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The receptor tyrosine kinase c-Kit plays an important role
in b-cell function and maturation (1–5). Mice with a
heterozygous global mutation of c-Kit (c-Kit Wv/+ )

demonstrated a severe loss of b-cell mass and impaired
insulin release (6–8), whereas restoration of c-Kit expression speciﬁcally in b-cells of these mice resulted in increased b-cell mass and improved glucose tolerance (9).
Increasing evidence suggests that c-Kit and its ligand,
stem cell factor (SCF), are implicated in the regulation of
angiogenesis. SCF treatment of different c-Kit–expressing
neoplastic cell lines revealed a signiﬁcant stimulatory
effect on vascular endothelial growth factor (VEGF) secretion, which was inhibited by the tyrosine kinase inhibitor
imatinib (10–12). Additionally, bone marrow stem cells/
progenitor cells expressing c-Kit can establish a proangiogenic milieu by releasing VEGF (13,14), while a mutation
resulting in loss of function in c-Kit in bone marrow stem
cells/progenitor cells prevented angiogenesis by interfering with myocardial repair tissue formation (14).
Vascular innervation of islets is required for proper
endocrine pancreatic organogenesis (15), mediated by VEGF
isoform A (VEGF-A) production from b-cells (16–18). Prior
studies (15,16,18), using a b-cell–speciﬁc VEGF-A–deﬁcient
mouse model, demonstrated that abnormally developed vasculature impairs islet architecture and glucose metabolism.
In contrast, more recent reports (19,20) have demonstrated
that b-cell–speciﬁc de novo induction of VEGF-A–stimulated
endothelial cell (EC) activation is associated with a progressive loss in b-cell function and mass. Thus, further studies
are required to examine the underlying mechanisms that
regulate VEGF-A production in b-cells.
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The receptor tyrosine kinase c-Kit plays an integral role
in maintaining b-cell mass and function. Although c-Kit
receptor signaling promotes angiogenesis in multiple
cell types, its role in islet vasculature is unknown. This
study examines the effects of c-Kit–mediated vascular
endothelial growth factor isoform A (VEGF-A) and islet
vascularization on b-cell function and survival using in
vitro cell culture and in vivo mouse models. In cultured
INS-1 cells and primary islets, c-Kit regulates VEGF-A
expression via the Akt/mammalian target of rapamycin
(mTOR) signaling pathway. Juvenile mice with mutated
c-Kit (c-KitWv/+) showed impaired islet vasculature and
b-cell dysfunction, while restoring c-Kit expression in
b-cells of c-KitWv/+ mice rescued islet vascular defects
through modulation of the Akt/mTOR/VEGF-A pathway,
indicating that c-Kit signaling in b-cells is a required regulator for maintaining normal islet vasculature. Furthermore, b-cell–speciﬁc c-Kit overexpression (c-KitbTg) in
aged mice showed signiﬁcantly increased islet vasculature and b-cell function, but, when exposed to a longterm high-fat diet, c-Kit signaling in c-KitbTg mice induced
substantial vascular remodeling, which resulted in increased islet inﬂammatory responses and b-cell apoptosis. These results suggest that c-Kit–mediated VEGF-A
action in b-cells plays a pivotal role in maintaining islet
vascularization and function.
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The correlation between c-Kit and angiogenesis in
different cell types has been established in previous research,
yet whether c-Kit serves a primary role in regulating islet
vascular remodeling by mediating VEGF-A production needs
to be clariﬁed. It is widely accepted that the vascular niche
provides oxygen and exchanges nutrients and metabolites to
support b-cell survival (18), but it can also expose islets to
inﬂammatory mediators under abnormal metabolic conditions (20–22). Here, we aimed to investigate the role of
c-Kit–mediated VEGF-A and islet vasculature and its impact
on islet survival and function under normal physiological
and pathological diabetic conditions using a combination
of in vitro cell line and ex vivo islet cultures and different
animal models. Our results showed that c-Kit is directly involved in islet vascularization and b-cell function through its
signaling to modulate VEGF-A production in b-cells via the
Akt/mammalian target of rapamycin (mTOR) axis. We further showed that c-KitWv/+ mice with ablated c-Kit function
had a substantial loss of b-cell mass and islet vasculature
that was reversible by restoring c-Kit expression in the
b-cells. On a normal diet, aged transgenic mice with a speciﬁc overexpression of c-Kit in b-cells (c-KitbTg) resulted in
increased islet vascularization, which was correlated with
b-cell expansion. Interestingly, aged c-KitbTg mice under
long-term high-fat diet (HFD) feeding conditions showed
islet hypervascularization and increased islet inﬂammatory
responses resulting in b-cell dysfunction and apoptosis.
RESEARCH DESIGN AND METHODS
Animals
c-KitWv/+ and b-Cell–Speciﬁc c-Kit Overexpression in
c-KitWv/+ Mice at 8 Weeks of Age

Heterozygous c-KitWv/+ mice obtained from The Jackson
Laboratory (stock #000049) (6) were crossbred with
c-KitbTg mice to generate the following four experimental
groups: wild-type (WT); c-KitWv/+; c-KitbTg; and c-KitbTg:
c-KitWv/+ (c-KitbTg:Wv) (9). These mice were fed a normal
diet, and pancreata were collected at 8 weeks for morphological analyses.
c-KitbTg Mice at 28 Weeks of Age With Normal or HFD
Studies

c-KitbTg mice and their age-matched WT littermates were
generated as described previously (9). An HFD study was
performed using HFD (D12492; Research Diets, New
Brunswick, NJ) for 20–22 weeks, starting at 6 weeks of
age for both WT (WT-HFD) and c-KitbTg (c-KitbTg-HFD)
mice (9). In parallel, age-matched WT and c-KitbTg mice
under normal diet conditions were examined. Metabolic
studies were performed at 28 weeks of age.
All mice were maintained on a C57BL/6J background.
The c-KitWv/+ mice were identiﬁed by their characteristic
pigmentation, and the c-KitbTg mice were identiﬁed by
PCR, as previously described (6,9). Female mice were
excluded from this study. All animal work was performed under protocols approved by the Animal Use
Subcommittee at the University of Western Ontario in
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accordance with the guidelines of the Canadian Council
on Animal Care.
Metabolic Studies on Experimental Mouse Models

Metabolic studies on c-KitbTg:Wv mice with their agedmatched experimental littermates at 8 weeks of age were
previously reported (9). Body weight and blood glucose
levels were measured, and an intraperitoneal glucose tolerance test (IPGTT) and an intraperitoneal insulin tolerance test (IPITT) were performed on WT and c-KitbTg
mice at 4, 10, 16, and 20–22 weeks post-HFD and at
28 weeks of age (9). For the IPGTT and IPITT, an intraperitoneal injection of glucose (D-(+)-glucose; SigmaAldrich, St. Louis, MO) at a dosage of 2 mg/g body weight
or human insulin (Humalin; Eli Lilly, Toronto, ON, Canada)
at 1 unit/kg body weight, respectively, was administered.
Blood glucose levels were measured before and after injection, and the area under the curve (AUC) was used to quantify responsiveness.
INS-1 Cell and Ex Vivo Islet Cultures

INS-1 832/13 cells were cultured in RPMI 1640 medium
containing 10% FBS (Invitrogen, Burlington, ON, Canada)
(8). At 80% conﬂuency, INS-1 cells were starved in serumfree RPMI 1640 medium containing 1% BSA overnight
prior to the experiment. For SCF stimulation studies, cells
were treated for 24 h with human recombinant SCF at
10–100 ng/mL (dissolved in acetic acid; ID Laboratories,
London, ON, Canada) or cultured with SCF at 50 ng/mL
for 1, 6, or 24 h; controls were treated with the same
amount of SCF vehicle. For the c-Kit small interfering
RNA (siRNA) studies, INS-1 cells were transiently transfected for 72 h with either c-Kit(r) siRNA (sc-36533) or
control siRNA (sc-37007) followed by treatment with 50
ng/mL SCF or SCF vehicle for 24 h (8). For signaling inhibitory studies, INS-1 cells were pretreated with either
Lys294002 (a PI3K inhibitor) at 1–100 mmol/L (dissolved
in DMSO; Promega, Madison, WI) or rapamycin (an
mTOR inhibitor) at 1–100 nmol/L (dissolved in DMSO;
LC Laboratories, Woburn, MA) for 30 min, and then cultured with SCF (50 ng/mL) or SCF vehicle. Cells were processed for RNA or protein extraction or were ﬁxed for
immunocytochemistry studies, and culture media were collected for VEGF-A secretion analysis.
Primary islets were isolated from WT and c-KitbTg
mice at 10 weeks of age and cultured in RPMI 1640 media
plus 1% BSA with or without SCF (50 ng/mL) for 24 h.
Islets were harvested for protein extraction, and culture
media were collected for VEGF-A secretion analysis.
ELISA Assay for VEGF-A and Insulin

INS-1 cells and ex vivo islet culture media were harvested
and analyzed with a Murine VEGF Mini ELISA Kit
(Peprotech, Rocky Hill, NJ). For the in vivo glucosestimulated insulin secretion (GSIS) assay, mouse plasma
was collected following 4 h of fasting (0 min) and at 5
and 35 min after glucose loading. Insulin secretion was
measured using an Mouse Ultrasensitive Insulin ELISA
Kit (ALPCO, Salem, NH) (9).
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Immunoﬂuorescence and Morphometric Analyses

Mouse pancreata were ﬁxed in 4% paraformaldehyde and
embedded in parafﬁn. Sections were prepared and stained
with primary antibodies at appropriate dilutions, which
are provided in Supplementary Table 1. Images were captured using Image-Pro Plus software (Media Cybernetics,
Rockville, MD). Quantitative evaluations of islet density,
average islet and b-cell size, and total b-cell mass were
performed as previously described (8,9). Endocrine compartment vasculature (islet capillary density, capillary area
per islet, and average islet capillary size and diameter) and
exocrine compartment vasculature (exocrine capillary
density and area) were measured (18,21). Islet EC and
b-cell proliferation, transcription factor expression, and
macrophage inﬁltration were determined by double immunoﬂuorescence or immunohistochemical staining (8,9).
Cell apoptosis was quantiﬁed by TUNEL+ labeling on insulin+
cells. A minimum of 10–12 random islets per pancreatic
section per experimental group were analyzed, with at least
four pancreata per age per experimental group (8,9).
Protein Extraction and Western Blot Analysis

Proteins from INS-1 cells and mouse islets were extracted in
an NP-40 lysis buffer. An equal amount of protein was
fractionated by 7.5%, 10%, or 12% SDS-PAGE, transferred
onto a nitrocellulose membrane (Bio-Rad Laboratories, Mississauga, ON). Membranes were incubated with the primary
antibodies listed in Supplementary Table 1 (8,9). Proteins
were detected using ECL-Plus Western Blot Detection
Reagents (PerkinElmer, Waltham, MA) and imaged by the
VersaDoc Imaging System (Bio-Rad Laboratories). Signal intensities were densitometrically quantiﬁed by Image Lab Software. Data were normalized to total or loading controls (8,9).
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displayed enhanced VEGF-A secretion in a dose- and timedependent fashion (Fig. 1A and B) that is associated with
increased phosphorylation of c-Kit (Fig. 1E). Cells treated
with 50 ng/mL SCF for 24 h exhibited a threefold increase
in hypoxia-inducible factor-1a (HIF-1a) and VEGF-A mRNA
expression (Fig. 1C) and an ;30% increase in VEGF-A
protein levels when compared with controls (Fig. 1D).
siRNA-mediated c-Kit knockdown signiﬁcantly decreased
SCF-stimulated c-Kit phosphorylation (Fig. 2A) and resulted
in a downregulation of VEGF-A content and secretion
(Fig. 2B). Ex vivo islets cultures showed that VEGF-A secretion from WT islets was not signiﬁcantly induced after SCF
stimulation, yet a higher level of VEGF-A secretion was
observed in SCF-treated c-KitbTg islets (Supplementary
Fig. 1A). VEGF-A protein levels were also signiﬁcantly elevated in c-KitbTg-SCF islets compared with WT groups
(Supplementary Fig. 1B), suggesting that c-Kit signaling
mediates VEGF-A production in b-cells.
We further examined c-Kit downstream signaling molecules that are involved in regulating VEGF-A production. INS-1 cells treated with SCF showed signiﬁcantly
enhanced levels of phosphorylated (phospho)-Akt, without a change in mitogen-activated protein kinase activity
(Fig. 1E), and was associated with an increase in mTOR
phosphorylation and downstream targets P70S6K and
NFkBp65 (Fig. 1E). SCF-mediated c-Kit receptor signaling
changes were signiﬁcantly reduced when cells were pretreated with c-Kit siRNA (Fig. 2C). Additionally, SCF failed
to activate c-Kit–induced VEGF-A production in a dosedependent manner in INS-1 cells pretreated with either
Lys294002 (Fig. 1F) or rapamycin (Fig. 1G). These results veriﬁed that the PI3K/Akt/mTOR signaling pathway inﬂuences c-Kit–regulated VEGF-A production.

RNA Extraction and Real-Time PCR Analysis

Total RNA was extracted from INS-1 cells and mouse islets
using the RNAqueous-4PCR Kit (Invitrogen) (6). Sequences
of PCR primers are provided in Supplementary Table 2.
Real-time PCR analyses were performed using the iQ
SYBR Green Supermix kit (Bio-Rad Laboratories). Relative
levels of gene expression were calculated and normalized to
the internal standard, 18S rRNA. Controls were performed
by omitting reverse transcriptase, cDNA, or DNA polymerase (8,9).
Statistical Analysis

Data are expressed as the mean 6 SEM. Statistical significance was determined by paired or unpaired Student
t test if comparing only two groups or one-way ANOVA
followed by Fisher least signiﬁcant differences (LSD) post
hoc tests if analyzing more than two groups. Differences
were considered to be statistically signiﬁcant at P , 0.05.
RESULTS
c-Kit Signaling Regulates VEGF-A Production Via the
Akt/mTOR Pathway in b-Cells

INS-1 832/13 cells were previously found to have high
expression of c-Kit (5,8), and, under SCF stimulation, they

c-Kit Function Is Required for Maintaining Normal Islet
Vasculature In Vivo

To directly investigate the islet vasculature, we performed
immunostaining for platelet endothelial cell adhesion
molecule 1 (PECAM-1), an EC-speciﬁc marker, in 8-weekold WT, c-KitWv/+, c-KitbTg, and c-KitbTg:Wv mouse islets.
Our results demonstrated reduced staining for PECAM-1+
cells (Fig. 3A), but no substantial change in islet capillary
density (Fig. 3B), in c-KitWv/+ mouse islets compared with
WT mouse islets. However, a signiﬁcantly decreased blood
vessel area relative to islet area (Fig. 3B and C), an ;50%
reduction in the average islet capillary size (Fig. 3D), and an
;40% decrease in the internal capillary diameter (Fig. 3E)
were found in c-KitWv/+ mouse islets compared with the WT
and c-KitbTg groups. In contrast with c-KitWv/+ mice, there
was signiﬁcant improvement in capillary density and area
(Fig. 3B and C), as well as a 40% increase in average capillary size (Fig. 3D) and islet capillary diameter (Fig. 3E), in
both c-KitbTg and c-KitbTg:Wv mouse islets. Interestingly,
islet vasculature morphologies were comparable among WT,
c-KitbTg, and c-KitbTg:Wv mice at 8 weeks of age (Fig. 3A–
E). These results demonstrate that c-Kit function is required for maintaining normal vasculature in mouse islets.
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Figure 1—SCF-stimulated c-Kit signaling regulates VEGF-A production via the Akt/mTOR pathway in INS-1 cells. INS-1 cells were cultured
in serum-free medium in the absence or presence of SCF for up to 24 h. Dose-dependent (A) and time-dependent (B) VEGF-A secretion
were assayed by ELISA (N = 3–4 experiments/treatment group). Quantitative real-time PCR analyses of HIF-1a and VEGF-A mRNA (C),
Western blot analyses of VEGF-A (D), and associated intracellular signaling molecules (E) in INS-1 cells following administration of
50 ng/mL SCF for 24 h. ELISA analyses of VEGF-A secretion from INS-1 cells cultured in serum-free medium in the presence of SCF
compared with SCF plus PI3K inhibitor (Lys294002, 1–100 umol/L) (F) or SCF plus mTOR inhibitor (rapamycin, 5–100 nmol/L) (G) (N = 3
experiments/treatment group). Representative blots are shown. Data (A–G) are expressed as the mean 6 SEM. *P < 0.05, **P < 0.01,
***P < 0.001, by paired Student t test or one-way ANOVA followed by Fisher LSD post hoc analyses if more than two groups (see also
Supplementary Fig. 1). Ctrl, control; P, phospho; T, total.
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Figure 2—siRNA knockdown of c-Kit reduces SCF-stimulated c-Kit mediation of VEGF-A production through the Akt/mTOR pathway.
Western blot analysis of phospho (P)-c-KitTyr719 expression (A), ELISA analysis of VEGF-A secretion and Western blot analysis of VEGF-A
protein levels (B), and associated intracellular signaling molecules (C) from INS-1 cells transfected with control or c-Kit siRNA for 72 h plus
SCF (50 ng/mL) for 24 h. Representative blots are shown. A–C: Data are expressed as the mean 6 SEM (N = 3–4 experiments/treatment
group). *P < 0.05, **P < 0.01 vs. control siRNA group, analyzed by paired Student t test. ctrl, control; T, total.

c-Kit Modulates Islet Vasculature Via the Akt/mTOR
Pathway and VEGF-A Production In Vivo

In parallel to our INS-1 study, we examined whether the
Akt/mTOR signaling pathway was involved in maintaining islet vasculature in vivo. In c-KitWv/+ islets, we found
signiﬁcant decreases in the phosphorylation of Akt, P70S6K,
and NFkBp65 (Fig. 3F), with an ;40% reduction in VEGF-A
and an ;50% decline in Pdx-1 protein levels (Fig. 3G).
Restoration of c-Kit expression in c-Kit Wv/+ b-cells
(c-KitbTg:Wv) restored the Akt/mTOR/NFkBp65 pathway and increased the levels of VEGF-A and Pdx-1 protein to levels similar to those of WT islets (Fig. 3F and G).
Phospho-Akt was signiﬁcantly increased in c-KitbTg islets
(vs. WT islets; Fig. 3F), yet phosphorylation of P70S6K
and NFkBp65 and associated VEGF-A levels were relatively unchanged (Fig. 3F and G), which is corroborated
by only a marginal increase in islet vasculature in c-KitbTg
mice at 8 weeks of age (Fig. 3A–E). Also, an observed reduction of Pdx-1, Nkx6.1, and MafA immunostaining in

c-KitWv/+ islets was reversed by restored c-Kit expression
in c-KitbTg:Wv mice (Supplementary Fig. 2), supporting
the fact that islet vasculature is important for islet transcription factor expression and function.
c-Kit Overexpression in b-Cells Increases Islet
Vasculature, Islet Number, and b-Cell Proliferation

Islet vasculature in aged mice was examined to determine
whether c-Kit–mediated vascularization is age dependent.
At 28 weeks of age, c-KitbTg islets showed increased
PECAM-1+ staining (Fig. 4A), islet capillary density (Fig.
4B), and vessel area-to-islet area ratios (Fig. 4C), with
a 1.6-fold increased islet EC proliferation (1.7 6 0.2%)
compared with WT groups (1.1 6 0.3%). However, no
changes in average capillary size or diameter in the islets
(Fig. 4D and E) and no vascular alterations in exocrine
pancreas were observed (Supplementary Fig. 3A and B).
Increased islet capillary density was corroborated by a total increase of PECAM-1 protein levels and an ;40%
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Figure 3—Overexpressing c-Kit in b-cells rescues the loss of islet vasculature in c-KitWv/+ mice. A: Representative images of PECAM-1
(green) costained with insulin (red) and nuclear stain DAPI (blue) of 8-week-old male WT, c-KitWv/+, c-KitbTg, and c-KitbTg:Wv pancreatic
sections. Scale bar, 25 mm. Magniﬁed images are shown in insets. Arrows, PECAM-1+ cells in the islets. Quantitative analyses of islet
capillary density (B), the ratio of islet capillary area to islet area (C), the average islet capillary size (D), and the average islet capillary
diameter (E) in pancreatic sections from all experimental groups. Western blot analyses of phospho-Akt (P-Akt) and total Akt (T-Akt),
phospho-P70S6K (P-P70S6K) and total P70S6K (T-P70S6K), phospho-NFkBp65 (P-NFkBp65) and total NFkBp65 (T-NFkBp65) (F), and
VEGF-A and Pdx-1 protein expression (G) in islets isolated from 8-week-old male WT, c-KitWv/+, c-KitbTg, and c-KitbTg:Wv mice.
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increase in islet VEGF-A content in aged c-KitbTg islets
(Fig. 4F). While increased vasculature was associated with
islet expansion through increased islet density and size
(Fig. 4G and H), no changes in average b-cell size were
observed, but increased b-cell mass and proliferative capacity were found (Fig. 4I–K). The expression of islet
transcriptional factors Pdx-1 and Nkx6.1 (Supplementary
Fig. 3C) were relatively enhanced in aged c-KitbTg mice
compared with WT mice. Additionally, aged c-KitbTg mice
displayed improved overnight fasting blood glucose levels
(Fig. 4L) and better glucose tolerance, as revealed by signiﬁcant decreases in the AUC of IPGTT results (Fig. 4M);
no changes in insulin tolerance were found (Supplementary Fig. 3D).
c-Kit Overexpression–Induced Hypervasculature
Impairs b-Cell Function in Aged c-KitbTg Mice Under
a Long-term HFD

On the basis of the results obtained from aged c-KitbTg
mice under normal physiological conditions, we hypothesized that enhanced islet vascularization may protect islet
survival and function under long-term (22 weeks) HFDinduced diabetic conditions. Immunostaining for PECAM-1
and insulin showed dilated capillaries with a greater accumulation of red blood cells in c-KitbTg-HFD islets (Fig.
5A). Although there were no changes in islet capillary
density between the two experimental groups (Fig. 5B),
there was a signiﬁcant increase in the overall blood vessel
area-to-islet area ratios (Fig. 5C), which was attributed to
increased average islet capillary size (Fig. 5D) and intraislet capillary diameter (Fig. 5E), in c-KitbTg-HFD islets.
Increased islet EC proliferation was ;2.3-fold higher than
that of WT-HFD (3 6 1% vs. 1.3 6 0.2%; Fig. 5F). The
vasculature within pancreatic exocrine tissue remained
unchanged between groups (Fig. 5G and H).
Although there were no signiﬁcant differences in body,
pancreas, or fat pad weights between c-KitbTg-HFD and
WT-HFD littermates (Supplementary Fig. 4A–C), surprisingly, the overnight fasting blood glucose level was signiﬁcantly higher in c-KitbTg-HFD mice (Fig. 6A). Glucose
tolerance in c-KitbTg-HFD mice was progressively impaired, and there were signiﬁcant increases in AUC
when the IPGTT was performed after 20–22 weeks of
HFD feeding (Fig. 6B and C). No signiﬁcant changes in
insulin tolerance were observed between groups (Supplementary Fig. 4D). In vivo GSIS assays showed signiﬁcantly
decreased plasma insulin levels at 35 min following glucose stimulation in c-KitbTg-HFD mice (Fig. 6D). The impaired glucose tolerance of c-KitbTg-HFD mice was
associated with a signiﬁcantly low number of islets (Fig.
6E). Although the average islet size was slightly increased
(Fig. 6F), the average b-cell size was comparable while
total b-cell mass was signiﬁcantly decreased in HFD-fed
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c-KitbTg mice (Fig. 6G and H). No signiﬁcant changes
were observed in b-cell proliferation between the experimental groups (Fig. 6I). Notably, total E-cadherin protein
levels in the islets (Fig. 6J) and the loss of E-cadherin
expression on the b-cell surface (Fig. 6K) were displayed
in c-KitbTg-HFD islets. Thus, the protective effects on
glycemic control observed in c-KitbTg mice fed a normal
chow diet were diminished after long-term HFD.
c-Kit Overexpression–Induced Hypervasculature Is
Associated With Increased Islet Inﬂammatory
Response in Aged c-KitbTg Mice Under a Long-term
HFD

Higher levels of VEGF-A mRNA and protein were detected in
c-KitbTg-HFD islets (Fig. 7A and B), while cleaved poly(ADPribose) polymerase protein levels were increased by ;45%
(Fig. 7C), with a signiﬁcant increase in the number of
TUNEL+ b-cells (Fig. 7D). Increased expression of Tolllike receptor 2 (TLR2) and inﬂammatory cytokine genes
were further corroborated by Western blot analyses showing that protein levels of tumor necrosis factor-a (TNF-a),
interleukin-1b (IL-1b), and Mac-2 were elevated in
c-KitbTg-HFD islets (Fig. 7E and F). Increased macrophage
inﬁltration in the islets was determined by Mac-2 immunohistochemistry (Fig. 7G), showing increased inﬂammatory responses in c-KitbTg-HFD islets. In contrast, those
inﬂammatory cytokine genes were barely detectable, and
few macrophage deposits were observed in the islets of
mice fed a normal chow diet (Supplementary Fig. 5A), with
no difference in Mac-2 protein levels between aged groups
under normal diet feeding (Supplementary Fig. 5B).
DISCUSSION

The current study demonstrates that endocrine pancreatic c-Kit signaling is a critical regulator of islet vascular
formation (Fig. 8A). Using the INS-1 cell line and ex vivo
islet cultures, we showed that elevated c-Kit signaling increased VEGF-A production through upregulation of the
downstream Akt/mTOR pathway. Using c-Kit mutation
and overexpression mouse models, we observed impaired
c-Kit signaling and reduced VEGF-A production that hampered normal islet vascular formation in c-KitWv/+ mice,
while the restoration of c-Kit signaling in b-cells of
c-KitWv/+ mice rescued vascular defects via signaling pathways identiﬁed in INS-1 cells. Sustained overexpression of
c-Kit in b-cells not only increased islet vasculature but
also led to improved glucose tolerance with enlarged b-cell
mass in aged c-KitbTg mice. However, when c-KitbTg mice
were subjected to a long-term HFD, they displayed substantial remodeling of islet vasculature, b-cell dysfunction
and loss, and increased accumulation of inﬂammatory
factors and macrophage inﬁltration in islets (Fig. 8B).
Taken together, this study provides the ﬁrst in vitro

Representative blots are shown (N = 4–5 animals/experimental group). B–G: Data are expressed as the mean 6 SEM. *P < 0.05, **P < 0.01,
***P < 0.001, by one-way ANOVA followed by LSD post hoc analyses (see also Supplementary Fig. 2).
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Figure 4—b-Cell–speciﬁc c-Kit overexpression increases islet vasculature and glucose metabolism in vivo. Islet vasculature and cellular morphology, as well as glucose tolerance, were analyzed in 28-week-old aged male WT and c-KitbTg mice. A: Representative images of PECAM-1
(green) costained with insulin (red) in aged WT and c-KitbTg mouse pancreatic sections. Nuclei were stained with DAPI (blue). Scale bar, 25 mm.
Magniﬁed images are shown in insets. Arrows, PECAM-1+ cells in the islets. Quantitative analyses of islet capillary density (B), islet capillary areato-islet area ratios (C), average islet capillary size (D) and diameter (E), and Western blot quantiﬁcation of VEGF-A and PECAM-1 protein expression
(F) in aged WT and c-KitbTg mouse islets. Islet number (G), average islet size (H), average b-cell size (I), total b-cell mass (J), Ki67+ labeling of
b-cells (K), overnight fasting blood glucose levels (L), and IPGTT results (M) were also analyzed in aged WT and c-KitbTg mice. B–M: Data are
expressed as the mean 6 SEM (N = 4–9 animals/experimental group). *P < 0.05, by unpaired Student t test (see also Supplementary Fig. 3).
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Figure 5—Increased vessel dilation in aged c-KitbTg mice under long-term HFD conditions. A: Representative images of PECAM-1 (green)
costained with insulin (red) in 28-week-old WT-HFD and c-KitbTg-HFD mouse pancreatic sections. Scale bar, 25 mm. Magniﬁed images are
shown in insets. Arrows, PECAM-1+ cells in the islets; asterisk, red blood cells. Quantitative analyses of vasculature and EC proliferation in
endocrine (B–F) and exocrine (G and H) compartments in 28-week-old WT-HFD and c-KitbTg-HFD mice. B–H: Data are expressed as the
mean 6 SEM (N = 5 animals/experimental group). *P < 0.05, **P < 0.01, by unpaired Student t test.

and in vivo experiments to delineate the mechanism by
which c-Kit–mediated VEGF-A production and islet vascular network modulate b-cell survival under normal and
diabetic conditions.
c-Kit is highly expressed in the INS-1 insulinoma cell
line, but its high expression levels in the pancreas are
detected only during development and are reduced significantly in the postnatal pancreas, resulting in the low levels

found in adult b-cells in humans and rodents (5,23,24).
Using INS-1 cell culture, we demonstrated that SCF-stimulated c-Kit–mediated VEGF-A release was affected in both
a dose- and time-dependent manner. Although we did observe stimulation in ex vivo cultures of primary islets isolated from WT mice, c-KitbTg mouse islets contained
higher levels of c-Kit in b-cells that responded to 50 ng/mL
SCF stimulation and led to signiﬁcant increases in VEGF-A
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Figure 6—Islet hypervascularization results in impaired glucose tolerance in aged c-KitbTg mice under long-term HFD conditions. Overnight fasting blood glucose levels (A), measurement of IPGTT AUC after 4, 10, 16, and 20–22 weeks of being fed an HFD (B), and IPGTT
results at 20 weeks of being fed an HFD (C) performed in WT-HFD and c-KitbTg-HFD mice. D: In vivo GSIS of WT-HFD and c-KitbTg-HFD
mice. Quantitative analyses of islet number (E), average islet size (F), average b-cell size (G), total b-cell mass (H), and Ki67+ labeling of
b-cells (I) in WT-HFD and c-KitbTg-HFD mice. Western blot analysis of E-cadherin (E-cad) in isolated WT-HFD and c-KitbTg-HFD islets (J)
and representative images of E-cadherin (green) costained with insulin (red) in WT-HFD and c-KitbTg-HFD mouse pancreatic sections (K).
Scale bar, 25 mm. Magniﬁed images are shown in insets. Arrows, the distribution of E-cadherin in the islets; arrowheads, the loss of
E-cadherin in the b-cells. A–J: Data are expressed as the mean 6 SEM (N = 4–5 animals/experimental group). *P < 0.05, **P < 0.01, ***P <
0.001, by unpaired Student t test (see also Supplementary Fig. 4).
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Figure 7—Islet hypervascularization results in increased numbers of inﬂammatory cytokines and macrophage inﬁltration in aged c-KitbTg
mice under long-term HFD conditions. VEGF-A mRNA (A) and protein (B) and cleaved poly(ADP-ribose) polymerase (C-PARP) (C) in islets
isolated from WT-HFD and c-KitbTg-HFD mice. D: Representative images of TUNEL (green) costained with insulin (red) and quantitative
analysis of TUNEL+/insulin+ cells in WT-HFD and c-KitbTg-HFD mouse pancreatic sections. Scale bar, 25 mm. Arrows indicate TUNEL+
nuclei. Quantitative real-time PCR analyses of selective inﬂammatory cytokine mRNA levels (E) and Western blot for TNF-a, IL-1b, and
Mac-2 protein expressions (F) in islets isolated from WT-HFD and c-KitbTg-HFD mice. G: Immunohistochemical staining for Mac-2 (red) in
WT-HFD and c-KitbTg-HFD mouse pancreatic sections. Scale bar, 25 mm. Arrows indicate Mac-2+ cells. A–F: Data are expressed as the
mean 6 SEM (N = 3–5 animals/experimental group). *P < 0.05, **P < 0.01, by unpaired Student t test (see also Supplementary Fig. 5).
T, total.
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Figure 8—Proposed model of c-Kit signaling that mediates VEGF-A production and modulates islet vasculature, affecting b-cell function
and survival. A: c-Kit mediates VEGF-A production via the PI3K/Akt/mTOR signaling, which is essential for maintaining islet vascular
formation. Proper islet vasculature facilitates the nutrient and oxygen exchange that preserves b-cell survival and function. B: Chronic
constitutive c-Kit–mediated VEGF-A overproduction results in increased islet vasculature. Under long-term HFD conditions, islets become
hypervascularized, with increased cytokine production, macrophage inﬁltration, b-cell dysfunction, and apoptosis. BM, basement membrane; ECM, extracellular matrix; VEGFR2, VEGF receptor 2.

secretion and content. This indicates that a functional
level of c-Kit expression in b-cells is essential for the response to SCF stimulation in mediating VEGF-A production. These studies suggest that c-Kit signaling is rate
limiting but mediates VEGF-A production in b-cells.
The molecular mechanisms by which c-Kit regulates
VEGF-A production in b-cells involve increased Akt/mTOR
pathway activation and subsequent NFkBp65 and HIF-1a
expression without signaling through mitogen-activated
protein kinase. These mechanisms are consistent with studies showing that Akt-dependent regulation of NFkBp65 in
HeLa cells can be controlled by mTOR (25) and that

NFkBp65 binds to the HIF-1a promoter in neoplastic cell
lines to modulate HIF-1a expression (26,27). Conversely,
blockade of the NFkBp65 pathway in human primary
hepatocellular carcinoma cells and murine peritoneal
macrophages suppresses HIF-1a activity and results in
decreased VEGF-A production (28,29). These results suggest that c-Kit activation of the Akt/mTOR pathway plays
a critical role in VEGF-A production in multiple cell types,
including b-cells, as revealed in the current study.
The relationship between c-Kit signaling and islet
vascular formation was further deﬁned in vivo. A substantial loss of islet vascularization was observed in
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c-KitWv/+ mice and rescued in c-KitbTg:Wv mice, demonstrating that b-cell–speciﬁc c-Kit signaling plays a critical
role in the regulation of VEGF-A production and maintenance of islet vasculature. Proper islet capillary structure
is critical to b-cell function and survival as it regulates the
ﬂow of nutrients and metabolites into islets, and proper
fenestrations are required for insulin exocytosis into the
bloodstream (Fig. 8A) (30,31). Our in vivo observations
supported this hypothesis and showed increased islet vasculature in aged c-KitbTg mice with increased b-cell health
and improved glucose tolerance. Taken together, the present ﬁndings demonstrate that b-cell–produced VEGF-A
modulates the islet microenvironment and plays an important role in b-cell survival and function in mice.
HFD-fed c-KitbTg mice displayed impaired glucose tolerance and b-cell dysfunction alongside changes in the islet
morphology, including hypervascularization, enlarged vascular size and diameter, and increased average islet size, but
had reduced total b-cell mass. Given that the average b-cell
size and proliferation were similar between experimental
groups, we proposed that the loss of b-cell mass in
c-KitbTg-HFD mice was due to islet hypervascularization
associated with signiﬁcantly increased inﬂammation and
induced b-cell apoptosis. High levels of proinﬂammatory
mediators (IL-1b and TNF-a) and macrophage inﬁltration
were found in c-KitbTg-HFD islets, suggesting that islet
inﬂammation might originate from endothelial activation.
Previous studies (20,32,33) have shown that VEGF-A overexpression in b-cells leads to islet vascular abnormalities
and impaired islet morphogenesis and function. Sustained
overexpression of VEGF-A in the islets showed increased
macrophage accumulation, collagen deposition, and expression of proinﬂammatory mediators (20), which could further promote b-cells to produce intracellular cytokines
(34). Signiﬁcantly increased TLR2 expression, linked to
free fatty acid–induced inﬂammation, and the promotion
of inﬂammatory cytokines (35), which was also observed in
c-KitbTg-HFD mouse islets, could further recruit macrophages that perpetuate inﬂammatory processes within
the islets and lead to eventual b-cell dysfunction. A previous study on TLR2-deﬁcient mice (36) demonstrated that
this model could be protected from islet inﬂammation and
b-cell dysfunction in response to HFD feeding. Taken together, our observations of increased islet vascular dilation,
hemorrhaging, and islet inﬂammation in c-KitbTg-HFD
mice corroborate previous ﬁndings, suggesting that endothelial overactivation contributed to cytokine accumulation
and macrophage deposition within islets of obesityassociated diabetic mice (20,21,34,37,38). More importantly, our ﬁndings demonstrated that the overstimulatory
effect of c-Kit signaling on islet hypervasculature augments
the inﬂammatory cycle and exacerbates b-cell death and
dysfunction under the long-term HFD condition (Fig. 8B).
Notably, the observed glucose intolerance was associated with reduced in vivo insulin release, which was
related to the loss of the cell-cell adhesion molecule
E-cadherin in b-cells. E-cadherin is important for cell

Diabetes Volume 64, November 2015

adhesion, forming adherens junctions that bind endocrine
cells within islet clusters. Recent studies (39) indicated
that the treatment of b-cells with an anti–E-cadherin
blocking antibody affected intracellular Ca2+ levels and
insulin secretion. Furthermore, the downregulation of
E-cadherin in b-cells can induce a secretory defect and
glucose intolerance (40–42). The interrelationship between
E-cadherin and inﬂammatory cytokines has also been documented, where interferon-g–treated, human colon–derived
T84 epithelial cells led to a loss of membranous E-cadherin
(43) and membrane-bound E-cadherin of prostatic cancer
cells was disrupted during acute TNF-a exposure (44).
These ﬁndings suggest that inﬂammatory cytokines inﬂuence membrane-localized E-cadherin, resulting in
a loss of contact between cells and subsequent b-cell
dysfunction in a long-term HFD setting.
In summary, our cell culture studies demonstrated that
c-Kit regulation of VEGF-A production in b-cells via the
Akt/mTOR/NFkBp65/HIF-1a pathway inﬂuences islet
vasculature. Moreover, we found that b-cell–speciﬁc c-Kit
overexpression in vivo promoted islet vasculature in aged
c-KitbTg mice with enhanced b-cell function. Unexpectedly,
aged c-KitbTg mice under long-term HFD conditions displayed vascular dilation associated with b-cell loss and dysfunction, intraislet inﬁltration of macrophages, increased
levels of inﬂammatory cytokines, and hyperglycemia, all of
which are hallmarks of non–insulin-dependent diabetes
(45). The current study represents an integrated in
vitro and in vivo approach to unraveling the cellular
mechanisms by which c-Kit receptor signaling modulates VEGF-A production, vascularization, and b-cell
function and suggests that c-Kit can be a potential
therapeutic target in promoting revascularization in islet cell replacement therapy. Additionally, tight regulation of c-Kit activity is critical for the control of
intraislet VEGF-A concentrations in order to maintain
a normal islet vascular network for proper b-cell function and survival.
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