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patients recover quickly when the insult disappears, 
some may face serious complications such as chronic 
pancreatitis, pancreatic insufficiency, diabetes mellitus, 
or even pancreatic cancer [4]. Indeed, pancreatitis is a 
well-known risk factor for pancreatic ductal adenocarci-
noma (PDAC), the most common and deadliest form of 
pancreatic cancer. This underscores the importance of 
understanding how acute inflammation can evolve into 
chronic disease and potentially initiate oncogenesis.

The initial molecular trigger for acute pancreatitis is 
the premature activation of digestive enzymes, leading 
to pancreas autodigestion and acinar cell death. These 
events initiate an inflammatory reaction that in cascade 
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Abstract
Acute pancreatitis is a common inflammatory condition of the pancreas that can lead to severe complications 
such as chronic pancreatitis and pancreatic ductal adenocarcinoma. While vascular remodeling is a hallmark of 
many inflammatory conditions, the molecular mechanisms underlying vascular changes during pancreatitis remain 
largely unexplored. This study aimed to investigate the vascular changes associated with acute pancreatitis and 
to identify the molecular mechanisms underlying these changes. Acute pancreatitis was induced in wild-type 
mice through caerulein injections and resulted in progressive and substantial vascular changes, characterized by 
morphological remodeling, increased vessel density, and elevated vascular permeability. These structural changes 
were accompanied by molecular alterations, including increased expression of endothelial genes and decreased 
surface expression of vascular endothelial VE-cadherin. Injured acinar cells exhibited a significant increase in 
VEGF-A expression during pancreatitis. Acinar-specific VEGF-A inactivation led to marked impairments in vascular 
remodeling, with reduced vessel density and diminished number of vessels, without affecting immune cell 
infiltration, fibrosis, or acinar-to-ductal metaplasia. Together, our work identifies a mechanism by which increased 
expression of VEGF-A by acinar cells during pancreatitis is essential for maintaining vascular integrity and for driving 
vascular remodeling in the inflamed pancreas.
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profoundly remodels the pancreatic parenchyma [1–3]. 
The three commonly described tissular and morphologi-
cal changes in acute pancreatitis are immune cell infiltra-
tion, collagen deposition leading to fibrosis, and acinar 
cell dedifferentiation into ductal-like cells also called aci-
nar-to-ductal metaplasia (ADM) [5–8]. This latter may be 
a protective mechanism to limit further release and pre-
mature activation of digestive enzymes [7, 9, 10]. How-
ever, persistent ADM under inflammatory conditions can 
act as a precursor to PDAC, highlighting the fine balance 
between regeneration and chronicity in this disease [11].

During inflammation, blood vessels are central actors 
that undergo significant changes, such as angiogenesis, 
vascular remodeling, increased permeability, and vaso-
dilation [12–14]. Historically, vascular changes dur-
ing pancreatitis were described in the 1980 s and 1990 s 
through experimental models, but these studies largely 
focused on the morphological level, without delving into 
the molecular mechanisms involved [15–18]. These vas-
cular changes are well-documented in other inflamma-
tory diseases, such as inflammatory bowel disease, where 
Vascular Endothelial Growth Factor A (VEGF-A) plays a 
pivotal role [19]. VEGF-A is a critical regulator of vascu-
lar dynamics during inflammation in other tissues, such 
as the colon and the lung, as it promotes angiogenesis, 
increases vascular permeability, and maintains endothe-
lial cell survival via its interaction with VEGF receptor 2 
(VEGFR2) [19–21]. VEGF-A is indeed the quintessential 
angiogenic factor. It not only stimulates angiogenesis, 
i.e. the formation of new blood vessels, but also main-
tains homeostasis and/or survival of existing vessels by 
preventing their regression, a role demonstrated in con-
texts such as tumor vasculature and retinal angiogenesis 
[22, 23]. VEGF-A is also known as Vascular Permeabil-
ity Factor (VPF) and was shown to increase permeabil-
ity during inflammation in tissues such as the colon and 
the lung, a process in which VEGF-A is essential for 
enabling immune cell infiltration and the inflammatory 
response [19–21].

Blood vascular changes occur during acute pancre-
atitis, but the cellular and molecular events are poorly 
described. Moreover, the mechanisms governing these 
changes remain poorly understood and the role of VEGF-
A in acute pancreatitis has not yet been explored. This 
is particularly relevant since pancreatitis-favored PDAC 
is characterized by hypovascularization due to vascu-
lar collapse, which impairs blood flow and complicates 
treatment [24]. To fill these gaps in our knowledge, we 
used a mouse model of acute pancreatitis to describe 
and quantify the vascular changes during pancreatitis. 
We then investigated the role of VEGF-A in this model 
using acinar-specific Vegfa knockout mice to uncover the 
mechanisms through which VEGF-A may contribute to 
vascular remodeling during acute pancreatitis. We show 

that blood vascular changes accompany the development 
of immune cell infiltration, the development of fibrosis, 
and ADM during acute pancreatitis. We also show that 
secretion of VEGF-A, by injured acinar cells, controls 
and maintains blood vessels during pancreatitis.

Results
Caerulein-induced acute pancreatitis
Acute pancreatitis was induced in C57BL/6 N mice 
through repetitive caerulein injections, following the 
treatment timeline shown in Fig. 1A. Pancreatic tissues 
were harvested for histological and molecular analyses 
one day after the final caerulein injection (Day 6; Fig. 1A), 
but also on alternate days after earlier injections (Day 2 
and Day 4; Supplementary Fig. 1A).

The tissular characteristics of pancreatitis developed 
progressively with the injections. Hematoxylin (nuclei) 
& eosin (cytoplasm) staining revealed significant paren-
chymal remodeling, which began at Day 4 and peaked 
at Day 6, as per our acute pancreatitis protocol (Supple-
mentary Fig. 1B). These changes were particularly evi-
dent when comparing untreated controls with Day 6 
pancreatitis samples (Fig. 1B). In controls, the pancre-
atic parenchyma, particularly the acinar compartment, 
appeared densely packed and predominantly pink due 
to abundant apical eosinophilic zymogen granules (Fig. 
1B). In contrast, tissues affected by pancreatitis exhib-
ited reduced eosinophilia, and increased basophilia 
(Fig. 1B and Supplementary Fig. 1B). These changes are 
consistent with caerulein-induced acinar injury (tissue 
shrinkage), acinar-to-ductal metaplasia (ADM; reduced 
eosinophilia) and increased interstitial nuclear density 
due to immune cell infiltration and fibrosis (increased 
basophilia; Fig. 1B).

Excess deposition of collagen fibers in pancreatitis, 
visualized using Sirius Red staining, confirmed massive 
fibrosis at Day 6 (Fig. 1C). Fibrosis was further supported 
by the increased immunofluorescence labeling for vimen-
tin, expressed by fibroblasts, during pancreatitis (Fig. 1D 
and Supplementary. Figure 1C). Immunofluorescence 
labeling of F4/80 highlighted an increase in macrophage 
abundance during establishment of acute pancreatitis, 
confirming inflammation (Fig. 1E and Supplementary 
Fig. 1D). Colabeling of the epithelial compartment, using 
E-cadherin, revealed a remodeled and sparser epithelial 
compartment in pancreatitis, as compared to controls, 
confirming epithelial remodeling, likely linked to acinar-
to-ductal metaplasia (Fig. 1D and Supplementary Fig. 
1C). ADM was further investigated by RT-qPCR and this 
molecular analysis confirmed a decrease in acinar-spe-
cific gene expression and an increase in ductal-like gene 
expression was visible as of Day 4 and more evident at 
Day 6 (Fig. 1F and Supplementary Fig. 1E).
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In summary, these results indicate that our caerulein-
induced pancreatitis model effectively recapitulates the 
known pathological features of acute pancreatitis, namely 
immune cell infiltration, fibrosis, and acinar-to-ductal 
metaplasia.

Acute pancreatitis is accompanied with blood vascular 
remodeling
We next investigated the vascular compartment by per-
forming immunofluorescence labeling of endomucin, 
an endothelial cell marker (Fig. 2A and Supplementary 
Fig. 2A). This analysis revealed distinct qualitative mor-
phological changes in blood vessels during pancreatitis 
as compared to controls (Fig. 2A). Notably, these vas-
cular changes progressed over the course of caerulein 
treatment and were evident as of Day 4 (Supplementary 

Fig. 2A). To quantitatively assess these vascular modi-
fications, the endothelial endomucin-positive objects 
were segmented (Fig. 2B and Supplementary Fig. 2B), 
and morphologically characterized using their area, cir-
cularity (Fig. 2C and Supplementary Fig. 2C), as well as 
their aspect ratio, and roundness (Supplementary Fig. 
2C). During pancreatitis, the distribution of the number 
of endomucin-labeled objects as a function of the area 
shifted, revealing increased number of small objects (< 80 
µm2) and conversely, fewer larger ones (> 80 µm2). Con-
comitantly, the circularity (4π × area/perimeter2) of these 
endothelial structures shifted toward values closer to 1, 
indicating a higher prevalence of more circular struc-
tures (Fig. 2C). The shift in circularity was apparent by 
Day 2, while the shift in area became evident by Day 4 
(Supplementary Fig. 2C). In parallel, the roundness (4 × 

Fig. 1  Caerulein-induced model of acute pancreatitis. A Timeline of caerulein injections and sacrifice for tissue harvest on day 6 in C57BL/6 N mice. Verti-
cal red arrows illustrate the six hourly injections. B-C Histological staining of pancreatic sections from control and caerulein-treated (acute pancreatitis) 
mice: hematoxylin (nuclei) & eosin (cytoplasm) (B), and sirius red (collagen fibers) & fast green (cytoplasm) (C). Scale bar: 50 μm. D-E Immunofluores-
cence localization of vimentin and E-cadherin (for fibroblasts and epithelial cells; D), and of F4/80 and E-cadherin (macrophages and epithelial cells; E) 
with a nuclear counterstain (Hoechst) in pancreatic sections from control and caerulein-treated mice. Scale bar: 50 μm. F Gene expression analysis by 
RT-qPCR of acinar (Cpa1, Prss2, Amy2) and ductal (Krt19, Sox9, Onecut1) markers, normalized to 18 S ribosomal RNA in pancreatic tissue from control and 
caerulein-treated mice. Data are shown as means ± SD. Statistical analysis: two-way ANOVA with Holm-Šídák correction. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. n ≥ 4
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area/(π × major axis2)), increased towards values closer 
to 1, reflecting a trend towards rounder shapes, while 
the aspect ratio (major/minor axis), approached 1, indi-
cating a shift towards more equidimensional structures 

(Supplementary Fig. 2C). When plotting circularity as a 
function of area, with bins color-coded to represent the 
number of objects, we observed that the increase in small 
structures and circular structures during pancreatitis 

Fig. 2 (See legend on next page.)
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corresponded to the same population of objects (Fig. 2D; 
upper left quadrant). Specifically, the rise in smaller 
structures was driven by an increase in highly circular 
objects, while the reduction in larger structures primarily 
involved non-circular objects (Fig. 2D; lower right quad-
rant). This indicates that pancreatitis selectively favors 
the formation of small, circular structures, while reduc-
ing the prevalence of large, non-circular objects.

To further refine the analysis, we classified blood ves-
sels into distinct groups based on their morphology. The 
less abundant and more complex dilated structures were 
manually isolated from images and counted separately. 
Non-dilated objects with an area lower than 80 µm2 were 
categorized as dotted objects, while those with an area 
larger than 80 µm2 and a circularity value below 0.7 were 
defined as long/ramified objects. Based on this classifi-
cation, we quantified a significant increase in both dot-
ted and dilated structures, accompanied by a reduction 
in long/ramified objects (Fig. 2E). These changes were 
observable as of Day 4 (Supplementary Fig. 2D). These 
vascular changes persisted, including the increase in dot-
ted objects and the reduction in long/ramified objects, 
even when sections were analyzed at high magnifications 
(Supplementary Fig. 2E). This indicates that endothelial 
cells undergo shape alterations during pancreatitis.

Traditional 2D analyses of tissue provide useful cross-
sectional views but they can miss the overall organiza-
tion of the vascular network. We therefore performed 
whole-mount 3D imaging, which offers a more compre-
hensive and volumetric view of the tissue. 3D analysis of 
pancreatic tissue fragments revealed an increase in ves-
sel density and thickness in pancreatitis, as compared to 
controls (Fig. 2F).

Moreover, RT-qPCR analysis of the endothelial mark-
ers Flt1, Kdr, Cdh5, Pecam1, Sox18, and Erg, revealed 
striking and consistent (~ 16X) increased expression of 
each of these endothelial genes (Fig. 2G).

To assess whether these vascular changes involved 
endothelial proliferation or apoptosis, we labeled Ki-67 
and phospho-histone H3 as markers of proliferation, 
and cleaved caspase-3 as a marker of apoptosis, together 
with endomucin and ERG, an endothelial-specific 

transcription factor used to label endothelial cell nuclei. 
No Ki-67-positive or phospho-H3-positive endothelial 
cells/nuclei could be observed in either control or pan-
creatitis tissues, and cleaved caspase-3-positive endothe-
lial cells were similarly infrequent (Supplementary Fig. 3).

Together, these findings indicate that acute pancreatitis 
induces significant vascular remodeling characterized by 
shape alterations, vessel dilation, increased vessel density, 
and thickness, consistent and concomitant with endothe-
lial cell activation, and seemingly independent of prolif-
eration and apoptosis.

Acute pancreatitis displays dysfunctional blood vessels
Following the morphological and molecular analyses, we 
next sought to functionally characterize the blood vascu-
lature during pancreatitis. To assess vascular perfusion 
and permeability, FITC-albumin, a fluorescent tracer, 
was injected intravenously into mice 10 min before sac-
rifice and analysis. The distribution of FITC-albumin was 
tracked with fluorescence microscopy. Within this brief 
10-minute time-course, FITC-albumin exhibited wide-
spread distribution throughout the entire pancreatic 
parenchyma, closely mirroring the vascular architecture 
(compare Fig. 3A at left with Fig. 2A). In stark contrast, 
a larger area of the pancreatic parenchyma was occu-
pied by FITC-albumin in caerulein-treated pancreas, 
suggesting vascular leakage and disrupted vessel integ-
rity upon pancreatitis (Fig. 3A, at right). Quantification 
of the FITC-albumin surface indeed revealed a 6-fold 
increase when compared to control pancreas (Fig. 3A). 
Colabeling with endomucin and E-cadherin confirmed 
FITC-albumin confinement within endomucin-positive 
structures in control pancreas and extravasation outside 
the blood vessels in between epithelial acini in pancre-
atitis (Fig. 3B).

To propose a molecular mechanism for the vascular 
leakage, we studied the endothelial barrier function and 
in particular VE-cadherin, a critical component of the 
endothelial adherens junctions. As compared to control 
pancreas, VE-cadherin immunolabeling was weaker in 
pancreatitis tissues (Fig. 3D), despite increased mRNA 
expression level (Fig. 2G; Cdh5). Z-stack super-resolution 

(See figure on previous page.)
Fig. 2  Blood vascular remodeling during acute pancreatitis. A Immunofluorescence labeling of endomucin (endothelium) and E-cadherin (epithelial 
cells) in pancreatic sections from control and caerulein-treated mice. Scale bar: 50 μm. B Segmentation of endomucin-positive objects from panel A for 
morphological analysis. C Quantification of endomucin-positive objects: area-based (at left) and circularity-based (at right) 1D count plot in pancreatic 
sections from control (black curves) and caerulein-treated mice (red curves). Data represent the cumulative counts from five representative 488,160 µm2 
fields per mouse. n = 5. D Hexagonal binned plot of circularity vs. area (µm2) of endomucin-positive objects, with colors representing object count per 
bin in pancreatic sections from control and caerulein-treated mice. Data represent the cumulative counts from five representative 488,160 µm2 fields per 
mouse. n = 5. E Classification of endomucin-positive objects: dotted (area ≤ 80 µm2), long/ramified (area > 80 µm2, circularity < 0.7), and dilated (manually 
classified) in pancreatic sections from control and caerulein-treated mice. Data represent the average counts from five representative 488,160 µm2 fields 
per mouse and are shown as means ± SD. Statistical analysis: two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 5. (F) 3D recon-
struction of vascular structures labeled with endomucin in pancreatic tissue from control and caerulein-treated mice. Scale bar: 50 μm. G Gene expression 
analysis by RT-qPCR of endothelial markers (Flt1, Kdr, Cdh5, Pecam1, Sox18, Erg), normalized to 18 S ribosomal RNA, in pancreatic tissue from control and 
caerulein-treated mice. Data are shown as means ± SD. Statistical analysis: two-way ANOVA with Holm-Šídák correction. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. n = 3 for control, n = 8 for pancreatitis
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imaging revealed almost perfect colocalization of VE-
cadherin with endomucin in control pancreas (Fig. 3E, at 
left). However, in acute pancreatitis, VE-cadherin distri-
bution was disrupted, appearing as punctate intracellular 
structures instead of being evenly distributed along the 
cell surface (Fig. 3E, at right). The absence of VE-cadherin 
at the cell surface suggests destabilization of endothelial 

adherens junctions, likely due to endocytosis and inter-
nalization, which may contribute to the increased vascu-
lar permeability observed in pancreatitis (Fig. 3E).

In summary, acute pancreatitis is also associated with 
increased vascular permeability and disrupted VE-cad-
herin localization, indicating compromised vascular 
integrity.

Fig. 3  Blood vascular permeability during acute pancreatitis. A Visualization and quantification of FITC-albumin extravasation in pancreatic sections from 
control and caerulein-treated (acute pancreatitis) mice. Scale bar: 50 μm. Total area of FITC-albumin was quantified in a representative 40× focal plane. 
Data are shown as means ± SD. Statistical analysis: two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 4. B-C Immunofluores-
cence labeling of endomucin (endothelial cells) and E-cadherin (epithelial cells), with nuclear counterstain (Hoechst) and FITC-albumin visualization in 
pancreatic sections from control and caerulein-treated. Low B and high C magnification are shown. Scale bar: 50 μm. D-E Immunofluorescence labeling 
of VE-cadherin (endothelial adherens junctions), and E-cadherin (epithelial cells) in pancreatic sections from control and caerulein-treated mice. Low (D) 
and high (E, also presenting the Hoechst nuclear counterstain) magnification are shown. Scale bar: 50 μm
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VEGF-A expression increases during acute pancreatitis 
within metaplastic cells
To understand the molecular mechanisms underlying 
these morphological, functional, and molecular changes, 
we focused on VEGF-A, the primary regulator of vascu-
lar responses. VEGF-A plays a central role in orchestrat-
ing inflammation in multiple organs, including the colon 
[19, 20], and the lung [21, 25, 26]. In addition, previous 
work from our group has shown the pivotal function of 
VEGF-A in pancreas development [27]. However, despite 
its known roles in inflammation and pancreatic develop-
ment, the specific function of VEGF-A in pancreatitis 
remains unexplored. VEGF-A regulates multiple endo-
thelial processes, including cell survival, angiogenesis, 
cell morphology, adhesion, and permeability, acting via 
its main receptors VEGFR-1 (Flt) and VEGFR-2 (Kdr) 
both highly induced upon pancreatitis (Fig. 2G).

We first analyzed the expression pattern of VEGF-A in 
the adult pancreas subjected to pancreatitis. RT-qPCR 
analysis revealed that Vegfa mRNA expression was sig-
nificantly increased in pancreatitis, as compared to con-
trols (Fig. 4A). This increase started to be detectable as 
of Day 4 and was highly significative at Day 6 (Supple-
mentary Fig. 4A). To visualize and identify the cell type(s) 
producing VEGF-A, we performed in situ hybridization, 
using RNAscope™. In control pancreas, Vegfa mRNA was 
mainly expressed by cells in the islets of Langerhans but 
also in some acinar cells of the pancreatic parenchyma 
(Fig. 4B, at left and magnifications). Upon pancreatitis, 
and as observed by RT-qPCR, the signal intensity of the 
Vegfa probe increased and was found in almost all the 
E-cadherin-positive epithelial cells, primarily in acinar 
cells, which are known to undergo acinar-to-ductal meta-
plasia during this condition (Fig. 4B, at right).

Fig. 4  VEGF-A expression during acute pancreatitis. A Gene expression analysis by RT-qPCR of Vegfa, normalized to 18 S ribosomal RNA, in pancre-
atic tissue from control and caerulein-treated mice. Data are shown as means ± SD. Statistical analysis: two-tailed Student’s t-test. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. n = 7 for control, n = 10 for pancreatitis. B In situ hybridization of Vegfa by RNAscope™ and immunofluorescence labeling of 
E-cadherin (epithelial cells), with a nuclear counterstain (Hoechst) in pancreatic sections from control and caerulein-treated mice. Scale bar: 50 μm. C 
Schematic representation of Vegfa gene organization with exons and introns and of VEGF-A splicing isoforms; the exon following exon 5 (E5) is shown 
at right. D Gene expression analysis by RT-qPCR of Vegfa splice variants (E6-E8, E3-E5/E6, E3-E5/E7, E3-E5/E8), normalized to 18 S ribosomal RNA, in pan-
creatic tissue from control and caerulein-treated mice. Data are shown as means ± SD. Statistical analysis: two-tailed Student’s t-test. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. n ≥ 6 for control, n = 10 for pancreatitis
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VEGF-A exists in various isoforms due to alternative 
mRNA splicing. Exons 1 to 5 are common across most 
isoforms, while exons 6 and 7 encode heparin-binding 
regions, providing greater affinity for the extracellu-
lar matrix and consequently a more localized activity of 
this angiogenic factor. On the contrary, isoforms lacking 
exon 6 or exons 6 and 7 are more diffusible and are con-
sidered as long-acting VEGF-A isoforms (Fig. 4C). We 
therefore designed primer pairs to discriminate between 
VEGF-A isoforms based on exon retention. The E6-E8 
and E3-E5/6 primer pairs detect locally-acting isoforms 
retaining respectively exons 6 and 7, and exon 6, while 
E3-E5/7 and E3-E5/8 primer pairs detect more diffusible 
isoforms lacking respectively exon 6, and exons 6 and 7. 
RT-qPCR analysis showed that all isoforms were upregu-
lated in pancreatitis at Day 6, with a greater increase in 
locally acting isoforms retaining exon 6 (Fig. 4D, primers 
E6-E8 and E3-E5/6). Moreover, while the diffusible iso-
forms began to increase by Day 4, reaching statistical sig-
nificance by Day 6, the locally acting isoforms showed an 
earlier increase, detectable by Day 2 and becoming sig-
nificant by Day 4 (Supplementary Fig. 4A).

In conclusion, these findings demonstrate that VEGF-
A expression increases during pancreatitis, particularly 
in acinar epithelial cells. Locally acting isoforms showed 
a more important and rapid increase in expression, as 
compared to diffusible isoforms, suggesting that VEGF-A 
could have local effects near the metaplastic cells, which 
may be needed to adapt to the environmental stress.

Acinar-specific Vegfa inactivation does not affect fibrosis, 
inflammation, and ADM during pancreatitis
To investigate the mechanisms by which acinar VEGF-A 
may drive vascular remodeling during acute pancreati-
tis, we specifically inactivated Vegfa in acinar cells. To 
this end, we crossed Ptf1a-CreERT2 mice with Vegfafl/fl 
mice to generate Ptf1a-CreERT2; Vegfafl/fl. In these mice, 
the CreERT2 recombinase is specifically expressed in aci-
nar cells via Ptf1a regulatory regions. Tamoxifen injec-
tions were used to trigger nuclear translocation of the 
CreERT2 and therefore the Cre-mediated recombination 
of Vegfa exon 3 (Vegfa-E3). This recombination causes a 
frameshift and leads to the specific knockout of VEGF-A 
in acinar cells (Fig. 5A). These knockout mice are called 
Vegfa∆ac and compared to VegfaWT littermates (Fig. 5A).

To induce the acinar-specific recombination, we admin-
istered tamoxifen three times over five days (Fig. 5B). 
Two weeks later, acute pancreatitis was induced using 
the same protocol as above (Fig. 5B; caerulein injection at 
Day 15 corresponds to injection at Day 1 in Fig. 1A). Mice 
body weight and pancreas weight remained unchanged 
in Vegfa∆ac mice, as compared to VegfaWT littermates 
(Supplementary Fig. 4E).

To verify the acinar-specific recombination of Vegfa, we 
used a BaseScope™ in situ hybridization to visualize the 
exon 3 of Vegfa (Vegfa-E3). Although less sensitive, this 
exon 3 specific probe confirmed the increased expression 
in Vegfa mRNA during pancreatitis, particularly in epi-
thelial metaplastic cells, consistent with results obtained 
using RNAscope™ (Fig. 5C to compare with Fig. 4B). 
Close-up images showed that Vegfa expression was 
highest in islets of Langerhans, with lower levels in aci-
nar cells (Supplementary Fig. 4B-C). Interestingly, Vegfa 
was undetectable in ductal cells of the healthy pancreas. 
However, upon induction of pancreatitis, Vegfa expres-
sion not only increased in acinar cells but also emerged 
in ductal cells (Supplementary Fig. 4B). As expected, 
in Vegfa∆ac mice, the Vegfa-E3 probe hybridized to the 
islets of Langerhans and ductal structures but no signal 
was detected in the acinar compartment of the pancre-
atic parenchyma (Fig. 5C and Supplementary Fig. 4B-C). 
Vegfa-E3 was also detected outside the pancreatic paren-
chyma during pancreatitis, likely reflecting Vegfa expres-
sion in infiltrating immune cells (Fig. 5C). Quantification 
of the number of objects and area positive for Vegfa-E3 
probe supported these observations and were highly cor-
related (Fig. 5D and Supplementary Fig. 4D). Addition-
ally, ELISA measurements from total pancreas lysates 
confirmed increased VEGF-A protein levels during pan-
creatitis, and a reduction in Vegfa∆ac mice as compared to 
VegfaWT (Fig. 5E). BaseScope and ELISA results displayed 
a good correlation (Fig. 5F).

We next evaluated the effects of VEGF-A acinar inacti-
vation in untreated controls and during acute pancreati-
tis. Hematoxylin & eosin staining revealed no significant 
differences in tissue morphology between VegfaWT and 
Vegfa∆ac mice, both in untreated controls and in acute 
pancreatitis (Fig. 6A). Similarly, immunofluorescence 
labeling of F4/80, vimentin, and E-cadherin revealed 
similar phenotype in control and pancreatitis samples 
of wild-type or knockout mice (Fig. 6B-C). Quantifica-
tions of the total labeled area and of ADM gene expres-
sion indicated that macrophage infiltration, fibrosis, or 
epithelial remodeling and ADM are independent from 
the acinar-specific increase in Vegfa observed during 
pancreatitis (Fig. 6D-E). Finally, the endocrine compart-
ment, including the islets of Langerhans, also showed no 
significant changes in either genotype or condition (Sup-
plementary Fig. 4C). Pancreata were also harvested five 
days after the final caerulein injection (Day + 5), instead 
of one day as in the previous experiments. In this con-
text, both VegfaWT and Vegfa∆ac mice showed similar 
regeneration, as visualized by increased eosinophilia and 
reduced labeling of macrophages (F4/80) and fibroblasts 
(vimentin) (Supplementary Fig. 6A-D, F to compare with 
Fig. 6A-D).
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Fig. 5  Strategy and validation of acinar-specific VEGF-A inactivation. A Schematic representation of the procedure for acinar-specific Vegfa inactivation 
using floxed Vegfa exon 3 allele (Vegfa-E3). CreERT2 expression is driven by the acinar-specific Ptf1a promoter and nuclear translocation by tamoxifen 
intraperitoneal injections (i.p.). B Timeline of tamoxifen and caerulein injections (vertical red arrows), and sacrifice for tissue harvest on day 6 (day 20 if 
counting from the initial tamoxifen injection) in VegfaWT and Vegfa∆ac mice. C In situ hybridization of Vegfa-E3 by BaseScope™ and immunofluorescence la-
beling of E-cadherin (epithelial cells), with a nuclear counterstain (Hoechst) in pancreatic sections from control and caerulein-treated VegfaWT and Vegfa∆ac 
mice. Scale bar: 50 μm. D Quantification of Vegfa-E3 objects: number and total area in pancreatic sections from control and caerulein-treated VegfaWT 
and Vegfa∆ac mice. Data represent the average total area from one representative 488,160 µm2 field per mouse and are shown as means ± SD. Statistical 
analysis: two-way ANOVA with Holm-Šídák correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 3. E VEGF-A protein abundance measured by 
ELISA and normalized to total protein in pancreatic tissues from control and caerulein-treated VegfaWT and Vegfa∆ac mice. Data are shown as means ± SD. 
Statistical analysis: two-way ANOVA with Holm-Šídák correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 4. F Correlation between ELISA mea-
surements and BaseScope™ Vegfa-E3 object counting, assessed using linear regression (straight middle line), with 95% confidence interval (curved lines 
around the middle line), Goodness of Fit (R2), and the significance of a non-zero slope (p value)
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Fig. 6  Effects of acinar-specific VEGF-A inactivation on acute pancreatitis. A Hematoxylin (nuclei) & eosin (cytoplasm) staining of pancreatic sections from 
control and caerulein-treated VegfaWT and Vegfa∆ac mice. Scale bar: 50 μm. B-C Immunofluorescence labeling of F4/80 and E-cadherin (macrophages and 
epithelial cells; B) and of vimentin and E-cadherin (for fibroblasts and epithelial cells; C), with a nuclear counterstain (Hoechst) in pancreatic sections from 
control and caerulein-treated VegfaWT and Vegfa∆ac mice. Scale bar: 50 μm. D Quantification of immunofluorescence labeling: total area (µm2) of F4/80, 
vimentin, and E-cadherin in pancreatic sections from control and caerulein-treated VegfaWT and Vegfa∆ac mice. Data represent the average total area 
from three representative 488,160 µm2 fields per mouse and are shown as means ± SD. Statistical analysis: two-way ANOVA with Holm-Šídák correction. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 4. E Gene expression analysis by RT-qPCR of acinar (Amy2) and ductal (Krt19) markers, normalized to 
18 S ribosomal RNA, in pancreatic tissue from control and caerulein-treated VegfaWT and Vegfa∆ac mice. Data are shown as means ± SD. Statistical analysis: 
two-way ANOVA with Holm-Šídák correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 4
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Fig. 7 (See legend on next page.)
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In conclusion, these findings demonstrate that acinar-
specific inactivation of VEGF-A does not affect fibrosis, 
inflammation, or acinar-to-ductal metaplasia during pan-
creatitis and its resolution, indicating that the increase 
in acinar VEGF-A observed during pancreatitis is not 
essential for these processes. This suggests that the vas-
cular permeability driving immune cell infiltration and 
the inflammatory response in acute pancreatitis occurs 
independently of acinar VEGF-A.

Acinar-specific Vegfa inactivation affects vascular 
remodeling during pancreatitis
We next examined whether the increased VEGF-A 
expression in acinar cells could control the vascular 
remodeling observed during acute pancreatitis. Immuno-
fluorescence labeling of endomucin and of ERG was con-
ducted (Fig. 7A), and endomucin-positive blood vessels 
were segmented across all four, genetic background and 
treatment, conditions (Fig. 7B).

Quantitative analysis confirmed the increase in blood 
vascular objects during pancreatitis. Specifically, the 
number of endomucin-positive and ERG-positive objects 
increased significantly in pancreatitis (Fig. 7C). Notably, 
this increase in endothelial objects in pancreatitis was 
suppressed in Vegfa∆ac mice compared to their VegfaWT 
littermates, with values returning to levels observed in 
control pancreata (Fig. 7C). Furthermore, while the total 
area occupied by the endomucin signal was similar in 
control and caerulein-treated pancreata, it was signifi-
cantly reduced in Vegfa∆ac mice (Fig. 7C). Acinar Vegfa 
inactivation specifically affected blood vessels within the 
acinar compartment, while vessels surrounding the ducts 
and those in the islets of Langerhans remained unaf-
fected (Supplementary Fig. 5). Moreover, this effect on 
the vasculature persisted during regeneration at Day + 5 
(Supplementary Fig. 6E–F).

To determine whether the reduced endothelial den-
sity in Vegfa∆ac mice was due to altered endothelial 
turnover, we next analyzed endothelial cell viability and 

proliferation. Since endothelial proliferation was not 
detected in wild-type pancreatitis, an effect of acinar 
Vegfa inactivation was not expected (Supplementary Fig. 
3). Cleaved caspase-3 labeling confirmed the absence of 
endothelial apoptosis in Vegfa∆ac mice compared with 
VegfaWT littermates, under both control and pancreatitis 
conditions (Supplementary Fig. 3). These results indicate 
that the reduced vascular density in Vegfa∆ac mice is not 
due to changes in endothelial proliferation or apopto-
sis, but rather reflects a direct role of acinar VEGF-A in 
shaping vascular architecture.

We then analyzed the specific features of vascu-
lar remodeling during pancreatitis and how they were 
affected by acinar VEGF-A inactivation. The high num-
ber of small vascular objects (< 80 µm2) and of circular 
objects (> 0.7) induced by pancreatitis in VegfaWT mice 
was reduced in Vegfa∆ac mice (Fig. 7D-E), supporting the 
role of acinar VEGF-A in blood vessel remodeling. Finally, 
we analyzed if the number of dotted vascular objects and 
dilated vascular structures, which increased during pan-
creatitis, while long/ramified objects decreased (Fig. 7F, 
white bars), were affected in Vegfa∆ac pancreatitis mice 
(Fig. 7F, red bars). Interestingly, in Vegfa∆ac, the num-
ber of dotted objects did not increase upon pancreati-
tis and remained at a level similar to untreated VegfaWT 
mice (Fig. 7F, at left). In addition, the decreased number 
of long/ramified objects was even more pronounced in 
Vegfa∆ac pancreatitis mice (Fig. 7F, middle). Lastly, the 
number of dilated structures increased to a slightly lower 
level in Vegfa∆ac mice, as compared to VegfaWT mice 
during pancreatitis (Fig. 7F, at right). When plotting the 
number of vascular objects (all, dotted, long/ramified, or 
dilated) as a function of VEGF levels measured by ELISA, 
only the total number of vascular objects and the number 
of dotted objects correlated strongly with VEGF levels 
(Fig. 7G).

These results suggest that the increased expression of 
VEGF-A in acinar cells is critical for maintaining and 
preserving the vasculature. In the absence of VEGF-A 

(See figure on previous page.)
Fig. 7  Effects of acinar-specific VEGF-A inactivation on blood vessels. A Immunofluorescence labeling of endomucin (endothelial cells) and ERG (en-
dothelial cell nuclei), with a nuclear counterstain (Hoechst) in pancreatic sections from control and caerulein-treated VegfaWT and Vegfa∆ac mice. Scale 
bar: 50 μm. B Segmentation of endomucin-positive objects from panel A for morphological analysis. C Quantification of blood vessel density: number 
of endomucin- and ERG-positive objects and total area of endomucin in pancreatic sections from control and caerulein-treated VegfaWT and Vegfa∆ac 
mice. Data represent the average total area or counts from three representative 488,160 µm2 fields per mouse and are shown as means ± SD. Statistical 
analysis: two-way ANOVA with Holm-Šídák correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 4. D Quantification of endomucin-positive 
objects: area-based (at left) and circularity-based (at right) 1D count plot, in pancreatic sections from control and caerulein-treated VegfaWT and Vegfa∆ac 
mice. Data represent the cumulative counts from three representative 488,160 µm2 fields per mouse. E Hexagonal binned plot of circularity vs. area 
(µm2) of endomucin-positive objects, with colors representing object count per bin in pancreatic sections from control and caerulein-treated VegfaWT 
and Vegfa∆ac mice. Data represent the cumulative counts from three representative 488,160 µm2 fields per mouse. n = 4. F Classification of endomucin-
positive objects: dotted (area ≤ 80 µm2), long/ramified (area > 80 µm2, circularity < 0.7), and dilated (manually classified) in pancreatic sections from control 
and caerulein-treated VegfaWT and Vegfa∆ac mice. Data represent the average counts from three representative 488,160 µm2 fields per mouse and are 
shown as means ± SD. Statistical analysis: two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 4. G Correlation between ELISA 
measurements and number of total objects (gray), dotted objects (red), long/ramified objects (blue), and dilated objects (light blue) was assessed using 
linear regression (straight middle line), with 95% confidence interval (colored area around the middle line), Goodness of Fit (R2), and the significance of 
a non-zero slope (p value)
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secretion from acinar cells, the increase in vascular 
objects is impaired, resulting in fewer endothelial objects 
and reduced vessel surface area. These findings indicate 
that the vascular remodeling, and more specifically the 
increased number of dotted vascular objects induced 
upon pancreatitis depends on the acinar expression of 
VEGF-A. Overall, this demonstrates that VEGF-A is a 
key regulator of blood vessel adaptation and preservation 
during caerulein-induced pancreatitis.

Discussion
In the present study, we focused on an essential but 
poorly studied compartment in pancreatitis, namely 
the blood vessels. We found significant blood vascular 
remodeling, with an increase in dotted and dilated vascu-
lar objects and a decrease in long-and-ramified vascular 
objects, as well as increased permeability after induction 
of acute pancreatitis in mice. Molecularly, pancreatitis 
was accompanied by increased expression of endothelial 
genes, and disrupted VE-cadherin distribution. More-
over, VEGF-A expression increased during pancreati-
tis. This increase was particularly evident in metaplastic 
acinar cells and concerned preferentially locally acting 
VEGF-A isoforms.

Using acinar-specific VEGF-A inactivation, we uncov-
ered a key actor of the mechanism controlling vascu-
lar remodeling during pancreatitis. We also show that 
immune cell infiltration, fibrosis, and acinar-to-ductal 
metaplasia occur independently of VEGF-A, suggesting 
that vascular permeability, critical for the inflammatory 
response, may be independent of acinar VEGF-A.

Pancreatitis is accompanied by changes of the 
microvasculature
Our findings reveal significant morphological remodel-
ing of the blood vasculature during acute pancreatitis. 
Analysis of 2D sections revealed a marked reduction 
in long and ramified vascular objects, accompanied by 
an increase in dotted objects and dilated structures. In 
3D, this remodeling was characterized by an apparent 
increase in vessel density and thickness, probably due 
to acinar tissue shrinking and vascular dilation. At the 
molecular level, these changes correlate with an upregu-
lation of several endothelial markers, suggesting an active 
endothelial response during acute pancreatitis. We pro-
pose that this paradoxical pattern; i.e. thicker and denser 
vasculature in 3D, yet more dotted and less ramified in 
2D; may represent pathological angiogenesis. Pathologi-
cal angiogenesis is defined as the abnormal and often 
dysregulated growth of blood vessels in response to tis-
sue injury. This process results in the formation of dys-
functional and disorganized vascular networks [28–30]. 
Key features of pathological angiogenesis include ves-
sel dilation, endothelial activation, and the breakdown 

or restructuring of pre-existing vascular networks into 
immature and fragmented forms. These features align 
with the morphological alterations observed in our 
study. Within the inflammatory microenvironment of 
acute pancreatitis, endothelial cells may be activated in 
response to inflammatory signals, driving both vascular 
permeability and angiogenesis, ultimately contributing 
to the observed remodeling. The observed shift from 
long and ramified vessels to dotted structures could 
be explained by capillary tube regression, a phenom-
enon where elongated vessels lose their tubular integrity 
and collapse into disconnected or fragmented struc-
tures. Capillary regression can occur due to the action 
of matrix metalloproteinases and pro-inflammatory 
mediators, which degrade the extracellular matrix and 
destabilize vascular structures [31, 32]. In experimental 
models of pancreatitis, microvascular studies have simi-
larly reported vessel fragmentation and irregularities in 
capillary walls, supporting this hypothesis [15, 16, 33, 34].

The increase in dilated vascular structures may reflect 
vasodilation, which could act as a compensatory response 
to the morphological alterations observed during acute 
inflammation. Acute pancreatitis is characterized by 
an early phase of vasoconstriction and capillary stasis, 
potentially explaining the increase in dotted objects, fol-
lowed by a later phase of vasodilation and reperfusion, 
which may account for the observed rise in dilated vas-
cular structures [35]. This dynamic process may lead to 
temporary vascular collapse and fragmentation during 
the early stages of the disease.

At the same time, the dual nature of VEGF-A-driven 
angiogenesis must be acknowledged: while vessel preser-
vation may help sustain perfusion and protect tissue from 
ischemic damage, the vessels that form are often dilated, 
leaky, and disorganized, all hallmarks of pathological 
angiogenesis. VEGF-A-induced vascular remodeling 
may simultaneously represent both an adaptive response 
to maintain blood flow and a maladaptive response that 
contributes to edema, leakage, and chronic inflammation.

Such vascular remodeling could, in principle, generate 
conditions that support tumor growth, suggesting a pos-
sible connection between pancreatitis-associated vascu-
lar changes and the hypovascular phenotype of PDAC 
[24]. This may provide one explanation for how pancre-
atitis can accelerate PDAC progression [36]. Our data, 
however, do not address cancer development directly. 
We therefore caution that while angiogenesis is relevant 
in both chronic pancreatitis and PDAC, any mechanistic 
connection remains speculative and beyond the scope of 
this study.

Additionally, pancreatic intralobular arteriolar sphinc-
ter constriction and functional impairment have been 
shown to exacerbate microcirculatory disturbances 
[37], potentially contributing to the observed vascular 
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changes. The increase in endothelial markers observed 
during acute pancreatitis in our study could also reflect 
endothelial activation, a hallmark of inflammation. Endo-
thelial activation is commonly associated with vascu-
lar remodeling and permeability changes, and has been 
reported in pancreatic preinvasive lesions [11]. Although 
we did not study chronic pancreatitis, one could postu-
late that vascular remodeling upon repeated pancreatic 
injury could be maintained or exacerbated.

Pancreatitis is accompanied by vascular permeability
The vascular leakage of FITC-albumin suggests increased 
vascular permeability, a phenomenon that has been iden-
tified in previous studies as an early and critical event 
in the pathophysiology of pancreatitis [18, 37–39]. The 
redistribution of VE-cadherin observed during acute 
pancreatitis has also been observed in experimental coli-
tis, highlighting its involvement in inflammatory diseases 
[19]. Indeed, VE-cadherin plays a central role in main-
taining vascular integrity, controlling vascular permeabil-
ity, and regulating leukocyte extravasation [40–43]. Its 
disruption has been implicated in inflammation across 
various tissues, including the lung and skin [44]. Based 
on our findings, we propose that VE-cadherin internal-
ization contributes to the vascular leakage observed in 
pancreatitis. By linking the redistribution of VE-cadherin 
to FITC-albumin leakage, we suggest that VE-cadherin 
is a key regulator of vascular permeability during acute 
pancreatitis.

Metaplastic cells increase VEGF-A expression during acute 
pancreatitis
The increase in VEGF-A expression during acute pan-
creatitis has also been observed during inflammation of 
the colon and the lung [20, 21]. Interestingly, elevating 
VEGF-A expression was recently shown to be both nec-
essary and sufficient to reverse aging hallmarks in human 
skin, highlighting its powerful regenerative and angio-
genic potential [45]. This finding underscores the broader 
importance of VEGF-A in tissue remodeling and regen-
eration, and supports the idea that acinar-derived VEGF-
A may similarly drive angiogenic repair in the inflamed 
pancreas.

Notably, all VEGF-A splice variants showed increased 
expression during acute pancreatitis, with the highest 
levels observed in variants that retain the matrix-binding 
exons 6 and 7. This may indicate that VEGF-A fulfills a 
dual role during acute pancreatitis: a predominant local 
function mediated by matrix-bound VEGF-A isoforms 
and a secondary, long-distance effect via diffusible iso-
forms. Indeed, the longer matrix-binding isoforms, such 
as VEGF-189 and VEGF-206, are known to be retained 
within the subepithelial extracellular matrix and exert 
chemotactic and chemokinetic effects, particularly on 

polymorphonuclear leukocytes [46, 47]. Conversely, the 
shorter, diffusible isoform VEGF-121 has been shown 
to preserve microvessels in the context of acute kidney 
injury [48]. Although the cellular source of these iso-
forms is unknown, the multiple roles of VEGF-A in acute 
pancreatitis may be splice variant-dependent, with longer 
isoforms contributing to localized chemotactic activity, 
while shorter ones preserving microvasculature.

The upregulation of VEGF-A in acinar cells during 
acute pancreatitis may be linked to ADM, a process in 
which acinar cells undergo significant phenotypic and 
transcriptional changes in response to inflammation. 
ADM is triggered by proinflammatory cytokines released 
by macrophages during pancreatitis [7]. Similar cytokine-
driven VEGF-A upregulation has been reported in other 
contexts, including alveolar epithelial cells under inflam-
matory conditions [49], and cervical cancer, where IL-6 
activates STAT3 to drive VEGF-A expression [50]. The 
transcriptional reprogramming associated with ADM 
may also contribute to increased VEGF-A expression. 
Pathways such as NF-kB, Notch, and JAK-STAT3 are 
highly activated during ADM and may be implicated 
in VEGF-A regulation [7, 51–54]. STAT3 activation, in 
particular, has been shown to upregulate VEGF-A and 
promote angiogenesis in various tumors [50, 55]. These 
findings suggest that inflammatory cytokines, especially 
IL-6, may upregulate VEGF-A expression in metaplas-
tic acinar cells through a STAT3-dependent mechanism 
during acute pancreatitis. Alternatively, increased VEGF-
A expression might be due to the ductal-like phenotype. 
Indeed, during development, VEGF-A is highly expressed 
by ductal progenitors and much less by acinar cells [27]. 
This regionalized expression of VEGF-A is key to recruit 
endothelial cells around ductal and endocrine progeni-
tors and much less around developing acinar structures.

Given that acinar cells express VEGF-A in the control 
pancreas, it is possible that acinar cell death preceding 
inflammation leads to the release of VEGF-A like a dam-
age-associated molecular pattern (DAMP). This early 
VEGF-A signaling could be important in triggering ini-
tial inflammation, though it may not play a role once the 
inflammatory response is fully amplified. Investigating 
VEGF-A dynamics at very early timepoints could help 
determine its contribution to the onset of pancreatitis.

Acinar VEGF-A affects blood vessels during acute 
pancreatitis
In our study, we specifically targeted VEGF-A from aci-
nar cells, the predominant epithelial cell type in the pan-
creas, where VEGF-A was most notably upregulated 
during pancreatitis. Acinar VEGF-A inactivation had a 
vascular effect but did not influence immune cell infil-
tration, ADM, or fibrosis. These findings suggest that 
acinar-derived VEGF-A primarily regulates vascular 
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remodeling during pancreatitis, without affecting leu-
kocyte infiltration and vascular permeability. Increased 
vascularization in the chronically inflamed pancreas was 
reported to promote ß-cell survival through an EMT-like 
process, while blockade of VEGF signaling redirected 
the response toward apoptosis [56]. This reinforces the 
concept that neovascularization not only sustains tissue 
perfusion but also influences cell fate and survival, con-
textualizing our observation that acinar-derived VEGF-A 
preserves microvessels and tissue viability during acute 
pancreatitis.

Interestingly, despite a marked reduction in microves-
sel density in VEGF-A knockout mice, we did not observe 
overt differences in pancreatitis severity compared to 
wild-type mice. Several explanations may account for 
this. First, the timeframe we examined may not have been 
sufficient for reduced microvasculature to translate into 
functional consequences. Second, redundancy within the 
pancreatic vascular network or collateral circulation may 
have maintained sufficient perfusion and oxygenation. 
Third, subtle changes in tissue perfusion, hypoxia, or 
cell death might have occurred but remained undetected 
without specific assays. In future work, functional assess-
ments such as perfusion imaging, hypoxia staining (e.g., 
pimonidazole), or oxygen tension measurements will be 
essential to clarify whether VEGF-A-dependent vessel 
preservation has a protective impact during pancreatitis. 
Lastly, other factors may compensate for the loss of aci-
nar VEGF-A.

While our ELISA and BaseScope™ analyses confirmed 
that acinar-specific VEGF-A inactivation significantly 
reduced VEGF-A levels during pancreatitis, residual 
VEGF-A was still detectable in knockout mice, suggest-
ing contributions from non-acinar sources. It is possible 
that acinar and non-acinar VEGF-A have distinct roles 
in acute pancreatitis. Acinar-derived VEGF-A appears 
critical for microvessel preservation, possibly through 
preferential expression of short-diffusible VEGF-121, as 
observed in acute kidney injury [48]. In contrast, non-
acinar VEGF-A may contribute to pro-inflammatory 
processes, including leukocyte extravasation, vascular 
leakage, and permeability. Previous studies have demon-
strated that VEGF-A mediates vascular permeability via 
VE-cadherin endocytosis [57], and regulates both angio-
genesis and inflammation in inflammatory bowel disease 
[58]. Neutralizing VEGF-A in models of ulcerative colitis 
and sepsis-associated acute lung injury was also shown to 
reduce vascular permeability, leukocyte infiltration, and 
disease severity [19–21]. Among the non-acinar sources 
of VEGF-A, macrophages, a prominent cell type in acute 
pancreatitis [7], have been shown to produce VEGF-A 
[59, 60]. Furthermore, macrophage-derived VEGF-A can 
regulate inflammation through non-angiogenic mecha-
nisms, such as during mycobacterial infection [61]. So, 

while our study highlights the role of acinar VEGF-A in 
preserving vascular integrity during acute pancreatitis, it 
is plausible that non-acinar VEGF-A, particularly from 
macrophages, plays a complementary role in promoting 
inflammation and vascular permeability. Further studies 
are needed to define the distinct contributions of VEGF-
A from non-acinar sources, as well as the specific roles 
of its isoforms, in the pathophysiology of pancreatitis. To 
explore the role of non-acinar VEGF-A, we could selec-
tively inactivate Vegfa in myeloid cells (Vegfa∆mye) using 
LysM-Cre; Vegfafl/fl mice, in fibroblasts (Vegfa∆fib) using 
Col1a2-Cre; Vegfafl/fl mice, and in ductal cells (Vegfa∆duct) 
using Sox9-CreER; Vegfafl/fl mice. In parallel, to investi-
gate isoform-specific functions, particularly of matrix-
bound VEGF-A, we could employ floxed Vegfa-E6 and/or 
Vegfa-E7 alleles, instead of Vegfa-E3.

This also raises the possibility that other pro-angiogenic 
and inflammatory mediators compensate for the loss of aci-
nar VEGF-A. For instance, endothelins and bradykinin have 
been implicated in vascular regulation during inflamma-
tion. Endothelin 1 (ET-1) has been shown to alter pancreatic 
microcirculation and reduce blood flow during pancreatitis 
[62, 63]. Similarly, bradykinin, a peptide known to promote 
inflammation by inducing vasodilation and increasing vas-
cular permeability, has been demonstrated to affect pancre-
atitis. Inhibition of the bradykinin B2 receptor preserved 
microcirculation in experimental pancreatitis models in 
rats [17]. In the inflammatory environment of pancreatitis, 
cytokines such as IL-6 [64], TNF-α [65], and growth factors 
like FGF2 [66] are well-documented inducers of angiogen-
esis and may sustain vascular remodeling independently of 
acinar VEGF-A [67–70]. Macrophages, stellate cells, and 
endothelial cells themselves are plausible sources of these 
factors, and their activity could explain why vascular perme-
ability and immune cell recruitment were not significantly 
altered in the knockout condition. A specialized monocyte 
subset was identified to orchestrate blood vessel remodel-
ing in ischemic muscle by secreting high levels of VEGF-A 
[71], demonstrating a direct link between inflammatory 
cell recruitment and vascular remodeling. These findings 
suggest that multiple mediators work in concert to regu-
late blood vessels during pancreatitis, potentially overshad-
owing the role of acinar-derived VEGF-A. While VEGF-A 
was selected based on its well-established role in vascular 
biology, an unbiased approach, such as transcriptomic or 
ligand-receptor interaction analyses, could provide a more 
comprehensive understanding of the mediators involved. 
Such methodologies have been applied to study pancreas 
development [72], and could be valuable in identifying addi-
tional regulators of blood vessels during pancreatitis.

In our study, acinar VEGF-A specifically played a role 
in acute pancreatitis but was dispensable in the normal 
pancreas. This aligns with a previous study demonstrat-
ing that epithelial VEGF-A, derived from acinar, ductal, 
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and endocrine cells (islets of Langerhans), is not required 
for maintaining the vasculature of the adult pancreas 
under homeostatic conditions [73]. Mature blood ves-
sels in the adult pancreas likely do not depend on VEGF-
A for survival. In contrast, blood vessels associated with 
pancreatitis, particularly those appearing in 2D as dot-
ted vessels in our study, appear immature and more 
dependent on acinar-derived VEGF-A. This phenom-
enon mirrors observations in xenografted gliomas, where 
immature vessels were selectively vulnerable to VEGF-
A loss, unlike mature vessels [22]. Authors attributed 
this vulnerability to the absence of periendothelial cells, 
which normally provide stability and support to mature 
vessels [22].

The role of acinar VEGF-A during acute pancreatitis 
also parallels its function during pancreatic development. 
Inactivation of epithelial VEGF-A during development 
has been shown to reduce endothelial cell density [27]. In 
our study, VEGF-A was specifically inactivated in acinar 
cells, which undergo ADM during pancreatitis. ADM is 
often viewed not only as a transdifferentiation process 
but also as a dedifferentiation of acinar cells into a pro-
genitor-like state. Unlike normal ductal cells, metaplastic 
ductal-like cells are proliferative, can revert to the acinar 
cell state, and contribute to pancreatic regeneration after 
injury [74]. By reactivating progenitor-associated genes, 
acinar cells undergoing ADM may also reestablish devel-
opmental acinar-to-endothelial interactions, which could 
be critical for tissue healing and regeneration following 
pancreatic injury [72, 75].

Methods
Ethics statement
All mice were housed in individually ventilated cages 
(IVC) and handled in accordance with the NIH Guide for 
the Care and Use of Laboratory Animals. Experiments 
were approved by the UCLouvain Animal Ethics Com-
mittee (2020/UCL/MD/011 and 2023/UCL/MD/47) and 
complied with ARRIVE guidelines.

Mice and treatments
Wild-type C57BL/6 N mice were purchased from Charles 
River Laboratories. Tg(Ptf1aCre−ERTM) were kindly gifted 
by Francisco X. Real [76]. Tg(Vegfatm2Gne) mice were 
obtained from Napoleone Ferrara (Genentech) [77]. 
Transgenic mice were generated by crossing male hemi-
zygous Tg(Ptf1aCre−ERTM) mice, hereafter referred to as 
Ptf1a-CreERT2 [76], with female Tg(Vegfatm2Gne) mice, 
hereafter referred to as Vegfafl/fl [77]. Matings produced 
Vegfa∆ac mice (Ptf1a-CreERT2; Vegfafl/fl), which were com-
pared to their wild-type littermates (VegfaWT), matching 
in age, and not carrying the Ptf1a-CreERT2 transgene. 
All mice were on a C57BL/6 N genetic background and 
on a normal chow diet (DS801203G10R, Tecnilab-BMI, 

Irradiated complete breeding vegetal diet for rats, mice 
and hamsters).

In Vegfa∆ac mice, acinar-specific recombination of 
Vegfa was induced using tamoxifen injections. Tamoxi-
fen (T5648, Sigma-Aldrich) was dissolved in corn oil at a 
concentration of 25 mg/mL and administered intraperi-
toneally to both Vegfa∆ac and VegfaWT mice at 6–8 weeks 
of age. The dosage was 125 µg/g body weight, given every 
48 h over five days (on days 1, 3, and 5). After the final 
injection on day 5, mice underwent a one-week rest 
before further experiments.

Acute pancreatitis was induced in wild-type C57BL/6 
N mice aged 6–8 weeks or in transgenic Vegfa∆ac and 
VegfaWT mice after the tamoxifen rest week. Caerulein 
(AS-24252, Eurogentec) was dissolved in sterile phos-
phate-buffered saline (PBS) at a concentration of 37.5 µg/
mL. Mice received six hourly intraperitoneal injections of 
caerulein at a dosage of 125 µg/kg body weight, admin-
istered every 48 h over five days. Four timepoints were 
chosen to capture the acute injury phase and the regener-
ation phase of caerulein-induced pancreatitis: day 2, day 
4, day 6 and day 10.

Injections were given on days 1, 3 and 5 and tissues were 
harvested at day 2 (19 h after the final day 1 injection) and 
day 4 (19 h after the final day 3 injection) to sample the early 
injury kinetics, at day 6 (19 h after the final day 5 injection) 
to capture the peak of the acute response and associated 
vascular remodeling, and at day 10 to assess the regenerative 
events after the inflammatory insult.

For vascular permeability assays, albumin-fluorescein 
isothiocyanate (FITC-albumin, A9771, Sigma-Aldrich) 
was prepared at 70 mg/mL in sterile 0.9% NaCl, protected 
from light, and kept at room temperature prior to injec-
tion. Each mouse was anesthetized individually with ket-
amine (200 mg/kg) and xylazine (20 mg/kg) immediately 
before its own injection and tissue harvest, ensuring that 
no animal remained waiting under anesthesia and that 
cardiac output remained optimal for consistent tracer 
circulation. FITC-albumin was administered via the vena 
cava 10 min prior to sacrifice at a dose of 210 µg/g body 
weight. After the 10-minute circulation period, animals 
were sacrificed, and pancreata were promptly harvested 
and processed in the dark to limit photobleaching. To 
minimize variability, we used the same anesthetic regi-
men, injection route, dose, circulation time, and han-
dling for all animals. Injections and tissue harvests were 
performed in an alternating order across experimental 
groups to avoid batch or timing effects.

Histology, mRNA in situ hybridization, 
immunofluorescence, and microscopy
Tissue sections
Dissected pancreata were fixed in 4% paraformalde-
hyde in PBS at 4 °C overnight. Tissue samples were 
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either prepared for paraffin sections or for cryosections, 
depending on experimental requirements. For paraffin 
sections (6 μm), the pancreas was dehydrated and embed-
ded in paraffin using a Tissue-Tek VIP-6 (Sakura), then 
sectioned at 6 μm. For cryosections, necessary to preserve 
FITC-albumin fluorescence, tissues were equilibrated in 
20% sucrose at 4 °C overnight, embedded in 7.5% gela-
tin/15% sucrose, frozen at −80 °C, and sectioned at 20 μm.

Histological staining
Deparaffinized sections were stained with hematoxylin and 
eosin (H&E) or sirius red/fast green. Hematoxylin stains 
nucleic acids, highlighting the nuclei, while eosin stains 
proteins found in the cytoplasm and extracellular matrix. 
Sirius red binds to collagen, while fast green stains the 
remaining proteins, particularly those in the cytoplasm.

mRNA in situ hybridization
Paraffin sections were deparaffinized and processed for 
mRNA in situ hybridization using either the RNAscope™ 
2.5 HD Assay - RED or the BaseScope™ RED Assay, fol-
lowing the manufacturer’s instructions. RNAscope™ was 
conducted to detect whole Vegfa mRNA with the Mm-
Vegfa-36zz-C1 probe (31293-C1). BaseScope™ was used 
for the specific detection of Vegfa exon 3, using the BA-
Mm-Vegfa-E3-3zz-st-C1 probe (1238051-C1). Positive 
(Ppib) and negative (dapB) control probes were used to 
confirm RNA preservation and signal specificity. Follow-
ing the mRNA in situ hybridization protocol, slides were 
subjected to immunofluorescence colabeling, beginning 
with the blocking step.

Immunofluorescence
Paraffin sections were deparaffinized and subjected to 
antigen retrieval by boiling twice for 5 min in 10mM 
sodium citrate (pH 6.0) in a 750 W microwave. FITC-albu-
min cryosections were fixed in 4% paraformaldehyde in 
PBS for 15 min at room temperature, followed by heating 
in 40 °C PBS for 5 min to remove gelatin. Sections were 
permeabilized with 0.3% Triton X-100 in PBS for 5 min at 
room temperature. Blocking was performed in 3% milk, 
10% bovine serum albumin (BSA), and 0.3% Triton X-100 
in PBS for 45 min at room temperature. Slides were incu-
bated at 4 °C overnight with primary antibodies diluted in 
blocking buffer. The following day, sections were washed 
and incubated at room temperature for 1 h with 250 ng/
mL Hoechst 33,342 nuclear counterstain and secondary 
antibodies diluted 1:500 in blocking buffer without milk.

3D imaging
Dissected pancreas tissues were fixed in 4% PFA in PBS 
at 4 °C overnight. After fixation, the tissues were trans-
ferred to TBST (50 mM Tris HCl pH 7.5, 150 mM NaCl, 
0.1% Triton X-100) and blocked in TBST containing 10% 

normal goat serum for 45 min at room temperature. The 
samples were incubated at 4 °C overnight with primary 
antibodies diluted in blocking buffer, followed by at least 
five thorough 1-hour washes in TBST. Tissues were then 
incubated at 4 °C overnight with secondary antibodies 
diluted in blocking buffer. After additional TBST washes 
(at least five 1-hour washes), the pancreas tissues were 
post-fixed in 4% PFA for 10 min at room temperature and 
stored in TBST until imaging.

Antibodies
The following primary antibodies were used: anti-E-
cadherin (dilution 1:250, mouse IgG2a, 610182, BD), 
anti-vimentin (dilution 1:100, rabbit, 5741, Cell Signal-
ing), anti-F4/80 (dilution 1:250, rabbit, 70076, Cell Sig-
naling), anti-endomucin (dilution 1:100, rat, sc-65495, 
Santa Cruz), anti-ERG (dilution 1:500, rabbit, ab92513, 
Abcam), anti-VE-cadherin (dilution 1:100, goat, AF1002, 
R&D), anti-Ki-67 (dilution 1:200, mouse IgG1, 556003, 
BD Pharmingen), anti-phospho-Histone H3 (dilution 
1:200, rabbit, 9701, Cell Signaling), anti-cleaved Cas-
pase-3 (dilution 1:200, rabbit, 9661, Cell Signaling). The 
following secondary antibodies were used: Goat anti-
Rat IgG (Alexa Fluor™ 647, A21247, Invitrogen), Goat 
anti-Mouse IgG2a (Alexa Fluor™ 568, A21134, Invitro-
gen), Goat anti-Rabbit IgG (Alexa Fluor™ 488, A11034, 
Invitrogen), Donkey anti-Goat IgG (Alexa Fluor™ 647, 
A21447, Invitrogen), Donkey anti-Rat IgG (Alexa Fluor™ 
594, A21209, Invitrogen), Donkey anti-Mouse IgG (Alexa 
Fluor™ 488, A21202, Invitrogen).

Mounting
Slides were mounted using Dako Faramount Aqueous 
Mounting Medium (Agilent Technologies, Santa Clara, 
CA, USA).

Microscopy and imaging
Stained or immunolabeled sections were imaged 
using a Pannoramic 250 Flash III digital slide scan-
ner (3DHistech). Cryosections (FITC-albumin) were 
visualized using a Zeiss Cell Observer Spinning Disk 
confocal microscope, using a 40× objective. For super-
resolution visualization of FITC-albumin distribution 
and VE-cadherin localization, a Zeiss LSM 980 equipped 
with Airyscan 2 was employed. Imaging was performed 
using a Plan-Apochromat 63×/1.4 Oil DIC M27 Objec-
tive. Confocal microscopy images were either acquired at 
a single X-Y focal plane or as a Z-stack (X-Y-Z).

Image analysis and quantification
Quantification was primarily conducted on slides 
scanned with the Pannoramic 250 Flash III digital slide 
scanner (3DHistech), except for FITC-albumin, which 
was analyzed on single representative 40× focal planes 
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imaged using the Zeiss Cell Observer Spinning Disk con-
focal microscope.

For the quantification of F4/80, vimentin, and endomu-
cin, at least three randomly selected fields, at 20× mag-
nification, were analyzed per mouse pancreatic tissue 
section. These fields, selected with the CaseViewer software 
(3DHistech), corresponded to a surface of 488,160 µm2 
each, resulting in a total quantified surface of 1,464,480 µm2 
per mouse. Vegfa-E3 expression was quantified using Base-
Scope™ on a representative 488,160 µm2 field per mouse.

Quantification was performed using ImageJ software. 
When necessary, image channels were split, and the result-
ing images were converted to 8-bit grayscale. Threshold-
ing, a segmentation process that converts grayscale images 
into black-and-white binary images, was applied to distin-
guish the signal (white) from the background (black). The 
binary images were then analyzed to quantify signal par-
ticles. For each field, a summary report was generated that 
included the total area (µm2) occupied by the signal and 
the count of objects per section. For endomucin-positive 
objects, additional shape descriptors were analyzed at 
both the individual object level and across fields. These 
included (1) the area (µm2), representing the surface occu-
pied by each object; (2) circularity, calculated as 4π × area/
perimeter2, where a value of 1 indicates a perfect circle 
and values approaching 0 indicate elongated shapes; (3) 
the aspect ratio, defined as the ratio of the major axis to 
the minor axis of an ellipse fitted to the object, with higher 
values indicating greater elongation; and (4) roundness, 
calculated as 4 × area/(π × major axis2), which is essentially 
the inverse of the aspect ratio. Like circularity, roundness 
reflects how closely an object resembles a circle, with val-
ues closer to 1 indicating rounder shapes.

1D-density plots were created by plotting the number 
of objects (y-axis) against the analyzed parameter (x-axis). 
To visualize the relationship between circularity and area, 
2D-density plots were generated, where each bin was color-
coded to represent the number of objects within that range. 
Further categorization of endomucin-positive objects into 
dotted objects, long/ramified objects, and dilated struc-
tures was performed following these steps. First, dilated 
structures, characterized by the presence of openings, were 
manually identified, separated, and counted. Next, the 
remaining non-dilated objects were classified based on their 
area and circularity: dotted objects were defined as having 
an area ≤ 80 µm2, while long/ramified objects were defined 
as having an area > 80 µm2 and a circularity < 0.7. The 
thresholds were chosen based on empirical observations. 
The thresholds were chosen based on empirical observa-
tions. The area threshold of 80 µm2 was used to distinguish 
small, punctate structures from larger endothelial objects. 
The circularity threshold of 0.7 was selected to differentiate 
long/ramified objects from more circular structures.

RNA isolation and RT-qPCR
Pancreatic tissue samples, measuring approximately 2 
× 2 mm, were microdissected, immediately submerged 
in RNAlater™ Stabilization Solution (AM7021, Invitro-
gen) to preserve RNA integrity, and snap-frozen in liquid 
nitrogen. Total RNA was extracted using the ReliaPrep™ 
RNA Miniprep System (Z6111, Promega), following 
the manufacturer’s protocol optimized for small fibrous 
tissue samples (≤ 5 mg), as previously described [78]. 
Reverse transcription was performed using 500 ng of 
total RNA. The reaction was carried out with M-MLV 
Reverse Transcriptase (28025013, Invitrogen) and ran-
dom hexamers. Quantitative PCR was conducted using 
the resulting cDNA, the KAPA SYBR® FAST qPCR Mas-
ter Mix (2X) (KK4602, Roche), and target cDNA-specific 
primer pairs. Gene expression levels were analyzed using 
the 2−∆∆Ct method, with 18 S ribosomal RNA serving as 
the reference RNA. Fold changes in gene expression were 
calculated, and the log2-transformed values of these fold 
changes were presented in the graphs.

The following primer pairs were used: 5’-​G​T​A​A​C​C​C​
G​T​T​G​A​A​C​C​C​C​A​T​T-3’ and 5’-​C​C​A​T​C​C​A​A​T​C​G​G​T​A​
G​T​A​G​C​G-3’ for 18 S, 5’-​C​T​C​C​T​G​A​C​A​A​G​G​A​G​G​A​G​C​
T​G-3’ and 5’-​A​T​A​G​T​G​C​T​C​C​C​A​C​T​G​G​C​T​T​G − 3’ for 
Cpa1, 5’-​T​T​C​T​G​A​T​C​C​T​A​G​C​C​C​T​T​G​T​G-3’ and 5’-​T​G​A​
T​A​G​G​G​G​A​C​A​G​A​A​C​T​C​T​C-3’ for Prss2, 5’- ​G​T​G​G​T​C​
A​A​T​G​G​T​C​A​G​C​C​T​T​T-3’ and 5’- ​T​T​G​C​C​A​T​C​G​A​C​C​T​
T​A​T​C​T​C​C-3’ for Amy2, 5’-​A​C​C​C​T​C​C​C​G​A​G​A​T​T​A​C​A​
A​C​C-3’ and 5’- ​G​G​C​G​A​G​C​A​T​T​G​T​C​A​A​T​C​T​G​T-3’ for 
Krt19, 5’-​C​A​A​G​A​C​T​C​T​G​G​G​C​A​A​G​C​T​C​T​G-3’ and 5’- ​T​
C​C​G​C​T​T​G​T​C​C​G​T​T​C​T​T​C​A​C-3’ for Sox9, 5’-​G​G​T​A​C​T​
A​G​T​C​C​G​T​G​G​T​T​C​T​T​C-3’ and 5’- ​T​T​C​C​A​G​C​G​C​A​T​G​
T​C​G​G​C​G​C​T​C − 3’ for Onecut1, 5’-​G​G​C​T​T​T​G​C​A​G​A​T​
C​C​A​C​A​T​T​T-3’ and 5’-​G​A​G​C​C​C​A​G​C​A​G​A​G​T​G​C​T​A​G​
T-3’ for Flt1, 5’-​G​C​A​T​G​G​A​A​G​A​G​G​A​T​T​C​T​G​G​A-3’ and 
5’-​C​G​G​C​T​C​T​T​T​C​G​C​T​T​A​C​T​G​T​T-3’ for Kdr, 5’-​G​G​A​T​
G​T​G​G​T​G​C​C​A​G​T​A​A​A​C​C-3’ and 5’-​A​C​C​C​C​G​T​T​G​T​C​T​
G​A​G​A​T​G​A​G-3’ for Cdh5, 5’-​A​T​A​G​G​C​A​T​C​A​G​C​T​G​C​C​
A​G​T​C-3’ and 5’-​T​C​C​G​C​T​C​T​G​C​A​C​T​G​G​T​A​T​T​C-3’ for 
Pecam1, 5’-​A​A​T​C​A​G​G​G​C​G​C​T​A​T​G​G​C​T​T​T-3’ and 5’-​T​
A​C​T​G​A​G​C​A​A​G​A​T​G​C​T​G​G​G​C​A​A-3’ for Sox18, 5’-​T​G​
A​C​C​A​C​A​A​A​T​G​A​G​C​G​C​A​G​A-3’ and 5’-​G​C​C​A​T​A​T​T​C​T​
T​T​C​A​C​C​G​C​C​C-3’ for Erg, 5’-​C​T​G​C​A​T​G​G​T​G​A​T​G​T​T​G​
C​T​C​T-3’ and 5’-​G​T​A​C​C​T​C​C​A​C​C​A​T​G​C​C​A​A​G​T-3’ for 
Vegfa, 5’-​A​A​T​C​C​C​G​G​T​T​T​A​A​A​T​C​C​T​G​G-3’ and 5’-​C​A​
C​C​G​C​C​T​T​G​G​C​T​T​G​T​C​A​C-3’ for Vegfa E6-E8, 5’-​T​G​A​
G​A​C​C​C​T​G​G​T​G​G​A​C​A​T​C​T-3’ and 5’-​C​T​T​T​C​C​T​C​G​A​A​
C​T​G​A​T​T​T​T​T​T​T​T​C-3’ for Vegfa E3-E5/E6, 5’-​T​G​A​G​A​C​
C​C​T​G​G​T​G​G​A​C​A​T​C​T-3’ and 5’-​T​G​A​A​C​A​A​G​G​C​T​C​A​C​
A​G​T​G​A​T​T​T​T​C-3’ for Vegfa E3-E5/E7, 5’-​T​G​A​G​A​C​C​C​T​
G​G​T​G​G​A​C​A​T​C​T-3’ and 5’-​G​C​C​T​T​G​G​C​T​T​G​T​C​A​C​A​T​
T​T​T​T​C-3’ for Vegfa E3-E5/E8.
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ELISA
Pancreatic tissue sample was dissected and lysed in 10µL 
of classical RIPA buffer (without SDS) per mg of tis-
sue. The buffer was supplemented with cOmplete™ Mini 
EDTA-free Protease Inhibitor Cocktail (11836170001, 
Roche). Tissue homogenization was performed using a 
TissueLyser LT (Qiagen). Total protein concentration 
was determined via a bicinchoninic acid (BCA) assay. 
The samples were then diluted 1:10, and VEGF-A con-
centration was quantified using the Mouse VEGF ELISA 
Kit - Quantikine (MMV00, bio-techne), according to 
the manufacturer’s instructions. VEGF-A levels (pg/mL) 
were normalized to total protein concentration (mg/mL) 
and presented as pg of VEGF-A per mg of total protein in 
the graphs.

Statistical analysis
GraphPad Prism and RStudio were used for data pre-
sentation, analysis, and statistical testing. All density 
plots were generated using RStudio. Statistical analyses 
included a two-tailed Student’s t-test for comparisons 
between two groups and a two-way ANOVA for com-
parisons across four groups. The normality of sample 
distributions was assessed using the D’Agostino-Pear-
son omnibus (K2) test and the Shapiro-Wilk test, while 
Spearman’s test for heteroscedasticity was used to evalu-
ate sample homoscedasticity. For multiple comparisons, 
the Holm-Šídák method was applied. A p value of < 0.05 
was considered statistically significant.

Abbreviations
VEGF-A	� Vascular Endothelial Growth Factor A
ADM 	� Acinar-to-ductal metaplasia
PDAC 	� Pancreatic ductal adenocarcinoma
RT-qPCR	� Quantitative reverse transcription polymerase chain reaction
FITC-albumin	� Fluorescein isothiocyanate-tagged albumin
VEGFR 	� Vascular endothelial growth factor receptor
ELISA 	� Enzyme-linked immunosorbent assay
SD 	� Standard deviation
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Supplementary Fig. 1. Time-course of acute pancreatitis (A) Timeline of 
caerulein injections and sacrifice for tissue harvest on days 2, 4, and 6 in 
C57BL/6N mice. Vertical red arrows illustrate the six hourly injections. (B) 
Hematoxylin (nuclei) & eosin (cytoplasm) staining of pancreatic sections 
from control, day 2, day 4, and day 6 mice. Scale bar: 50μm. (C-D) Im-
munofluorescence localization of vimentin and E-cadherin (for fibroblasts 
and epithelial cells; C), and of F4/80 and E-cadherin (macrophages and 
epithelial cells; D) with a nuclear counterstain (Hoechst) in pancreatic sec-
tions from control, day 2, day 4, and day 6 mice. Scale bar: 50μm. (F) Gene 
expression analysis by RT-qPCR of acinar (Cpa1, Prss2, Amy2) and ductal 
(Krt19, Sox9, Onecut1) markers, normalized to 18 S ribosomal RNA in pan-
creatic tissue from control, day 2, day 4, and day 6 mice. Data are shown as 
means ± SD. Statistical analysis: two-way ANOVA with Holm-Šídák correc-
tion. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 4.

Supplementary Fig. 2. Blood vascular remodeling during the time-course 
of acute pancreatitis. (A) Immunofluorescence labeling of endomucin 
(endothelium) in pancreatic sections from control, day 2, day 4, and day 6 
mice. Scale bar: 50μm. (B) Segmentation of endomucin-positive objects 
from panel A for morphological analysis. (C) Quantification of the relative 
frequency (%) of endomucin-positive objects as a function of area, circu-
larity, roundness, and aspect ratio in pancreatic sections from control, day 
2, day 4, and day 6 mice. Data represent the cumulative frequency from 
five representative 488,160 µm2 fields per mouse. n = 3 (day 2 and day 4), 
n = 5 (control and day 6). (D) Quantification of endomucin-positive objects: 
dotted (area ≤ 80 µm2), long/ramified (area > 80 µm2, circularity < 0.7), and 
dilated (manually classified) in pancreatic sections from control, day 2, day 
4, and day 6 mice. Data represent the average counts from five repre-
sentative 488,160 µm2 fields per mouse and are shown as means ± SD. 
Statistical analysis: two-tailed Student’s t-test. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. n = 3 (day 2 and day 4), n = 5 (control and day 
6). (E) Immunofluorescence labeling of endomucin (endothelial cells) and 
ERG (endothelial cell nuclei), with a nuclear counterstain (Hoechst), and 
high-magnification visualization in pancreatic sections from control and 
caerulein-treated mice. Scale bar: 50μm.

Supplementary Fig. 3. Effect of acinar-specific VEGF-A inactivation on 
endothelial cell proliferation and apoptosis. (A-C) Immunofluorescence 
labeling of Ki-67 (A–B, proliferating cells) or phospho-histone H3 (C, prolif-
erating cells), endomucin (endothelial cells), ERG (endothelial cell nuclei), 
with a nuclear counterstain (Hoechst) in pancreatic sections from control 
and caerulein-treated mice. Scale bar: 50μm. (D-E) Immunofluorescence 
labeling of cleaved Caspase 3 (apoptotic cells), endomucin (endothelial 
cells), ERG (endothelial cell nuclei), with a nuclear counterstain (Hoechst). 
(D) Control and caerulein-treated mice. (E) Control and caerulein-treated 
VegfaWT and Vegfa∆ac mice. Scale bar: 50μm.

Supplementary Fig. 4. VEGF-A expression dynamics during the time-
course of acute pancreatitis, Spatial localization, and impacts on 
endocrine function and body weight (A) Gene expression analysis by 
RT-qPCR of Vegfa and splice variants (E6-E8, E3-E5/E6, E3-E5/E7, E3-E5/
E8), normalized to 18 S ribosomal RNA, in pancreatic tissue from control, 
day 2, day 4, and day 6 mice. Data are shown as means ± SD. Statistical 
analysis: two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. n ≥ 5. (B) In situ hybridization of Vegfa-E3 by BaseScope™ 
and immunofluorescence labeling of E-cadherin (epithelial cells), with a 
nuclear counterstain (Hoechst) in pancreatic sections from control and 
caerulein-treated VegfaWT and Vegfa∆ac mice. Close-ups display the acini, 
ducts, and islets of Langerhans. Scale bar: 50μm. (C) Immunofluorescence 
labeling of Insulin (endocrine beta cells) and E-cadherin (epithelial cells), 
with a nuclear counterstain (Hoechst) in pancreatic sections from control 
and caerulein-treated mice. Scale bar: 50μm. (D) Correlation between 
BaseScope™ Vegfa-E3 object counting and total area, assessed using linear 
regression (straight middle line), with 95% confidence interval (curved 
lines around the middle line), Goodness of Fit (R2), and the significance 
of a non-zero slope (p value). (E) Body and pancreas weight from control 
and/or caerulein-treated VegfaWT and Vegfa∆ac mice. Data are shown as 
means ± SD. Statistical analysis: two-way ANOVA with Holm-Šídák cor-
rection (mouse weight) or two-tailed Student’s t-test (pancreas weight). 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 6.

Supplementary Fig. 5. Blood vascular organization across pancreatic  
compartments and the impact of acinar-specific VEGF-A inactivation 
Immunofluorescence labeling of endomucin (endothelial cells) and E-
cadherin (epithelial cells), with a nuclear counterstain (Hoechst) in  
pancreatic sections from control and caerulein-treated VegfaWT and 
Vegfa∆ac mice. Close-ups display the acini, ducts, and islets of Langerhans. 
Scale bar: 50μm.

Supplementary Fig. 6. Effects of acinar-specific VEGF-A inactivation on re-
generation post-acute pancreatitis (A) Timeline of tamoxifen and caerulein 
injections (vertical red arrows), and sacrifice for tissue harvest on day + 5 
post-final caerulein injection (day 24 if counting from the initial tamoxifen 
injection) in VegfaWT and Vegfa∆ac mice. (B) Hematoxylin (nuclei) & eosin 
(cytoplasm) staining of pancreatic sections from VegfaWT and Vegfa∆ac 
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mice at day + 5 post-final caerulein injection. Scale bar: 50μm. (C-E) Im-
munofluorescence labeling of F4/80 and E-cadherin (macrophages and 
epithelial cells; C), of vimentin and E-cadherin (for fibroblasts and epithelial 
cells; D), and of ERG and endomucin (for endothelial nuclei and cells); E), 
with a nuclear counterstain (Hoechst) in pancreatic sections from VegfaWT 
and Vegfa∆ac mice at day + 5 post-final caerulein injection. Scale bar: 50μm. 
(F) Quantification of immunofluorescence labeling: total area (µm2) of 
F4/80, vimentin, E-cadherin, and endomucin, as well as the number of 
endomucin-positive objects, in pancreatic sections from VegfaWT and 
Vegfa∆ac mice at day + 5 post-final caerulein injection. Data represent the 
average total area from three representative 488,160 µm2 fields per mouse 
and are shown as means ± SD. Statistical analysis: two-tailed Student’s 
t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 5.
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