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Role of angiogenesis in beta-cell epithelial–mesenchymal
transition in chronic pancreatitis-induced diabetes
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Clinical evidence suggests that patients with chronic pancreatitis (CP) are prone to development of diabetes (chronic pancreatitis-
related diabetes; CPRD), whereas the underlying mechanisms are not fully determined. Recently, we showed that the gradual loss of
functional beta-cells in a mouse model for CPRD, partial pancreatic duct ligation (PDL), results from a transforming growth factor β1
(TGFβ1)-triggered beta-cell epithelial–mesenchymal transition (EMT), rather than from apoptotic beta-cell death. Here, the role of
angiogenesis in CPRD-associated beta-cell EMT was addressed. We detected enhanced angiogenesis in the inflamed pancreas from
CP patients by bioinformatic analysis and from PDL-mice. Inhibition of angiogenesis by specific antisera for vascular endothelial
growth factor receptor 2 (VEGFR2), DC101, did not alter the loss of beta-cells and the fibrotic process in PDL-pancreas. However,
DC101-mediated inhibition of angiogenesis abolished pancreatitis-induced beta-cell EMT and rendered it to apoptotic beta-cell
death. Thus, our data suggest that angiogenesis promotes beta-cell survival in the inflamed pancreas, while suppression of
angiogenesis turns beta-cell EMT into apoptotic beta-cell death. This finding could be informative during development of
intervention therapies for CPRD.
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INTRODUCTION
The endocrine islets and the exocrine pancreas comprise the
pancreas organ1. This specific organization of pancreas could be
the basis of the findings that some exocrine pancreatic diseases
affect the functionality of islets. For example, patients with chronic
pancreatitis (CP) have a greater chance to form pancreatic fibrosis
and have a much higher risk of developing pancreatic ductal
adenocarcinoma (PDAC)2. On the other hand, the CP-patients are
also prone to glucose intolerance, peripheral insulin resist, and
even diabetes, which is called chronic-pancreatitis-related dia-
betes (CPRD)3.
The mechanisms underlying CPRD are, however, not fully

determined. Recently, we have used partial pancreatic duct
ligation (PDL)4,5 as a model to study CPRD in mice. For PDL, the
pancreatic duct is ligated at the middle, preventing the ductal
fluid from draining into common bile duct and thus causing the
auto-digestion of the exocrine acinar cells by the digestive
enzymes in the ductal fluid6. Severe inflammation is then induced
specifically in the ligated tail part of the pancreas (PDL-tail) with
the non-ligated head part of the pancreas (PDL-head) intact7,8. We
have detected a gradual loss of functional beta-cells in PDL-tail
after PDL, likely resulting from a transforming growth factor β1
(TGFβ1)-triggered beta-cell epithelial–mesenchymal transition
(EMT), rather than from apoptotic beta-cell death9.
Studies of molecular signaling pathways in cancer have highlighted

the interaction among inflammation, EMT and angiogenesis10,11.
Angiogenesis is regulated by different pro-angiogenetic factors,

among which vascular endothelial growth factor (VEGF) family
members play a pivotal role12. We have previously reported the
importance of VEGF-regulated angiogenesis in beta-cell
homeostasis13,14 and postnatal beta-cell growth15. Nevertheless, it is
not known whether angiogenesis plays a role in the inflammation-
induced beta-cell EMT9. This question was addressed in the
current study.
Here, we detected enhanced angiogenesis in the inflamed

pancreas from CP patients by bioinformatic analysis and from
PDL-mice. In a loss-of-function approach, angiogenesis was
specifically inhibited by antisera against vascular endothelial
growth factor receptor 2 (VEGFR2), commercially named DC101,
which have been widely used to suppress angiogenesis in
numerous studies16–18. DC101 did not alter the loss of beta-cells
and the fibrotic process in PDL-pancreas. However, DC101-
mediated inhibition of angiogenesis abolished pancreatitis-
induced beta-cell EMT and rendered it to apoptotic beta-
cell death.

MATERIALS AND METHODS
Mouse manipulation
All mouse experiments were approved by the Animal Research and Care
Committee at the Children’s Hospital of Pittsburgh and the University of
Pittsburgh IACUC. INS1cre knock-in19, Rosa26CAGTomato (TOM)13, MIP-
GFP20, TGFβ receptor II (TBR2) fx/fx7, and C57BL/6 mice have been
described before9,15,21,22. Male and female mice were all used in
experiments at 10 weeks of age and were well distributed in the group.
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PDL was performed and validated as described7,8. Briefly, the middle of the
main pancreatic duct was surgically ligated in mice to allow the non-
ligated pancreatic head to weigh about 45% of the total pancreas. DC101
and control rat IgG were purchased from Antibodies.com (A250834). For
each i.p. injection, 750 ng/25mg body weight was used.

Pancreatic digestion, islet isolation and flow cytometry
Pancreas was digested with collagenase P (Sigma-Aldrich, Carpinteria, CA,
USA) followed by gradient centrifugation using histopaque 1110 prepared
by mixing histopaque 1119 and 1077 (Sigma-Aldrich). Islets were picked by
hand from the supernatant. The beta-cells were purified from dissociated
islet cells from INS1cre; TOM; MIP-GFP mice, based on direct fluorescence
for GFP and TOM, as described7,8,13,14. Cell sorting was performed with a
BD FACSAria II flow cytometer (Becton-Dickinson Biosciences, San Jose, CA,
USA). The flow cytometry data were analyzed by Flowjo (version 11.0,
Flowjo LLC, Ashland, OR, USA).

Isolation of RNA and RT-qPCR
RNA extraction was performed using a RNeasy kit (Qiagen), and RT-qPCR
were performed with a SYBR Green assay, as described previously7,8,13,14.

Primers were all purchased from Qiagen (Valencia, CA, USA), including
Cyclophilin A (QT00247709), E-cadherin (QT00121163), Snail (QT00240940),
Slug (QT00098273), ZEB1 (QT00105385) and ZEB2 (QT00148995). RT-qPCR
values were obtained by sequential normalization against Cyclophilin A
and the experimental control conditions (normalized as 1).

Histology, TUNEL assay, Western blot and
immunohistochemistry
Pancreas was fixed in 4% formaldehyde (PFA) for 6 h, and cryo-protected in
30% sucrose overnight before embedding, as described before7. Masson-
trichrome staining was performed using a Trichrome Stain (Masson) Kit
(Sigma-Aldrich). TUNEL assay was done using a specific detection kit
(Roche Applied Science, Nutley, NJ, USA)9. The percentage of apoptotic
beta-cells was calculated by dividing total insulin+ beta-cells with TUNEL
+ insulin+ beta-cells. GFP and TOM were detected by direct fluorescence.
For Western blot, total protein was extracted from isolated islets with RIPA
buffer (Sigma-Aldrich). The primary antibodies for Western Blot are rabbit
polyclonal anti-GAPDH (#5174, Cell signaling Technology, Inc., Danvers,
MA, USA) and rabbit polyclonal anti-Cleaved Caspase-9 (#9507, Cell
signaling Technology, Inc.). The secondary antibody is HRP-conjugated

Fig. 1 PDL is a model for both acute and chronic pancreatitis in humans. Data from public database GSE77858 were obtained and analyzed
with online tool GEO2R to screen DEGs. Pancreas from CP patients (n= 5) and normal human (n= 3) was compared. A An overview of gene
expression was displayed in volcano plots, with red colored dots representing significantly upregulated genes and green colored dots
representing significantly downregulated genes (P.value < 0.05 and |log2FC| > 0.5). B The top 20 enriched pathways analyzed by KEGG and GO
databases. C, D A chord chart (C) and a heatmap (D) with clustering showing the relationship among differentially expressed genes and
pathways including blood vessel development, collagen fibril organization, response to growth factor, response to wounding and cellular
response to transforming growth factor beta stimulus.
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anti-rabbit (Jackson ImmunoResearch Labs, West Grove, PA, USA). For
immunohistochemistry, no antigen retrieval was required. The primary
antibodies were guinea pig polyclonal anti-insulin (Dako, Carpinteria, CA,
USA) and rat polyclonal anti-CD31 (Becton-Dickinson Biosciences). Rat and
guinea pig -specific secondary antibodies were applied for indirect
fluorescent staining (Jackson ImmunoResearch Labs). Nuclear staining
was performed with 4′,6-diamidino-2-phenylindole (DAPI, Becton-
Dickinson Biosciences). Beta-cell mass was calculated by the pancreatic
weight multiplied by the ratio of the insulin+ cell area versus the total
pancreatic area. At least 4 slides with a distance of 100 µm from each other
were analyzed to avoid repeated calculation on the same cells/islets. The
vessel density quantification was done similarly, albeit based on
CD31 staining. These quantifications have been described in detail
previously7,13.

Bioinformatics
Data from public database were obtained from the Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/)23. The data surf applied
“carcinoma, pancreatic ductal” OR “carcinoma, pancreatic ductal” OR
“carcinoma, pancreatic ductal” OR “Pancreatic Ductal Carcinoma*“ OR
“PDAC” OR “Chronic Pancreatitis” OR “CP” AND “Homo sapiens”. A total of
441 series for human CP or PDAC were retrieved from the database. After a
careful comparison for relatedness, two gene expression profiles
(GSE77858 and GSE61166) were selected24. Next, the GEO2R online
analysis tool was used to detect the differentially expressed genes (DEGs),
after which the P value, adjusted P-value and logFC were calculated. In the
series of GSE77858, genes that met the cutoff criteria (P value < 0.05 and |
logFC | ≥0.4) were selected as DEGs. In the series of GSE61166, genes that
met the cutoff criteria (adjusted P value < 0.05 and |logFC | ≥2.0) were
selected as DEGs. Pathway enrichment analyses of DEGs were performed
at Metascape (http://metascape.org) and KEGG25. Terms with a P value <
0.01, a minimum count of 3, and an enrichment factor >1.5 were collected
and grouped into clusters based on their membership similarities (Kappa
scores >0.3). The most statistically significant term within a cluster was
chosen to represent the cluster. If more than 20 terms for GO or pathway
annotations were identified, only the top 20 terms were shown. We chose
the R packages of “ggplot2”, “pheatmap”, “clusterProfiler” and “GOplot” to
visualize DEGs and the enrichment pathways.

Data analysis
Data analysis was performed in GraphPad Prism 7 (GraphPad Software,
San Diego, CA, USA). All values were depicted as mean ± standard
deviation (SD) of the mean. Each experiment groups had 5–6 mice. All data
were statistically analyzed using one-way ANOVA with a Bonferroni
correction, followed by Fisher’s exact test. Significance was considered
when p < 0.05. Non-significance (NS) was shown when p < 0.05 was
not met.

RESULTS
Evidence of enhanced angiogenesis in CP from public
database
Previous reports showing the importance of angiogenesis to
inflammation and EMT promoted us to investigate angiogenesis in
long-term PDL, the model for CP. First, we obtained data from
public database and used online tool GEO2R to screen DEGs when
compared samples from pancreatitis patients (n= 5) and samples
from normal human (n= 3). A total 84 DEGs were identified from
GSE77858 datasets (Fig. 1A). Among these DEGs, there were 68
downregulated genes and 16 upregulated genes. Pathway
enrichment analysis and protein-protein interaction network were
assessed using Metascape online tool, showing that the enriched
pathways were blood vessel development, collagen fibril organi-
zation, response to growth factor, response to wounding and
cellular response to transforming growth factor beta (TGFβ)
stimulus (Fig. 1B-D). These data suggest enhanced angiogenesis in
the pancreas from CP patients.

Evidence of enhanced angiogenesis in tail-pancreas from PDL-
mice
Next, we examined whether angiogenesis is also enhanced in the
mouse model for CP, long-term PDL. PDL-tail mice were examined
for CD31, a marker for endothelial cells, at 1w, 8w and 24w after
surgery, compared to the sham-operated control. We found that,
compared to sham, vessel density increased in both the islet
region (representing endocrine pancreatic part) and the exocrine
region (representing exocrine pancreatic part) at the examined
time points (Fig. 2A,B). Moreover, the vessel area did not alter with
time (Fig. 2A,B). These data suggest that PDL-induced pancreatic
inflammation results in enhanced angiogenesis to maintain a
sustained vessel density.

Experimental suppression of angiogenesis does not alter post-
PDL fibrosis
To check the importance of angiogenesis in long-term PDL model,
we inhibited angiogenesis with specific antisera for VEGFR2,
commercially named DC101, which have been widely used to
suppress angiogenesis in numerous studies16–18. Moreover,
INS1cre; Tom; MIP-GFP mice were used. In these mice, all beta-
cells that are actively expressing insulin are green-fluorescent due
to specific beta-cell-expression of GFP, while all beta-cells that
have ever expressed insulin are red fluorescent due to occurrence

Fig. 2 Evidence of enhanced angiogenesis in tail-pancreas from PDL-mice. Tail pancreas from PDL mice was examined for CD31, a marker
for endothelial cells, at 1w, 8w and 24w after surgery, compared to sham-operated control. A–C Vessel density was determined based on
immunostaining for CD31 and insulin, shown by representative immunofluorescent images (A), and by quantification in islet area (B) and in
exocrine pancreas (C). Each condition contained 10 age-matched mice, five male and five female. *p < 0.05. NS non-significant. Scale bars are
100 µm.
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of recombination and expression of TOM, regardless they are still
insulin-producing or not (e.g. not insulin-producing any more after
EMT). This model allows us to distinguish normal beta-cells at the
examined time (GFP+ TOM+ yellow fluorescent) from beta-cells
that have undergone EMT (GFP− TOM+ red fluorescent). DC101
or control IgG was i.p. injected into the mice weekly, ever since
PDL, till the end of the experiment. Mice were followed up and
sacrificed at certain time points (eight weeks, 12 weeks or
24 weeks after PDL) for analysis (Fig. 3A), since we have detected
start time point of beta-cell EMT at 8 weeks, peak time point of
beta-cell EMT at 12 weeks and time point of nearly loss of all beta-
cells at 24 weeks after PDL in our previous study9. We detected
significant reduction in the increased vessel area in both the islet
area (Fig. 3B, C) and the exocrine area (Fig. 3B, D), confirming the
inhibitory effect of DC101 on angiogenesis. However, the fibrotic
process after PDL was not seemly affected by DC101 (Fig. 3E, F).

Experimental suppression of angiogenesis does not alter
beta-cell loss but significantly reduces the changes in beta-cell
genes associated with EMT
Next, we examined whether suppression of the enhanced
angiogenesis may affect the progression of beta-cell loss in
the long-term PDL. We did not detect alteration in the process
of reduction in beta-cell mass in PDL-tail from mice that had
received DC101, compared to those that had received control IgG
(Fig. 4A). However, when we examined the genes associated to
EMT in isolated GFP+ beta-cells from PDL-tail pancreas at
12 weeks after PDL (the peak time point for beta-cell EMT), we
found that the alteration in genes associated with EMT (E-
cadherin, Snail, Slug, ZEB1 and ZEB2) were all significantly reduced
in beta-cells from DC101-treated mice (Fig. 4B-F). These data
suggest that suppression of angiogenesis prevents beta-cell EMT
post PDL.

Fig. 3 Experimental suppression of angiogenesis does not alter post-PDL fibrosis. A Experiment schematic: the angiogenesis was inhibited
by specific antisera for VEGFR2, DC101 in PDL-treated INS1cre; Tom; MIP-GFP mice. IgG was used as control for DC101. Mice were followed up
and sacrificed at certain time points (eight weeks or 12 weeks or 24 weeks after PDL) for analysis. B–D Vessel density was determined based on
immunostaining for CD31 and insulin, shown by representative immunofluorescent images (B), and by quantification in islet area (C) and in
exocrine pancreas (D). E, F The fibrosis was assessed by Masson staining, shown by quantification (E), and by representative histological
images (F). Each condition contained 10 age-matched mice, five male and five female. *p < 0.05. NS, non-significant. Scale bars are 100 µm.
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DC101-mediated inhibition of angiogenesis abolished
inflammation-induced beta-cell EMT
To evaluate whether suppression of angiogenesis indeed prevents
beta-cell EMT post PDL, we examined the GFP and TOM
expression in sham-treated, PDL and IgG-treated, and PDL and
DC101-treated INS1cre; Tom; MIP-GFP mice. As mentioned before,
if no beta-cell EMT occur, all beta-cells should be yellow
fluorescent (TOM+ GFP+), while beta-cells that have undergone
EMT will keep TOM, but lose GFP, and become red fluorescent
(TOM+ GFP−). Nearly no TOM+ GFP− cells were detected in the
sham-operated pancreas (Fig. 5A). However, a number of TOM+
GFP− cells were detected in the PDL and IgG-treated pancreas
(Fig. 5A), suggesting presence of beta-cell EMT, consistent with
our previous report15. Interestingly, again nearly no TOM+ GFP−
cells were detected in PDL and DC101-treated pancreas (Fig. 5A),
suggesting that DC101-mediated inhibition of angiogenesis
abolishes inflammation-induced beta-cell EMT. To further confirm
that the TOM+ GFP− cells in pancreas from mice received PDL
and IgG are beta-cells that have undergone EMT, but not have
undergone dedifferentiation towards other lineage26, the red and
yellow cell populations were isolated from the digested pancreas
of the PDL and DC101-treated INS1cre; TOM; MIP-GFP mice
(Fig. 5B). Significant downregulation of E-cadherin (an epithelial
cell marker) and significant upregulation of Snail, Slug, ZEB1 and
ZEB2 (mesenchymal cell markers associated with cell migration)
were detected in TOM+ GFP− red cells, compared to TOM+ GFP
+ yellow cells, confirming that those red cells have indeed
undergone EMT.

DC101-mediated inhibition of angiogenesis turns
inflammation-induced beta-cell EMT into apoptotic beta-cell
death
Finally, we examined the mechanisms underlying the beta-cell
loss in PDL with suppression of angiogenesis. Since no TOM+
GFP- red cells are detected, the loss of beta-cells should result
from cell death rather than phenotypic change. Apoptotic cell

death is a common mechanism of loss of beta-cells in diabetes.
Thus, we assessed the apoptotic beta-cells by TUNEL staining in
sham-treated, PDL and IgG-treated, and PDL and DC101-treated
mice. Increases in TUNEL+ apoptotic beta-cells were not detected
in PDL and IgG-treated mice, compared to the control sham-
operated mice, but were detected in PDL and DC101-treated mice
(Fig. 6A,B). Moreover, higher levels of cleaved caspase 9, a marker
for apoptosis, were detected in islets from DC101-treated PDL-
mice, compared to those from sham-treated mice or IgG-treated
PDL-mice (Fig. 6C). Furthermore, increases in islet cleaved caspase
9 were not affected in DC101/PDL-treated beta-cell-specific TGFβ
receptor knockout mice9, suggesting that beta-cell-apoptosis
induced by angiogenesis suppression in PDL-pancreas is TGFβ
receptor signaling independent (Supplementary Fig. 1). To
summarize the findings in this study, the suppression of
angiogenesis in PDL-pancreas prevents beta-cell EMT, leading
beta-cells to apoptotic death (Fig. 6D).

DISCUSSION
Surgical removal of diseased pancreas together with transplanta-
tion of islets back to the patient as an autograft is the regular
treatment for CP3. This therapy is, however, hindered by the
difficulties in isolating islets from a fibrotic pancreas and by the
poor islet function due to CPRD3. Therefore, it would be important
to understand the mechanisms underlying the development of
CPRD, since it could provide evidence to generate novel strategies
for protecting the islet function in CP patients.
The chronic inflammation in the diseased pancreas may affect

the islet integrity and function in several aspects: First, chronic
inflammation may cause production and secretion of a great deal
of inflammatory cytokines and peptides, which are persisting
insults to the beta-cells in neighboring endocrine tissue27. It is well
known that the stress on beta-cells could cause ER stress, resulting
in dysfunction and even damage of beta-cells28. Second, it is also
well known that the vasculature in the inflamed pancreas is

Fig. 4 Experimental suppression of angiogenesis does not alter beta-cell loss but significantly reduces the changes in beta-cell genes
associated with EMT. A Beta-cell mass. B–F RT-qPCR for E-cadherin (B), Snail (C), Slug (D), ZEB1 (E) and ZEB2 (F) in beta-cells from sham, PDL
and IgG, and PDL and DC101- treated INS1cre; Tom; MIP-GFP mice at 12 weeks after surgery. Each condition contained six age-matched mice,
three male and three female. *p < 0.05. NS non-significant.
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severely affected and remodeling, since endothelia are largely
regulated by cytokines and growth factors associated with
inflammation, e.g. VEGF29,30. Angiogenesis is essential for progres-
sion of vessel destruction, regeneration and remodeling31. As a
potent way to supply nutrients and systemic messages to the
inflamed pancreas, angiogenesis plays a non-redundant role in the
interaction between endocrine beta-cells and the local
inflammation9,32,33.
In this study, we investigated the role of angiogenesis in beta-

cell EMT induced in the inflamed PDL-pancreas4,5. The ligation site
for PDL is the middle of the main pancreatic duct, which allows
the non-ligated head part of the pancreas (PDL-head) minimally
affected in contrast to the ligated tail part of the pancreas (PDL-
tail). The intact PDL-head also allows maintenance of the supply of
adequate digestive enzymes and leaves about half of the healthy
islets in the normal pancreatic tissue (PDL-head) for studying the
model under normoglycemia7,8. Thus, the effects by glucose
metabolism on beta-cells in the inflamed pancreas have been
largely avoided. Of note, in the future it may be as well interesting
to look at hyperglycemic mice, for which a different model called
total pancreatic duct ligation with the ligation site at the
pancreatic duct close to the papilla of the duodenum is done.
This total duct ligation model will cause changes in glycemia since
all the islets throughout the pancreas are affected.

In an earlier study, we showed that PDL over the long-term
causes a gradual loss of beta-cell mass, mimicking the phenom-
enon in patients with CPRD. We detected beta-cell EMT rather than
beta-cell apoptosis that contributes to beta-cell loss9. Here, we
further showed that when pancreatitis-associated angiogenesis
was blocked, beta-cell EMT was rendered to apoptotic death. This
finding may result from that some growth factors from angiogen-
esis support the survival of beta-cells against stress-induced
damages but are not sufficient to support the maintenance of
beta-cell phenotype. Therefore, beta-cells have to adapt their
phenotype through an EMT in accordance with the environmental
changes. On the other hand, the loss of angiogenesis-associated
growth factors may reduce the survival of beta-cells under stress
and may render beta-cell EMT to apoptotic beta-cell death. This
notion was specifically supported by the experiments on beta-cell-
specific TGFβ receptor knockout mice, since beta-cell apoptosis
appeared not to be affected by inhibition of EMT in these mice.
Thus, it suggests that angiogenesis in the inflamed pancreas could
have a protective effect on beta-cells to prevent their apoptosis
induced by stimulates, while the survived beta-cells are still under
stress and may undergo EMT, which is TGFβ receptor signaling
dependent. When angiogenesis is inhibited in the inflamed
pancreas, beta-cells may lose those survival signals and undergo
apoptosis, regardless of whether EMT is blocked or not.

Fig. 5 DC101-mediated inhibition of angiogenesis abolished inflammation-induced beta-cell EMT. A Representative fluorescent images in
sham-treated, PDL and IgG-treated, and PDL and DC101-treated INS1cre; TOM; MIP-GFP mice. B Representative flow charts for isolating yellow
fluorescent (TOM+ GFP+) cells and red fluorescent (TOM+ GFP−) cells from sham, PDL and IgG, and PDL and DC101- treated INS1cre; TOM;
MIP-GFP mice at 12 weeks after surgery. C The red and yellow cell populations were isolated from digested pancreas of the PDL and DC101-
treated INS1cre; TOM; MIP-GFP mice and subjected to RT-qPCR analysis for E-cadherin, Snail, Slug, ZEB1 and ZEB2. Each condition contained six
age-matched mice, three male and three female. *p < 0.05. Scale bars are 20 µm.
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Although the current study was performed in a rodent model
for CP, our bioinformatic analysis also showed the importance of
angiogenesis in CP patients. However, the available public
database for CP or CPRD is very small. In future, if larger databases
for CP or CPRD, ideally with information of clinical data on blood
glucose, could be accessed for analysis, it may provide further
information on the translatability of this study to human diseases.

DATA AVAILABILITY
All the data are presented in the article and online supplementary information.
Additional information can be requested to the corresponding authors.
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