BL/6J/129 Sv/Black Swiss background, as previously described (12).
For an insulin-resistant model of diet-induced obesity, male C57BL/6J mice
(The Jackson Laboratory) were fed chow or a high-fat diet (HFD) starting at
weaning until 20 weeks of age. The standard chow (LabDiet, cat. #5001)
contained 48.7% carbohydrate, 23.9% protein, and 5.0% fat by weight with a
total of 13.5% of dietary calories from fat. The HFD (Bio-Serv, Frenchtown, NJ,
cat. #F3282) contained 36.3% carbohydrate, 20% protein, and 35.5% fat by
weight with a total of 60% of dietary calories from fat. Food was changed twice
weekly. Blood glucose and plasma insulin levels were measured in the fed and
fasted state, as described (6).
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Quantitative RT-PCR. Total islet RNA was extracted using an RNAqueous
RNA isolation kit (Ambion, Austin, TX), and analysis was performed as de-
scribed (13). TaqMan primers and probes were from Applied Biosystems
(Supplementary Table 1).
Histological assessment of pancreas. Immunohistochemistry, morphomet-
ric analysis, and assessment of the functional islet vasculature were performed
as described (6). Antigens were visualized with the primary antibodies listed in
Supplementary Table 2. Secondary antibodies were from Jackson Immuno-
Research Laboratories, Inc. (West Grove, PA).
Blood flow imaging in vivo. Islet capillaries were visualized after a bolus of
sulforhodamine-conjugated dextran, and islet blood flow was measured by
tracking sulforhodamine-labeled erythrocytes (RBCs), as previously described
(14). Internal islet capillary diameter was measured using Imaris 7.5 software
(Bitplane, South Windsor, CT) on 20 capillaries in wt/wt and ob/ob mice (n = 3
islets/group).
Nitric oxide activity. Wild-type and ob/ob mice were perfused through car-
diac puncture at a 1 mL/min flow rate with warm PBS for 5 min, followed by
10 mmol/L 4,5-diaminofluorescein diacetate (DAF-2DA; Alexis Biochemicals,
Farmingdale, NY) containing 0.1 mmol/L L-arginine and 2 mmol/L CaCl2 for
10 min, and a 10-min washout period with PBS (15). Production of nitric oxide
(NO) converts the nonfluorescent dye, DAF-2 DA, to its fluorescent triazole
derivative DAF-2T. Pancreata were removed and fixed, and cryosections were
imaged, as described above. DAF-2T fluorescence intensity was measured
using ImageJ software, and data were reported after background signal sub-
traction. Islets were deemed DAF-2T+ only if DAF-2T fluorescence intensity
was twofold higher compared with background.
Electron microscopy. Ultrastructure of b-cells and islet vasculature were
assessed by transmission electron microscopy (6). Basement membrane
thickness was measured in calibrated images at original magnification
38,800–15,000 using ImageScope software (Aperio, Vista, CA). Depending on
the capillary size, the basement thickness was measured at 10–15 points along
the capillary length and then averaged per each capillary.
Statistical analysis. The Student t test was used for comparisons of two
groups. All data are presented as mean 6 SEM, and a P value , 0.05 was
considered significant.

RESULTS

Characteristics of three mouse models of insulin
resistance used for islet blood vessel analysis. To in-
vestigate if islet vascularization changes in the setting of
insulin resistance, we studied three mouse models with
different mechanisms of insulin resistance: 1) ob/ob mice
with an inactivating mutation in the leptin gene (16,17), 2)
mice heterozygous for inactivation of the GLUT4 glucose
transporter gene (GLUT4+/2) (12,18), and 3) mice fed an
HFD. The ob/ob and HFD mice were both obese relative to
their respective controls, but GLUT4+/2 mice had the same
body weight as GLUT4+/+ littermates (Supplementary Fig.
1A–C). When fasting plasma insulin was used as a measure
of insulin resistance, ob/ob mice and HFD mice were more
insulin-resistant than GLUT4+/2 mice (Supplementary Fig.
1E–G). Fasting and random blood glucose levels in ob/ob
mice were moderately elevated at 4, 8, and 16 weeks of
age, and they were noted to be glucose-intolerant by 4
weeks of age (Supplementary Fig. 2A and B). HFD and
GLUT4+/2 mice had blood glucose levels similar to those
of controls (Supplementary Fig. 2C and D). Islet size was
significantly increased in all three insulin-resistant models
but more profoundly in ob/ob and GLUT4+/2 mice com-
pared with HFD mice (Supplementary Fig. 1H–P).
Changes in islet angioarchitecture associated with
insulin resistance. We reasoned that hyperplastic islets,
like tumors, would need increased vascularization because
of the increased b-cell number and increased metabolic
demands associated with increased insulin biosynthesis
and secretion. To assess the pancreatic islet vasculature,
blood vessels were visualized by the intravital labeling
with lectin-fluorescein isothiocyanate (FITC) (6) (Fig. 1A–F)
or by using live imaging in vivo with a bolus of rhodamine-
conjugated dextran (14) (Fig. 1G and H). These two

methodologies take advantage of intravascular label-
ing that visualizes only functional vessels, and when
combined with optical sectioning, allow for three-
dimensional reconstruction of the islet angioarchitecture
(Fig. 1A–H). This three-dimensional reconstruction re-
vealed that capillaries in ob/ob islets were greatly enlarged
as early as 4 weeks of age. The vessel enlargement was
quite prominent within the islet core composed mainly of
b-cells but was not observed in the islet periphery con-
taining mainly non–b-cells (Fig. 1D–F and H and Sup-
plementary Fig. 1H–M). Surprisingly, enlarged capillaries
were detected not only in hyperplastic islets but also in
medium and smaller size islets (Fig. 1D), suggesting that
the capillary enlargement is independent of b-cell number
per islet.

To better understand vascular phenotype in ob/ob islets,
we used integrated morphometry to measure several ves-
sel parameters using 10-mm-thick cryosections labeled
with lectin-FITC. At 1 week of age, ob/ob mice were insulin-
resistant (Supplementary Fig. 1D), but islet vascular
parameters were similar to wt/wt mice (Fig. 1I–K). Al-
though overall blood vessel area-to-islet area ratio in-
creased in ob/ob compared with wt/wt islets by 4 weeks of
age (Fig. 1I), islet vascular density progressively declined
in ob/obmice with age (Fig. 1J). At the same time, intraislet
vessels became larger in ob/ob mice, as reflected by an 81%
increase in the area/vessel parameter (Fig. 1K). This was
further confirmed by measurement of the internal capillary
diameter demonstrating that capillaries in ob/ob mice were
more than twofold thicker (Fig. 1N). In contrast to islets,
the vasculature of exocrine tissue was unchanged in
insulin-resistant ob/ob mice (Fig. 1M and N). In addition,
lectin-FITC labeling in the islets and exocrine tissue was
colocalized with EC markers such as caveolin-1 and CD31,
confirming that blood vessels in both pancreatic com-
partments were quiescent and not forming new sprouts
(data not shown) (6,19). These data indicate that insulin
resistance in the ob/ob model leads to increased vessel area
per islet. However, this increase in islet vascular supply
results not from increasing islet vessel density but, rather,
from capillary size.

Because ob/ob mice have a number of metabolic changes
and the leptin receptor is expressed in ECs (20), we ex-
amined islet vascularization in two additional models of
insulin resistance: one associated with obesity (HFD mice)
and the other one without obesity (GLUT4+/2 mice). Using
EC labeling with caveolin-1, we found that islet vasculature
in these two models (Fig. 2) was phenotypically similar to
that of ob/ob islets (Fig. 1). The vessel area-to-islet area ratio
was increased in HFD and GLUT4+/2 mice compared with
their respective controls (Fig. 2C and H) and accompa-
nied by reduced vessel density (Fig. 2D and I) and a 51–
80% increase in the area-to-vessel ratio (Fig. 2E and J),
demonstrating intraislet capillary enlargement. These
results demonstrate that increasing islet vascular supply
through islet capillary enlargement is a common adaptive
response to insulin resistance.
Insulin resistance does not lead to islet angiogenesis.
Tissue vascular development and adult blood vessel ho-
meostasis are coordinated through intricate signaling
networks of several angiogenic growth factor families
(3,4,21,22). Islet endocrine cells express several angio-
genic factors, but VEGF-A is a principal regulator of islet
capillary density and vascular permeability (5,6). Because
insulin resistance led to an increased ratio of blood vessel
area to islet area, we asked if this increase in islet vascular
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FIG. 1. Reduced islet vessel density but increased vessel size in insulin-resistant ob/ob mice. A–F: Islet vasculature in wt/wt and ob/ob mouse
pancreas was visualized by intravital labeling with FITC-conjugated endothelium-binding tomato lectin. Pancreatic sections (60 mm) were opti-
cally sectioned, and islet vasculature was three-dimensionally reconstructed. The scale bar in A represents 50 mm and applies to B–F. G and
H: Three-dimensional projections of islet capillaries visualized after a bolus of rhodamine-conjugated dextran by live imaging in vivo. The
arrowheads in D–H point to capillaries in the islet periphery. The scale bar in G represents 50 mm and applies to H. Images in A–H are repre-
sentative three-dimensional projections of islet capillaries obtained from 3 ob/ob mice and 3 wt/wt controls at 16 weeks of age with 3–5 islets/
mouse. I–K: Vascular morphometry was performed on 10-mm cryosections, with blood vessels visualized by intravital labeling with lectin-FITC
(6,19). MetaMorph 6.1 software (Universal Imaging) was used to apply integrated morphometry analysis to at least 40 islets per tissue block or
comparable areas of acinar tissue (n = 4–5 mice/genotype) to determine ratio of islet capillary area to islet area, capillary density, and area per
capillary. Capillaries were counted using a technique described by Weidner (49), where any fluorescently labeled EC or EC cluster clearly separate
from adjacent microvessels was considered a single, countable microvessel. L: Islet capillary diameter was measured on 20 capillaries visualized by
a bolus of sulforhodamine-conjugated dextran in wt/wt and ob/ob mice at 16 weeks of age (n = 3 islets/group). Capillary density (M) and area per
capillary (N) in acinar tissue were not statistically different in wt/wt and ob/ob mice at 8 weeks of age (at least 40 acinar tissue areas were
analyzed per mouse; n = 4 mice/genotype). ***P < 0.001 ob/ob compared with wt/wt.
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FIG. 2. Reduced islet vessel density and increased vessel area in mice with insulin resistance due to HFD or GLUT4 heterozygosity. Islet vascu-
lature in C56BL/6 mice fed chow (A) or HFD (B) visualized by EC labeling with caveolin-1. C–E: Morphometric analysis of islet vasculature in mice
fed chow or HFD. Islet vasculature in GLUT4

+/+
(F) and GLUT4

+/2
(G) was visualized by EC labeling with caveolin-1. H–J: Morphometric analysis

of islet vasculature in GLUT4
+/+

and GLUT4
+/2

mice. The scale bar in A represents 50 mm and applies to B, F, and G. ***P< 0.001 HFD or GLUT4
+/2

mice compared with respective controls (n = 4–5 mice and >100 islets/genotype).

C. DAI AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 62, DECEMBER 2013 4147



supply was modulated by changes in islet angiogenic
growth factor expression. To address this question, we
investigated the expression profile of several angiogenic
growth factor families, including VEGFs, angiopoietins,
fibroblast growth factors, and ephrins, by quantitative

RT-PCR in control and ob/ob islets. As expected, mRNA
levels of Vegfa and its obligatory receptors Flt1 and Kdr
were the most abundant among all of the angiogenic factors
and receptors examined (data not shown). None of the
angiogenic factors or their receptors were differentially

FIG. 3. Islet angiogenic factor expression and EC fenestrations are not altered in insulin resistance. Gene expression profile of angiogenic factors
(A) and their receptors (B) in wt/wt and ob/ob islets at 8 weeks of age was measured by quantitative RT-PCR. Gene expression analysis was per-
formed on islets isolated from five separate mice per genotype (P > 0.05). Quantitative RT-PCR data were normalized to endogenous B2m control
and then expressed relative to wt/wt control. Ins1 mRNA level was not different in ob/ob and wt/wt islets, and Ins2 mRNA level was modestly in-
creased in ob/ob islets (40 6 10% increase in ob/ob compared with wt/wt). C: VEGF-A secretion in isolated size-matched wt/wt (n = 5 samples) and
ob/ob islets (n = 4 samples) was assessed as described previously (6) and normalized per 100 islet equivalents (IEQs) (50). Pancreatic sections from
wt/wt (D and E) and ob/ob (F and G) mice at 4 weeks of age were stained for insulin (Ins, green), Ki67 (red), and CD31 (green) and counterstained
with DAPI (blue). No Ki67

+
/CD31

+
ECs were detected inwt/wt or ob/ob pancreatic sections. The scale bar in G represents 50 mm and applies to D–F.

Pancreatic sections fromwt/wt (H and I) and ob/ob (J andK) mice at 8 weeks of age were stained for insulin (Ins, green), BrdU (red), and caveolin-1
(Cav-1, green) and counterstained with DAPI (blue). No BrdU

+
/caveolin-1

+
ECs were detected in wt/wt or ob/ob pancreatic sections. BrdU (Sigma-

Aldrich) was administered in drinking water at 0.8 mg/mL for 7 days before tissue collection. The scale bar in K represents 50 mm and applies toH–J.
EC ultrastructure of islet vasculature in wt/wt (L) and ob/ob (M) was assessed by transmission electron microscopy. The arrowheads point to EC
fenestrations; L, capillary lumen; RBC, red blood cell. The scale bar in L andM represents 500 nm. N: Basement membrane thickness in wt/wt and
ob/ob was analyzed by transmission electron microscopy and morphometry (n = 10 capillaries/genotype, n = 2 mice/genotype). **P < 0.01.
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expressed in ob/ob versus control islets (Fig. 3A and B),
suggesting that islet vascular expansion associated with
insulin resistance is not mediated by angiogenesis. A ca-
veat of this analysis is that ob/ob islets may have fewer ECs
per islet volume due to the increased b-cell population,
and thus, angiogenic factor receptor mRNA could be un-
changed due to the increased number of receptors on
intraislet ECs. Consistent with the gene expression anal-
ysis in Fig. 3A, VEGF-A production was similar in wt/wt
and ob/ob islets (Fig. 3C).

To further confirm that intraislet EC proliferation was
not contributing to islet vascular changes, we assessed
replication in ob/ob and wt/wt mice at 4 and 8 weeks of
age. Although proliferating b-cells were abundant in ob/ob
islets compared with controls (Fig. 3D, F, H, and J), we did
not detect intraislet EC proliferation in either type of islets
(Fig. 3E, G, I, and K). These data, together with those in
Fig. 3A–C, indicate that islet angiogenesis during insulin
resistance is very rare, with islet vasculature characterized
by a relative stability and a very low mitotic activity of the
intraislet EC population. Furthermore, these data suggest
that even if the number of VEGF receptor 1 (encoded by
Flt1) and VEGF receptor 2 (encoded by Kdr) receptors
increased on intraislet ECs in ob/ob islets, this increase did
not have an important biological effect.

In addition, transmission electron microscopy demon-
strated that intraislet ECs in ob/ob islets had an abundance

of fenestrations similar to that in control islets (Fig. 3L and
M). Although the basement membrane thickness increased
nearly twofold in ob/ob islets (Fig. 3N), this increase rep-
resents less than 1% of the islet vessel diameter (Fig. 1L).
Taken together, our results show that islet vascular ex-
pansion associated with insulin resistance is not mediated
by angiogenesis. Instead, adaptive changes in islet vascu-
lature result from dilation of preexisting vessels.
Mechanisms of intraislet vessel dilation in response
to insulin resistance. To dissect the mechanisms of the
islet blood vessel dilation, we first examined islet capillary
support structures. In islets, this capillary support is pro-
vided mainly by endocrine cells and pericytes. Hellström
at al. (23) showed previously that the lack of pericytes leads
to EC hyperplasia, vessel dilation, and microaneurysm for-
mation. Transmission electron microscopy revealed RBC
extravasation indicative of intraislet hemorrhage forma-
tion, especially in large islets of ob/ob mice at 16 weeks of
age (Supplementary Fig. 3). To assess the status of peri-
cytes in ob/ob islets, pancreatic sections were labeled for
two pericyte markers: NG2 and platelet-derived growth
factor receptor b (PDGFRb). We found that pericytes were
present in ob/ob islets and as demonstrated by immuno-
labeling, and their area appeared to be increased com-
pared with wt/wt islets (Fig. 4A–F). The ultrastructural
analysis further demonstrated that pericytes around the
intraislet capillaries were hypertrophied in ob/ob islets

FIG. 4. Pericytes associated with intraislet capillaries become hypertrophied during insulin resistance. Pancreatic sections from wt/wt (A–C) and
ob/ob mice (D–F) at 16 weeks of age were colabeled with the pericyte markers NG2 (green) and PDGFRb (red). The dashed line denotes the islet
perimeter. The boxes in C and F denote enlargements in C9 and F9. The scale bar in F represents 50 mm and also applies to A–E. Transmission
electron microscopy micrographs of wt/wt (G) and ob/ob islet (H). The arrows point to normal pericytes in G and to hypertrophied pericytes in
H; L, capillary lumen. The scale bar in G and H represents 500 nm. I: Pdgfb and Pdgfrb mRNA expression was determined by quantitative RT-PCR.
Gene expression analysis was performed on islets isolated from four separate mice per genotype. Quantitative RT-PCR data were normalized to
endogenous B2m control and then expressed relative to wt/wt. *P < 0.05.
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(Fig. 4G and H). This pericyte hypertrophy was associated
with increased expression of the Pdgfb/Pdgfrb ligand-
receptor system in ob/ob islets (Fig. 4I).

Nervous system input plays an important role in the
regulation of islet blood flow to maintain homeostasis and
react to normal fluctuations in metabolic demands (24,25).
To determine if nervous system changes occur in chronic
islet adaptation to insulin resistance, we examined the
morphology of islet autonomic innervation. Global islet
innervation was increased in hyperplastic ob/ob islets (Fig.
5A and B), as quantified by the density of nerve fibers la-
beled for neuronal class III b-tubulin, the neuron-specific
tubulin marker (Fig. 5E). Islets in ob/ob mice also showed
dense parasympathetic innervation, with numerous nerve
fibers expressing the vesicular acetylcholine transporter
(VAChT) (Fig. 5C and D). When quantified, the density of
VAChT+ varicosities and the VAChT+ area were both in-
creased in ob/ob islets (Fig. 5F and G). The change was not
due to larger islets in ob/ob mice, because the similarly
sized islets in wt/wt mice did not show the same increase
in VAChT+ nerve fibers (Supplementary Fig. 4A and B). In
contrast to parasympathetic innervation, islet sympathetic
innervation was unchanged in ob/ob mice, as evaluated by
staining for tyrosine hydroxylase (TH), the rate-limiting
enzyme in catecholamine biosynthesis. Islets from ob/ob
and wt/wt mice showed a comparable number of TH+

nerve fibers within the insulin+ islet core (Supplementary
Fig. 4C and D). Similarly, ob/ob and wt/wt mice both
showed a few TH+ b-cells per islet (Supplementary Fig 4C

and D). These data demonstrate that ob/ob islets have en-
hanced parasympathetic innervation that may contribute
to increased blood flow in ob/ob islets.

To measure islet blood flow, we used live imaging and
tracked sulforhodamine-labeled RBCs in vivo (14). We
used the RBC trajectory to calculate RBC speed and found
that it was 30% higher in ob/ob islets (Fig. 5H). Carlsson
et al. (26) found that ob/ob mice had a major increase in
islet blood (fourfold) at 4 weeks of age. Our longitudinal
analysis of islet capillary morphometry (Fig. 1K) comple-
ments the islet blood flow data by Carlsson et al. (26),
indicating that the robust increase in islet blood flow at 4
weeks of age precedes adaptive changes in the islet cap-
illary size. This suggests that islet capillary diameter
responds to increased islet blood flow and that shear
stress leads at least in part to islet capillary dilation.

Increased blood flow and shear stress induce transcrip-
tion and translation of endothelial NO synthase (eNOS),
which leads to increased synthesis and release of the po-
tent vasodilator, NO (27). All three isoforms of NOS are
present in wt/wt islets, but the mRNA level of eNOS (Nos3)
was higher than neuronal NOS (Nos1) and inducible NOS
(Nos2) (Fig. 6A). Moreover, ob/ob islets had higher ex-
pression of Nos3 but lower expression of Nos1 and Nos2
(Fig. 6B). We next measured NO production in vivo using
the fluorescent NO indicator DAF-2DA. In ob/ob islets,
DAF-2T fluorescence intensity increased by 30% (Fig. 6C–G),
although some wt/wt and ob/ob islets had similar DAF-2T
fluorescence intensity. These data indicate that islet

FIG. 5. Enhanced parasympathetic innervation and blood flow in ob/ob islets. Islets from ob/ob mice (B and D) and their wt/wt controls (A and C)
were immunolabeled for insulin (green) and neuronal class III b-tubulin (TUJ1; red/grayscale in A9 and B9) or VAChT (red/grayscale in C9 and D9).
The scale bars are 100 mm. E–G: Global islet innervation density was quantified by calculating the number of TUJ1

+
fibers within the insulin

+
islet

area. Islet parasympathetic innervation was quantified by calculating the number of VAChT
+
varicosities per insulin

+
area and by calculating the

VAChT
+
area as a percentage of the insulin

+
islet area. Quantification is shown for islet TUJ1

+
nerve fiber density (E), islet VAChT

+
varicosity

density (F), and islet VAChT
+
area (G) (n = 100 islets/genotype). H: Islet blood flow was measured by tracking sulforhodamine-labeled RBCs in

wt/wt and ob/ob mice at 16 weeks of age (n = 90/genotype). Ins
1
, insulin

1
. *P < 0.05 and ***P < 0.001 ob/ob compared with wt/wt.
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vascular changes during insulin resistance are closely
associated with increased islet parasympathetic in-
nervation and islet blood flow and are at least partly
mediated by increased NO production.

DISCUSSION

Pancreatic islets respond to the increased insulin demand
associated with insulin resistance by increasing insulin
output and expanding b-cell mass. These compensatory
changes are critical for maintaining normoglycemia and
avoiding diabetes. Because islets are highly vascularized
and many of the adaptive changes in islets are accompa-
nied by increased oxygen and nutrient requirements, we
assessed islet vascularization in three independent mouse
models of insulin resistance: leptin deficiency, HFD-induced
obesity, and GLUT4 haploinsufficiency. Our results indicate
that the islet vascular supply increases during insulin re-
sistance. However, this vascular adaptation is mediated
not by angiogenesis but, rather, by dilation of preexisting
vessels.

Despite the dramatic changes in b-cell mass and func-
tion during insulin resistance, islets, unlike tumors, sur-
prisingly maintain normal expression of the major
angiogenic factor secreted by islet endocrine cells, Vegfa,
and its signaling receptors Kdr and Flt1. Several recent
reports indicate that the precise regulation of VEGF-A
signaling is critical for the maintenance of vascular ho-
meostasis in developing and mature islets (28–30), and our

data suggest that this tight regulation of VEGF-A signaling
is conserved even in insulin resistance. Increased VEGF-A
expression by endocrine progenitors or b-cells stimulates
proliferative angiogenesis that leads to b-cell loss (28,29).
Although islets in insulin-resistant animals showed in-
creased b-cell proliferation, there was no proliferation of
intraislet ECs, indicating that islet vasculature is quiescent.
Prior studies using prediabetic Zucker diabetic fatty rats
and HFD-fed mice suggested a causal relationship be-
tween increased islet VEGF-A secretion and islet hyper-
vascularization in insulin resistance, but these studies did
not normalize islet VEGF-A production for the difference
in the total cell number between hyperplastic and control
islets (30,31). Our data show that these studies over-
estimated VEGF-A production per islet and that this is the
reason for the difference with our results. Furthermore,
because the number of islet capillaries is strictly regulated
by VEGF-A (5,6), the fact that islets compensate by in-
creasing the vessel size and not by changing the vessel
number, EC proliferation, or EC fenestration is biologic
evidence of VEGF-A–independent vascular adaptation.
Formation of larger vessels was noted when Ang-1 was
overexpressed in the skin (32), but our analysis suggests
that the angiopoietin signaling system is not involved in
the increased islet capillary size associated with insulin
resistance.

Islet capillaries not only increased in size but also un-
derwent several changes at the ultrastructural level. Although
EC fenestrations were maintained in the insulin-resistant

FIG. 6. Expression of NOS isoforms and NO production in wt/wt and ob/ob islets. A: The expression level of three NOS isoforms in wt/wt islets was
measured by quantitative RT-PCR (n = 5 islet samples) and expressed relative to Actb. B: Expression profile of Nos1, Nos2, and Nos3 in wt/wt and
ob/ob islets at 8 weeks of age (n = 5 samples/genotype). B2m was used as an endogenous control in A and B. C–G: NO production inwt/wt and ob/ob
islets was measured by DAF-2T fluorescence in vivo. Phase contrast images of pancreatic cryosections from wt/wt (C) and ob/ob mice (E), with
islet boundaries denoted by the dashed line. D and F: DAF-2T fluorescence within islet boundaries marked in C and E. G: Intensity of DAF-2T
fluorescence. AU, arbitrary unit. *P < 0.05; ***P < 0.001 ob/ob compared with wt/wt.

C. DAI AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 62, DECEMBER 2013 4151



state, the thickness of the vascular basement membrane
nearly doubled, the pericytes associated with islet capil-
laries became hypertrophied, and we noted RBC extrava-
sation. Similar changes in basement membrane and
pericytes were reported by Nakamura et al. (33) in islets of
diabetic db/db mice. We showed that the thickness of the
islet capillary basement membrane increased proportion-
ally with the capillary diameter but did not observe hall-
marks of fibrosis, such as presence of fibroblasts as
reported by Nakamura et al. (33) in db/db mice with long-
standing diabetes (34). Because the capillary basement
membrane in islets is exclusively synthesized by intraislet
ECs (35), its remodeling during insulin resistance could be
caused by changes in ECs triggered by increased islet
blood flow (36). Thus, the increased basement membrane
thickness in the absence of diabetes could be viewed as an
initial adaptive response of intraislet ECs rather than fi-
brosis, as proposed by Agudo et al. (30). Furthermore,
Agudo et al. (30) suggested that the increased area of islet
vascular collagen IV labeling during insulin resistance was
indicative of fibrosis. Our data do not support this con-
clusion and instead indicate that the increased area of
collagen IV, which marks blood vessel surface, is mainly
due to the increased islet capillary size and not fibrosis.

The role of pericytes in normal islet function is not
completely understood, but in other tissues, pericytes are
very important in supporting blood vessel stability
(23,37,38). ECs recruit pericytes to the vessel wall mainly by
secreting PDGFB homodimer that binds to PDGFRb re-
ceptor on the pericyte surface. Inactivation of PDGFB or
PDGFRb results in pericyte loss that leads to EC hyper-
plasia, vessel dilation, and vascular leakage (23,37,38). In
the ob/ob model, pericytes were not lost, and actually,
Pdgfb/Pdgfrb expression and pericyte area were slightly
increased. We thus postulate that this compensation is in-
sufficient in the presence of significantly increased islet
vascular perfusion and leads to vessel instability and hem-
orrhaging. Our gene expression and vascular morphometry
data strongly argue against the notion that the primary
cause of vascular leakage in the insulin resistance setting is
increased islet VEGF-A expression (30,31).

Our data indicate that insulin resistance leads to signifi-
cantly increased expression of eNOS (Nos3), a rate-limiting
enzyme in NO synthesis. NO plays a key role in regulating
endothelium-dependent vasodilation (39). Several comple-
mentary mechanisms may lead to increased Nos3 expression
and NO production resulting in NO-mediated islet capillary
dilation during insulin resistance. The NO-mediated vaso-
dilatory response of intraislet ECs may be stimulated by
hemodynamic shear stresses imposed on endothelium by
higher islet blood flow. ECs respond to changes in blood
flow through the process known as mechanotransduction
(27,36). We propose that this response increases expression
of eNOS and thus results in greater availability of NO.

We also observed that islets during insulin resistance
have increased parasympathetic innervation, while maintain-
ing normal sympathetic innervation. Islet parasympathetic
nerves release neurotransmitters such as ACh, vasoactive in-
testinal peptide, gastrin-releasing peptide, and pituitary ade-
nylate cyclase-activating polypeptide and play critical roles in
regulating hormone release and in determining blood vessel
tone (40–43). When glucose is infused specifically in the brain,
signals from the central nervous system are transmitted
through the vagus nerves to enhance insulin secretion and
islet blood flow (25). In addition, glucose infusion directly into
the duodenum triggers a vagal relay to induce similar

effect (24). The increased density of cholinergic nerves
that we observed in ob/ob islets supports the importance of
the parasympathetic nervous system in mediating the in-
creased insulin secretion and islet blood flow in obese
mice and rats (44–46). For example, ACh activates mus-
carinic receptors on ECs, which results in the release of
NO leading to relaxation of vascular smooth muscle cells
and vasodilation (47). Further studies are required to un-
derstand the mechanisms regulating islet parasympathetic
innervation during insulin resistance and the relationship
between parasympathetic innervation and adaptive changes
in islet vascularization.

Our three-dimensional reconstruction of islet capillaries
demonstrated that the dilation was present only in the islet
core containing mostly b-cells and not around the pe-
riphery composed of other islet hormone-producing cell
types. This unique arrangement of islet angioarchitecture
suggests that b-cells may be involved in islet capillary di-
lation. Because insulin secretion is markedly increased
during insulin resistance, it is possible that the local in-
crease in insulin levels activates the insulin receptor sig-
naling cascade in intraislet ECs leading to phosphatidyl
inositol 3-kinase-Akt-mediated eNOS activation, increased
NO production, and vasorelaxation (48).

Here we show that the pancreatic islet adaptation to
insulin resistance is not limited to changes within b-cells
but also involves islet-specific, neurovascular remodeling.
To accommodate the increased demand for insulin de-
livery into the peripheral circulation, islet capillaries ex-
pand by dilation and not by angiogenesis. Based on our
data, we propose a model where eNOS-dependent islet
capillary dilation is modulated by complementary signals
derived from b-cells, parasympathetic nerves, and islet
blood flow (Fig. 7). In addition, islet capillary dilation is
accompanied by basement membrane remodeling and
pericyte hypertrophy. These changes in the structural
support of islet capillaries may be insufficient to maintain
capillary function, resulting in microaneurysm and b-cell
damage. The adaptive changes in islet vascularization may
influence the ability of islets to respond to insulin re-
sistance and could be vital for preventing b-cell failure and
development of type 2 diabetes.
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