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The endocrine and exocrine pancreas have been studied
separately by endocrinologists and gastroenterologists
as two organ systems. The pancreatic islet, consisting of
1–2% mass of the whole pancreas, has long been be-
lieved to be regulated independently from the surround-
ing exocrine tissues. Particularly, islet blood flow has
been consistently illustrated as one-way flow from arte-
riole(s) to venule(s) with no integration of the capillary
network between the endocrine and exocrine pancreas.
It is likely linked to the long-standing dogma that the
rodent islet has a mantle of non–b-cells and that the islet
is completely separated from the exocrine compartment.
A newmodel of isletmicrocirculation is built on the basis
of analyses of in vivo blood flow measurements in mice
and an in situ three-dimensional structure of the capillary
network in mice and humans. The deduced integrated
blood flow throughout the entire pancreas suggests di-
rect interactions between islet endocrine cells and sur-
rounding cells as well as the bidirectional blood flow
between the endocrine and exocrine pancreas, not
necessarily a unidirectional blood flow as in a so-called
insuloacinar portal system. In this perspective, we
discuss how this conceptual transformation could po-
tentially affect our current understanding of the bio-
logy, physiology, and pathogenesis of the islet and
pancreas.

It should be reasonable to consider that treatment of
a disease by targeting either endocrine or exocrine path-
ogenesis can affect the function of the entire pancreas for
better or worse. However, these two parts of the pancreas
have been studied and treated separately by physicians in
different medical disciplines. The only connection between
the two systems proposed to date has been the insuloacinar
portal vessels that drain from the islet to exocrine tissues

(1,2). This unidirectional blood flow was determined based
on two-dimensional (2D) analysis of pancreas images of
India ink injection and scanning electron microscopy of
corrosion casts with no markers for the islet boundary or
arterioles. The rodent islet, in particular, has been seen with
a core ofb-cells surrounded by non–b-cells in the periphery,
specifically in 2D images, which is not observed in three-
dimensional (3D) images (3). Indeed, the islet is regarded as
a glomerulus-like enclosed microorgan (4), where blood
perfusion has been considered to be regulated indepen-
dently from that of the exocrine pancreas. Therefore, it has
been illustrated as being situated between an afferent
arteriole and an efferent venule, indicating the one-way
traffic of islet blood flow simply from artery to vein, with
no integration to the surrounding exocrine capillary net-
work (5–9). Once such a dogma or a gold standard is
established, it is considerably difficult to challenge such
conventions after they have been widely accepted for
many years.

In vivo measurement of pancreatic microcirculation by
tracking individual red blood cells in mice has revealed that
blood flow is bidirectional and integrated with that of the
exocrine pancreas at its entirety, not sporadically or se-
lectively “at multiple locations” (3). This is in line with
in situ structural analysis of pancreatic capillaries both
in mice and in humans that showed no disruptions of
the pancreatic vascular network. The important con-
ceptual difference from the bidirectional pancreatic
blood flow is that the insuloacinar portal system includes
only unidirectional blood flow from islets to exocrine
tissues.

In this perspective, we examined how conceptual
changes of pancreatic blood flow may support or refine
current notions in the field by revisiting critically debated
areas of b-cell/islet biology, exocrine insufficiency and
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deficiency, and some different types of diabetes, such as
islet formation models, small pancreas associated with
type 1 diabetes (T1D), cystic fibrosis–related diabetes
(CFRD), and type 3c (T3c) diabetes.

Unidirectional versus Bidirectional Pancreatic Islet
Blood Flow
At an international symposium in 1995, researchers pre-
sented evidence collected over decades that support three
mutually exclusive models of islet microcirculation (10)
(Fig. 1). The unique cytoarchitecture of the rodent islet
served a fundamental role in determining which cell types
were perfused first and which hormones exerted regula-
tory effects on the others. It was not explicitly stated that
complete mantle formation was a prerequisite for the
models. However, when determining the hierarchical order
of islet blood flow, having non–b-cells forming a complete
mantle (or at least an outer layer sufficiently covering its
core to be called “a mantle”) was in fact a requirement for
models 1 and 2. Otherwise, simultaneous perfusion of all
cell types would occur, particularly rendering model 1 un-
likely. In mice, a-cells consist of the majority of non–b-
cells, comprising up to 20% of the islet cells (11–13). Other
cell types such as d-, pancreatic polypeptide, and e-cells are
in low abundance (14). In the regularly observed diameter
range of mouse islets (100–150 mm) (15), theoretically,
non–b-cells need to constitute.50% of the entire islet cells
to form a complete mantle (3).

Notably, all models proposed unidirectional blood flow
from arteriole(s) to venule(s) but varied in their claims of
hierarchical regulatory mechanisms of hormone secretion
within the islet as follows: model 1, hormones secreted
from non–b-cells (such as glucagon, somatostatin, and
pancreatic polypeptide); model 2, insulin secreted from
b-cells; and model 3, neither of them. Model 1 was pro-
posed by Fujita (1), who examined arterial injection of
India ink to horse and rabbit pancreas, and further sup-
ported by subsequent articles from his group that included
many other animals (10). The vascular route leading blood
into the horse islet was determined as from the center to
the periphery, where in this animal, a-cells uniquely form
a core of the islet with b-cells in the periphery. In rabbits,

which inversely have central b-cells and peripheral a-cells,
the author claimed that the vessels are designed to lead
blood from the periphery to the center. This directionality
was reclaimed in the rat islet by scanning electron micros-
copy of resin casts (2). It was emphasized that the direction
of islet microcirculation should be species dependent
because of islet architectural variability (16). Thus, model
1 includes three structurally distinct directions of flow
depending on species: core-to-mantle (horse), mantle-to-
core (rabbit, rat, and mouse), and mixed (dog, cow, pig,
monkey, and human). In addition, the group noted that
regardless of species, efferent vessels of the islet drain into
capillaries supplying the acinar tissue of the exocrine
pancreas, termed the insuloacinar portal system (1,2).
Model 2, which is based on studies in rats, proposed that
arterial blood perfuses b-cells before non–b-cells via or-
dered perfusion of the islet core followed by the non–b-
cell mantle (10). Islet plasticity among species is also an
issue in model 2, particularly human and monkey islets. It
was suggested that these islets could be composed of
several mantle-core cellular structures or subunits. How-
ever, such subunits were not found in 3D (17). Portals
consisting of some efferent vessels were similarly observed
in model 2. Model 3 proposed a unique gate-controlled
polar flow pattern in which blood flows from one “pole” of
the islet to the other. External arteriolar sphincters allow
blood to initially enter the islet while interior gates,
composed of contractile endothelial cells, control the blood
flow from pole to pole. Unlike the other models, the order
of perfusion of b-cells and non–b-cells is indistinct and
dependent on which hemisphere they are positioned.

Our recent model of islet microcirculation in which
blood flow is bidirectional and integrated with pancreatic
microvasculature suggests that microcirculation is not
related to cytoarchitecture (3). We further showed that
blood travels through a variety of paths within the islet
at different speeds and densities, indicating that the flow
is heterogeneous. Furthermore, the various trajectories
along with 3D images of blood vessels suggested that the
islet capillaries are integrated with those of the exocrine
pancreas, contradicting the assumption that microcircu-
lation is confined to a closed structure within islets. Using
intravital recordings, the ratio of blood flow from the
exocrine to endocrine pancreas was 50.1% 6 1.3% and
from the endocrine to exocrine pancreas 49.9% 6 1.3%,
supporting bidirectional blood flow. Additionally, bidi-
rectional flow in a nearly 1:1 ratio calls the proposed
insuloacinar portal system into question as this proposed
model maintained unidirectional flow from islets to acinar
tissue. In this new model, islet blood may flow not only to
acinar tissue but also from acinar tissue to islets in near-
equal proportion. This model implies that islet-secreted
products perfuse acinar tissue and that secretions from the
acinar pancreas perfuse the islets. This finding has impor-
tant implications in physically linking the endocrine and
exocrine pancreas in light of clinical pathologies where
both regions are affected.

Figure 1—Three models of islet blood flow. Adapted from Dybala
et al. (4).
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Islet Formation: Exocrine Pancreas Plays a Pivotal Role
during Early Development
In the foregut endoderm, Pdx1 and Ptf1a play a pivotal
role in the early specification of progenitors for liver,
duodenum, and pancreas (reviewed in Pan andWright [18]
and Jin and Xiang [19]) (Fig. 2A). Pancreatic multipotent
progenitor cells coexpress Pdx1 and Ptf1a between em-
bryonic days 9.5 and 12.5. Deletion of Pdx1 and/or Ptf1a
results in pancreas agenesis. Pdx1 null and Pdx1/Ptf1a
double-null mice are phenotypically identical with early
pancreatic bud formation, which suggests that Pdx1 is
required prior to Ptf1a for pancreatic multipotent pro-
genitor cell specification. Pdx1 homozygous deletion
allows the formation of the dorsal and ventral pancreatic
buds. However, only the dorsal bud undergoes limited
branching outgrowth and forms a stunted, irregular epi-
thelial tree that persists in newborns where glucagon-
positive cells can be detected. Mice with a homozygous
null mutation of the Ptf1a allele died shortly after birth
and exhibited a complete absence of exocrine pancreas
(20). Interestingly, all four types of endocrine cells
(expressing insulin, glucagon, somatostatin, and pancre-
atic polypeptide) are spared and found individually scat-
tered throughout the spleen, indicating that the exocrine
pancreas plays a pivotal role in islet formation and their
correct spatial assembly during development (Fig. 2B).

The prevailing model of islet formation has been based
on epithelial-to-mesenchymal transition (EMT) and sub-
sequent islet cell aggregation (21) (Fig. 3A). As progenitor
cells differentiate, they undergo EMT and islet precursors
migrate through the basal membrane (BM) and extracel-
lular matrix (ECM) that separate epithelium and mesen-
chyme. This model was deduced from in vitro studies of
isolated islets that showed reaggregation of dissociated
single islet cells (22,23). As the epithelium branches into
the mesenchyme, the exocrine precursors localize to the
distal ends of the pancreatic ductal epithelium. The endo-
crine cell migration occurs via degradation of both the BM
and ECM molecules. After islet cell formation, islet cell-
ECM interactions and cell-cell interactions coordinate cell
aggregation and sorting. Altogether, it may represent an
“islet-intrinsic” concept that was applied to early islet
development, without a role for the exocrine pancreatic
tissue.

More recent studies from us and others have challenged
this cell aggregation model. We observed that endocrine
cells proliferate contiguously, forming branched cord-like
structures starting in embryos (24) (Fig. 3B). Further, in
the neonatal pancreas, long stretches of interconnected
islets are located along large blood vessels. a-cells span
the elongated islet-like structures, which we hypothesized
represent sites of fission and facilitate the eventual for-
mation of discrete islets. Our model proposes that islet
formation occurs by a process of fission following contig-
uous endocrine cell proliferation rather than by local
aggregation or fusion of isolated b-cells and islets. A
gradual increase in the ratio of b-cells within an islet allows

formation of larger, spherical-shaped islets. Fission may be
random, which results in variable islet sizes in the adult
pancreas. Another model of islet formation has been
proposed by mapping changes in gene expression during
early pancreas development (25). In this model, differen-
tiated endocrine progenitors migrate in cohesion and form
peninsula-like islet precursors. a-cells precede the devel-
opment of b-cells; therefore, nascent peninsulas have
a bilayered structure with b-cells between epithelial cords
and a-cells on the exterior of peninsula. An in silico version
of this model showed that islets were vascularized
throughout the entire development process, although
blood flow appears to be unidirectional. A parallel in vitro
model from the same study showed that similar peninsular
islet precursors also formed from spheroid clusters of
endocrine progenitors.

Taken together, a crucial role of the exocrine pancreas
that defines islet cell assembly and these new models of
islet formation highlight the importance of a physical link
between the endocrine and exocrine pancreas during early
pancreas development through the fully integrated pan-
creatic microcirculation. Indeed, islet vascularization is
necessary in developing islets for normal pancreatic
function, as absence of vascular endothelial growth factor
A (VEGF-A) in the developing pancreas leads to reduced
vascularization and fenestration of islet capillaries (26).
In the adult islet, however, VEGF-A is not required for
islet survival, and adult islets maintain their architectural
arrangement and b-cell mass despite a loss of vascular-
ization (27). Besides endothelial-centric approaches,
studies by the Lammert group have elegantly shown
that the epithelial biomechanical properties, such as
cell cortex tension and adhesion to blood capillary, de-
termine the location of islet vasculature (28). Our recent
study of in vivo mouse islet microcirculation provided
evidence of vascular reciprocity between endocrine and
exocrine pancreas (3). This bidirectional exchange
of blood between exocrine and endocrine compartments
in the developing pancreas may provide a mechanism
for exchange of necessary factors regulating normal islet
development.

Small Pancreas in Patients with T1D: Lack of Insulin
May Affect Exocrine Pancreatic Volume as a Growth
Factor
Studies have shown that children, adolescents, and adults
with T1D have reduced pancreatic volume and exocrine
function (29–32). The integrated blood flow between
endocrine and exocrine pancreas may contribute to this
reduced pancreas size in T1D as a result of the role of
insulin serving as a growth factor for acinar cells that
express receptors for insulin, IGF-I and IGF-II (33). It was
observed decades ago that juxtainsular acini positioned
closest to islet cells appeared to be a halo around an islet.
Cells in the halos tended to be larger, had more nuclei, and
contained more zymogen granules compared with those
farther away from the islets (34). In in vitro and in vivo
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Figure 2—Islet formation: Exocrine pancreas plays a pivotal role during early development. A: Expression of transcription factors Pdx1 and
Ptf1a during early foregut endoderm development. B: In healthy mice (left), islets are distributed throughout the pancreas and integrated with
the acinar tissue of the exocrine pancreas. In Ptf1a knockout (KO) mice (right), the pancreas fails to form, and endocrine cells are found
randomly scattered throughout the spleen. E, embryonic day; PP, pancreatic polypeptide.
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Figure 3—Two distinct models of islet formation. A: Islet aggregation model. Endocrine and exocrine precursor cells line the BM and ECM of
the epithelium in the developing pancreas. Endocrine (islet) precursors pass through the BM and ECM before reaggregating into islets in the
mesenchyme. B: Fission model of islet formation during fetal and neonatal development. a: Endocrine cells (b-cells in red, a-cells in green)
proliferate contiguously, forming branching cord-like structures. b: Islet formation progresses with fission of branched cords. Note the
random distribution of islet size. c: Further expansion of b-cells within the newly formed islets leads to the observed a-cell proportion of 5–
10%. Adapted from Miller et al. (24).
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studies of insulin action on the acinar tissue, it was found
that insulin enhances protein synthesis, increases sensi-
tivity to cholecystokinin, and increases binding of IGF-II,
stimulating acinar cell growth (33,35). Furthermore, it was
shown that insulin stimulated cell growth in rat acinar
cells, measured by an increase in DNA and protein, in
a dose-dependent manner (36). A recent study by Egozi
et al. (37) has shown that islet-derived cholecystokinin
induces such zonated acinar cells in diabetic mice upregu-
lating trypsin genes and mTOR activity, where trypsin
may, in turn, contribute to islet expansion as a growth
factor.

Lack of insulin in T1D may contribute to the observed
reduced pancreatic volume and exocrine insufficiency,
especially considering recent insight into the vascular
connection between exocrine and endocrine pancreas
(Fig. 4). Reduced pancreatic volume is observed in patients
with both recent-onset and long-duration T1D, which may
indicate that pancreatic volume reduction is the result of
an acute loss of islet hormone sensing via bidirectional
blood flow rather than through long-term inflammation
(38). Since the acinar tissue would see higher concen-
trations of insulin than the rest of the body in this
integrated blood circulation model, a lack of insulin in
patients with T1D, as a growth factor for the acinar cell,
may result in a smaller pancreas and subsequently deteri-
orated exocrine function. Of note, no reduction of pancreas
weight was observed in three mouse models of diabetes: 1)
female NOD mice (autoimmune b-cell destruction); 2) male
Akita mice (misfolded mutant proinsulin-induced toxic-
ity); and 3) NOD.Cg-PrkdcscidIL2rgtm1WjlSz (NSG) mice ex-
pressing diphtheria toxin (39).

The b-Cell Extrinsic Hypothesis for CFRD: Exocrine
Inflammation Directly Affects the b-Cell/Islet Function
Cystic fibrosis (CF) is a disease that affects the lungs and
digestive system as a result of autosomal recessive muta-
tions in the CF transmembrane conductance regulator
(CFTR) gene that lead to impaired ion transport and
accumulation of thick mucus (40). CFRD is a type of
diabetes that affects 35–50% of patients with CF and
shares some similarities with both T1D and T2D (41).
Current understanding of CFRD pathogenesis and path-
ophysiology is incomplete. Two hypotheses regarding
the role of CFTR in insulin insufficiency have been
proposed: b-cell intrinsic and b-cell extrinsic.

In the b-cell intrinsic hypothesis, it is granted that
CFTR is expressed in b-cells, and thus its mutation
impairs insulin secretion, leading to intrinsic islet dysfunc-
tion. CFTR is believed to have a role in insulin granular
priming and exocytosis of the primed granules for insulin
release (42). The priming of storage granules is a necessary
step that involves acidification of the granular lumen via
chloride ions flowing through the chloride transporter
CLC3. The chloride ions enter the cell by the chloride
transporter anosmin 1 (ANO1). An intracellular rise in

cAMP levels is stimulated by incretins, such as GLP-1,
leading to cAMP activation of the CFTR channel. It is
suggested that ANO1 may cooperate with CFTR in gran-
ular priming in both human and mouse b-cells (43). In
contrast, the b-cell extrinsic hypothesis proposes that
CFRD results from CF-induced pancreatitis and reduced
b-cell mass rather than dysfunction of CFTR within the
b-cell. A recent study showed that b-cell–specific deletion
of CFTR in mice does not alter glucose tolerance or in vitro
b-cell function (44). In human islets, CFTR protein and
electrical activity were not detected. It is noteworthy that
the authors reported minimal CFTR transcripts by ana-
lyzing published gene expression data sets based on single-
cell RNA sequencing of FACS-sorted human islet cells:
b-cells 5%, a-cells 3%, and d-cells 4%. This is further
confirmed by a study of in situ CFTR mRNA expression
(b-cells,1%) as well as of protein expression (negative) in
human pancreatic tissues (44).

The CFTR protein is highly expressed in the pancreatic
duct epithelia and plays a central role in ductal anions
(HCO3

2 and Cl2) and fluid secretion (45). A resulting
increase of alkaline fluid allows the highly concentrated
proteins secreted from acinar cells to remain soluble. This
is compromised in patients with CF, and such deficiencies
begin in utero (46). From birth onward, proteins such as
immune reactive trypsinogen can be detected in blood,
which is used as a marker for the neonatal screening test
for CF during an asymptomatic period, suggesting pan-
creatic involvement in the early life of patients with CF.
The lack of CFTR expression in most human b-cells
suggests that impairment of duct cell functions may trigger
pancreatic inflammation, as CFRD has an unusual pheno-
type accompanied by insulin resistance, particularly during
acute pulmonary exacerbations (47). Our new model of
integrated pancreatic islet blood flow supports the cur-
rently accepted b-cell extrinsic hypothesis (3). The close
interaction and communication between the exocrine and
endocrine cells are important in understanding the path-
ogenesis of CFRD, where exocrine-derived acute phase
inflammatory factors such as IL-6 may directly affect
b-cell/islet function and development of CFRD (48)
(Fig. 5).

T3c Diabetes: The Integrated Pancreatic Blood Flow
Physically Connects the Exocrine and Endocrine
Pancreas as a Single Organ
When diabetes develops secondary to a disease of the
exocrine pancreas, it is collectively referred to as T3c
diabetes (49). It is characterized by persistent hypergly-
cemia due to various exocrine pancreatic pathologies,
including acute and chronic pancreatitis, pancreatic can-
cer, hemochromatosis, CF, and previous pancreatic surgery
(50). T3c diabetes encompasses a range of pathophysiol-
ogies commonly driven by b-cell dysfunction and insulin
resistance. T3c diabetes is most commonly a comor-
bidity of pancreatitis, with prevalence estimates ranging
from 25% to 80%. Among these etiologies, there exists
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heterogeneity in the contribution of b-cell loss and insulin
resistance that lead to the diabetic phenotype (51). In
addition, pancreatic fibrosis as a result of persistent in-
flammation could reduce the functional capacity of
residual islets by damaging the vascular network. The
fibroinflammatory environment increases the concentra-
tion of cytokines over the course of the pancreatitis,
which eventually mediates b-cell dysfunction and contrib-
utes to progressive insulin deficiency (Fig. 5).

A recent retrospective cohort study reported that in
559 patients with diabetes following pancreatic disease
(out of over 2 million people in England), only 2.7% of
themwere classified as having T3c diabetes (52). They were
most commonly diagnosed as having T2D (87.8%). It is
suggested that with clinician awareness of underlying or
any history of pancreatic disease, these patients might
have benefited from more tailored management, includ-
ing a choice of antihyperglycemic therapy and consider-
ation of malabsorption requiring pancreatic enzyme and
vitamin D prescription. In fact, they showed significantly
worse glycemic control and a greater need for insulin
compared with patients with T2D.

DISCUSSION

The integrated pancreatic blood flow implies that the islet
is not an enclosed microorgan and that islet microcirculation

has no relation to islet cytoarchitecture, which explains
its well-known variability throughout species (16). It has
also not been fully appreciated that the endocrine and
exocrine pancreas are physically and thus functionally
linked. It all started with the notion of core-mantle ar-
rangement of b- and non–b-cells in 2D views of islets,
mainly in rodents but also in other animals such as rabbits
and horses (1,2,15). We propose that it is attributed to the
visual and conceptual perceptions of human brain, which
is well explained by several Gestalt principles (4). These
principles describe the capability of our brain to fill any
missing information and generate whole forms from lines,
shapes, and curves and reduce complexity to simplified
concepts and structures. The unique islet architecture
naturally led researchers to seek functional implications
(9). Widely, on many occasions, dogmas, gold standards,
and even simple common practices are hard to question. In
fact, in a later study using advanced intravital imaging,
these original three models of microcirculation were still
believed to be the gold standard of islet blood flow (53).

The recent advancement of confocal microscopy and
tissue clearing techniques has made 3D imaging of thick
tissues possible, which is pivotal to studying network
structures such as vasculature. Interpretation of past islet
architecture studies may have been influenced by his-
torical approaches to islet imaging in addition to visual

Figure 4—Small pancreas in patients with T1D. Lack of insulin may affect exocrine pancreatic volume as a growth factor. Functional islets in
healthy patients (left) are integrated with the exocrine pancreas, providing sufficient insulin for normal growth and function. In patients with
T1D (right), b-cells are lost, and insulin perfusion in the exocrine tissue is reduced with decreased exocrine and whole-pancreas volume. PP,
pancreatic polypeptide.
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interpretation by the human brain. As a result, rigorous
assessment of experimental results in relation to structural
and visual observations is critical in the process of de-
veloping novel hypotheses.
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