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Abstract
The islets of Langerhans are well embedded within the exocrine pancreas (the latter comprised of ducts and acini), but the nature
of interactions between these pancreatic compartments and their role in determining normal islet function and survival are poorly
understood. However, these interactions appear to be critical, as when pancreatic exocrine disease occurs, islet function and
insulin secretion frequently decline to the point that diabetes ensues, termed pancreatogenic diabetes. Themost common forms of
pancreatogenic diabetes involve sustained exocrine disease leading to ductal obstruction, acinar inflammation, and fibro-fatty
replacement of the exocrine pancreas that predates the development of dysfunction of the endocrine pancreas, as seen in chronic
pancreatitis-associated diabetes and cystic fibrosis-related diabetes and, more rarely, MODY type 8. Intriguingly, a form of
tumour-induced diabetes has been described that is associated with pancreatic ductal adenocarcinoma. Here, we review the
similarities and differences among these forms of pancreatogenic diabetes, with the goal of highlighting the importance of
exocrine/ductal homeostasis for the maintenance of pancreatic islet function and survival and to highlight the need for a better
understanding of the mechanisms underlying these diverse conditions.
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Abbreviations
CEL Carboxyl-ester lipase
CFTR Cystic fibrosis transmembrane

conductance regulator

PP Pancreatic polypeptide
REG3A Regenerating family member 3α

Overview

Under normal conditions, the exocrine (acinar and ductal) and
endocrine pancreas co-exist in harmony (Fig. 1a,c). The orga-
nisation of these pancreatic compartments is the topic of some
excellent reviews [1, 2] and is not covered here. The nature of
the interactions between exocrine and endocrine pancreas and
the role thereof in homeostatic pancreatic function remain
incompletely understood. Surgical resection of up to 50% of
the pancreas does not necessarily lead to diabetes [3], suggest-
ing there is considerable functional reserve.

Insufficient insulin secretion is the unifying defect in all
forms of diabetes, such as autoimmune destruction of islet
beta cells in type 1 diabetes or intrinsic and acquired beta cell
dysfunction in type 2 diabetes. Beta cell dysfunction/
deficiency can also occur secondary to exocrine pancreatic
disease, leading to pancreatogenic diabetes, also known as
type 3c diabetes [4–6]. Of note, average pancreatic volume
is decreased in people with type 1 or type 2 diabetes compared
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with that in non-diabetic control individuals [7, 8], supporting
a bi-directional interaction between the endocrine and
exocrine pancreas; however, discussion of this is beyond the
scope of this article. Here we review several forms of
pancreatogenic diabetes, highlighting the importance of the
exocrine pancreas for the maintenance of pancreatic islet beta
cell function and mass. Furthermore, we explore the similari-
ties and differences in the aetiology of these diseases, with the
goal of improving our understanding of interactions between
pancreatic acini/ducts and islets in health and disease.

Chronic pancreatitis-associated diabetes

Diabetes develops in 26–80% of patients with chronic pancre-
atitis, with a higher prevalence seen with alcohol-related
disease, early development of pancreatic calcifications, and
longer disease duration; the majority develop diabetes by the
fifth decade of life [9–11]. Compared with chronic pancreati-
tis, a single episode of acute pancreatitis confers a lower risk
of diabetes [12]; this occurs predominantly in patients
exhibiting marked tissue destruction.

Chronic pancreatitis generally follows a period of recurrent
episodes of acute pancreatitis that may not always be appreci-
ated clinically. These episodes of acute acinar injury and
ductal plugging by concretions eventually result in ongoing
pancreatic inflammation resulting in acinar destruction and
fibrosis (Fig. 1b,d). While chronic alcohol use is the most
common underlying aetiology, pancreatic injury also occurs
in disorders that affect pancreatic duct flow (duct scars,
pancreas divisum and groove pancreatitis), tropical calcific
pancreatitis endemic to regions of Asia and Africa, hereditary
pancreatitis (i.e. PRSS1, SPINK1, CFTR and CTRCmutations
[OMIM no. 167800; www.omim.org]) and idiopathic causes
(reviewed in [13]). Most often, more than one genetic and/or
environmental factor contribute to the development of pancre-
atitis [13]. Despite the varied underlying causes, as recurrent

acute becomes chronic pancreatitis, dysfunction of the pancre-
atic duct leads to ongoing destruction and dysfunction of the
exocrine pancreas.

Patients with chronic pancreatitis-associated diabetes may
have a known history of pancreatitis and exocrine insufficien-
cy resulting in steatorrhoea. In addition, patients without a
prior diagnosis of pancreatitis may present with abdominal
pain and/or symptoms of maldigestion or may only present
with glucose intolerance/diabetes.While weight gain typically
accompanies the onset of type 2 diabetes, weight loss can
occur in those with severe hyperglycaemia. Despite this,
reduced weight occurring at the time of diabetes diagnosis
should prompt careful clinical evaluation for the presence of
underlying pancreatic disease. Diagnostic criteria for chronic
pancreatitis-associated diabetes include the presence of
pancreatic exocrine insufficiency, pathological pancreatic
imaging and absence of type 1 diabetes-associated autoanti-
bodies [14] . Pancreat ic enzyme replacement in
pancreatogenic diabetes is important to address maldigestion
and malabsorption (particularly of fat and fat-soluble vitamins
such as vitamin D) and control symptoms of steatorrhoea, and
to improve incretin hormone secretion and, consequently,
insulin release, which ultimately improves glucose tolerance
[15].

Cystic fibrosis-related diabetes

Diabetes affects 20% of adolescents and ~ 50% of adults with
cystic fibrosis [16]. Cystic fibrosis occurs due to biallelic loss-
of-function mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR). This disrupts anion transport
across epithelial cells, predominantly in the pancreas, lung and
gut, and results in severe, multiorgan disease that leads to
premature death, usually due to lung disease [17]. One of
the earliest manifestations of cystic fibrosis is the dilation of
pancreatic ducts and ductal obstruction due to plugging with

• Islets in context: Pancreatic islets exist within the exocrine pancreas, but the role of interactions 
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• Pancreatogenic diabetes: A diverse array of exocrine pancreas diseases results in impaired insulin 

secretion and, ultimately, diabetes, providing evidence that endocrine/exocrine interactions are 

indeed critical for normal islet function
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strategies and improved treatment approaches in these populations
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viscous secretions [18]. This ductal pathology leads to fibro-
fatty replacement of acinar tissue (Fig. 1b,e) and pancreatic
insufficiency in ~85% of individuals [19]. While CFTRmuta-
tions resulting in complete or near-complete loss of CFTR
function lead to exocrine pancreas destruction very early in
life, less severe CFTR mutations may be associated with
pancreatitis later in life, or spare the pancreas even when
sinopulmonary disease is present [20]. Clinically evident

pancreatitis is uncommon in individuals with pancreatic-
insufficient cystic fibrosis. As described above for chronic
pancreatitis with pancreatic exocrine insufficiency, pancreatic
enzyme replacement improves incretin secretion and thereby
insulin release that is beneficial for glucose tolerance [21].

Of particular concern, cystic fibrosis-related diabetes is
associated with decreased lung function, increased pulmonary
exacerbations, increased catabolism, lower BMI and an
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Fig. 1 Schematic showing normal pancreatic morphology (a) with close
proximity between pancreatic ducts, acini and islets, the latter comprising
beta cells, alpha cells, delta cells and PP cells with resident macrophages
(cell types shown in key). Capillaries and autonomic nerve fibres supply
all pancreatic compartments. Generalised alterations in pancreatic
morphology that occur with pancreatogenic diabetes (b), i.e. ductal plug-
ging (shown in pink within the duct lumen)/dilation, fibro-fatty replace-
ment of acinar tissue and lymphocyte infiltration, with macrophages in
the exocrine pancreas but not within the islet, and islet remodelling
(modest loss of beta cells and increase in alpha cells). Micrographs

showing H&E-stained pancreas sections from a control individual with-
out pancreatic disease (c) an individual with chronic pancreatitis (d) and a
person with cystic fibrosis (e). Islets are demarcated with dotted black
lines, a normal duct is shown with an arrow in (c), fibrosis is shown
surrounding degenerating acini (the latter denoted by arrowheads) in (d)
and extensive fatty replacement of exocrine pancreas is shown in (e).
Strikingly, despite the severe disruption to the exocrine pancreas in (d)
and (e), islets remain readily visible. Scale bar, 100 μm. This figure is
available as a downloadable slide
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approximately four-fold increase in mortality risk [22] relative
to individuals with cystic fibrosis without diabetes. Moreover,
the presence of abnormal glucose tolerance is also associated
with a significant decline in lung function [23], worse survival
and higher lung transplant rates [24], illustrating that even
mild abnormalities in glucose metabolism have adverse
effects on cystic fibrosis outcomes. Although the risk of diabe-
tes in individuals with cystic fibrosis increases with CFTR
mutation severity, the increase in mortality risk induced by
diabetes is independent of CFTR mutation severity; even
among those with severe mutations, the presence of diabetes
significantly increases mortality risk [22].

Rarer forms of pancreatogenic diabetes

Several rare pancreatic diseases provide additional evidence
that healthy exocrine tissue supports the maintenance of islet
function and glucose homeostasis.

Autoimmune pancreatitis is often accompanied by diabetes
[25]. Type 1 autoimmune pancreatitis is associated with anti-
bodies against lactoferrin, carbonic anhydrase II or α-2A-
amylase and a lymphoplasmacytic sclerosing pancreatitis
histopathology (reviewed in [26]). Type 2 autoimmune
pancreatitis has negative serology and shows idiopathic
duct-centric pancreatitis with granulocytic epithelial lesions
[27]. In autoimmune pancreatitis, although islet-directed anti-
bodies are not present [26], pancreatic histopathology shows
inflammatory cells in contact with islets and loss of beta cells.
Importantly, glucocorticoids not only alleviate pancreatitis in
autoimmune pancreatitis, but also improve insulin secretion
and help resolve diabetes [28].

MODY type 8 (MODY8, OMIM no. 609812) is caused by
mutations in carboxyl-ester lipase (CEL) [29]. CEL is released
from acinar cells, and is the only pancreatic bile-activated
lipase present in ductal secretions. Despite a lack of clinically
detectable pancreatitis, individuals with MODY8 develop
slowly progressive pancreatic insufficiency, pancreatic cysts,
fibro-fatty replacement of acinar tissue and insulin deficiency
[30]. Mechanistic understanding of this insulin deficiency has
been hampered by the fact that pancreas-specific Cel−/− mice
do not recapitulate the exocrine disease or diabetes seen in
humans [31], a shortcoming also seen in mouse models of
other pancreatic diseases (e.g. Cftr−/− mice).

Two additional forms of MODY highlight the shared
developmental aspects of the endocrine and exocrine pancreas
and are important to consider, especially in young people
presenting with deficient exocrine and endocrine pancreas
function. MODY4 (OMIM no. 606392) is caused by hetero-
zygous mutations in pancreatic and duodenal homeobox 1
(PDX1). Homozygous mutations cause pancreatic agenesis,
including absence of both exocrine and endocrine components
[32]. Similarly, MODY5 (OMIM no. 137920), caused by

heterozygous mutations in HNF1 homeobox B (HNF1B), is
associated with mild pancreatic exocrine deficiency and
frequent aplasia of the body and tail of the pancreas [33].

Pancreatic ductal adenocarcinoma-associated
diabetes

Pancreatic ductal adenocarcinoma is the most common and
lethal form of pancreatic cancer and shares a bi-directional
association with diabetes. Obesity and type 2 diabetes are risk
factors for pancreatic ductal adenocarcinoma, with insulin
resistance and the resultant hyperinsulinaemia promoting
tumour survival/proliferation, via insulin and IGF-1 receptor
signalling [34]. Intriguingly, there is also evidence that
pancreatic ductal adenocarcinoma may lead to the develop-
ment of diabetes via a paraneoplastic effect of the developing
tumour on islet beta cell function. In support of this, recent
evidence shows bi-directional blood flow in the pancreas [35].
This provides a mechanism for delivery of high levels of insu-
lin (and other beta cell products, such as cholecystokinin [36])
from the beta cell to acinar/ductal/tumour cells, along with the
supply of tumour-derived factors to the beta cell.

Diabetes is present more often at diagnosis of pancreatic
ductal adenocarcinoma than other cancers [37]. Among indi-
viduals with pancreatic ductal adenocarcinoma and diabetes,
the majority were diagnosed with diabetes within 24 months
prior to cancer diagnosis and often presented with weight loss
at the time of diabetes diagnosis [6]. Thus, as discussed above,
when patients present at diabetes diagnosis with dispropor-
tionate weight loss (relative to diabetes severity), pancreatic
imaging not only allows for assessment of pancreatogenic
diabetes but may also allow for early detection of pancreatic
cancer.

Islet failure in pancreatogenic forms
of diabetes

The aetiology of islet beta cell failure in pancreatogenic diabe-
tes remains poorly understood. Most studies relate to chronic
pancreatitis and especially cystic fibrosis, with potential novel
mechanisms emerging from several recent studies, as
described in the next section.

In both chronic pancreatitis and cystic fibrosis, fibrotic and/
or fatty replacement of acinar tissue disrupts normal pancreas
microarchitecture, resulting in progressive exocrine dysfunc-
tion. This results in nutrient maldigestion/malabsorption and
contributes to the development of impaired glucose intoler-
ance and, eventually, diabetes. Measures of pancreatic
exocrine and endocrine function (Table 1) are significantly
correlated in chronic pancreatitis [38, 39] and insulin secretion
is significantly worse in individuals with cystic fibrosis with
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pancreatic insufficiency [40], providing additional evidence
for the interrelated pathology of the islet and exocrine
pancreas.

Impaired insulin secretion is the key defect underlying the
development of hyperglycaemia in both chronic pancreatitis

and cystic fibrosis. In chronic pancreatitis, impaired insulin
secretion is evident even without the presence of diabetes
[41]. In cystic fibrosis, impaired insulin secretion is present
in most individuals [40, 42–44], including young children [40,
43]. In cystic fibrosis, beta cell function is progressively

Table 1 Methods for clinical
assessment of pancreatic exocrine
and endocrine function

Exocrine function tests

Immunoreactive
trypsinogen

Neonatal screening test for CF based on heel prick. Elevated blood levels from
impaired pancreatic duct drainage may be seen in carriers of heterozygous CFTR
mutations and this test does not distinguish between pancreatic-sufficient and
-insufficient CF, so confirmation testing by CFTR mutation analysis and/or sweat
testing is required.

CFTR mutation
analysis

Class I–III ‘severe’ mutations are associated with pancreatic insufficiency in CF,
whereas the presence of at least one class IV–V mutation, resulting in partially
functional CFTR, is required for pancreatic-sufficient CF.

Pancreatic faecal
elastase

Levels >200 μg elastase/g faecal material are consistent with normal, 100–200 μg
elastase/g faecal material indeterminate, and < 100 μg elastase/g faecal material
insufficient pancreatic exocrine function.

Faecal fat test Requires 72 h stool collection. Elevated in pancreatic insufficiency due to
maldigestion from loss of pancreatic lipase activity but is also elevated by
malabsorption in disorders of the small intestine (e.g. coeliac disease, bacterial
overgrowth, short bowel syndrome).

Direct pancreatic
function test

Requires upper gastrointestinal endoscopy. Measures pancreatic secretion of
bicarbonate or lipase into the duodenum following stimulation with i.v. secretin or
cholecystokinin (CCK), respectively. More likely to be reduced early in the
development of pancreatic exocrine disease than indirect tests (faecal elastase,
faecal fat).

Endocrine function tests

HbA1c Standard screening test with criteria for defining normal (<5.7% [<39 mmol/mol]),
increased risk of diabetes (5.7–6.4% [39–47 mmol/mol]) and diabetes (≥6.5%
[≥48 mmol/mol]). Less sensitive than OGTTmeasures in patients with pancreatic
exocrine disease.

Fasting glucose Standard screening test with criteria for defining normal (<5.6 mmol/l [100 mg/dl]),
impaired fasting glucose (5.6–6.9 mmol/l [100–125 mg/dl]) and diabetes
(≥7.0 mmol/l [126 mg/dl]). Less sensitive than OGTT measures in patients with
pancreatic exocrine disease.

2 h OGTT glucose Standard screening test with criteria for defining normal (<7.8 mmol/l [140 mg/dl]),
impaired glucose tolerance (7.8–11.0 mmol/l [140–199 mg/dl]) and diabetes
(11.1 mmol/l [≥200 mg/dl]). Considerwhenever theHbA1c or fasting glucose indicates
increased risk, and use annually in CF to evaluate for the presence of diabetes.

1 h OGTT glucose Non-standard screening test useful for defining early glucose intolerance
(≥8.6 mmol/l [155 mg/dl]) in CF and chronic pancreatitis. Consider including as
part of any OGTT performed in individuals with pancreatic disease.

Fasting insulin or
C-peptide

Useful with fasting glucose to derive homeostatic model assessment indices of beta
cell function (HOMA-B) and insulin resistance (HOMA-IR) that can help to
distinguish pancreatogenic from type 2 diabetes.

Stimulated C-peptide Useful 60 or 90 min after OGTT or MMTT as an estimate of beta cell secretory
reserve, in particular as part of the evaluation and follow-up for individuals with
chronic pancreatitis considering total pancreatectomy with islet
autotransplantation, where outcomes are dependent on isolated and engrafted islet
beta cell mass.

Stimulated PP Useful 60 or 90 min after MMTT as a marker of pancreatic disease affecting islet
function. In the presence of diabetes, an absent PP response is a specific indicator
of pancreatogenic diabetes.

OGTT refers to the standard test of 1.75 g/kg up to 75 g ingested over 5 min

CF, cystic fibrosis; MMTT, mixed-meal tolerance test, standard 6 ml/kg up to 360 ml (12 oz) Boost High Protein
or equivalent ingested over 5 min (with prescribed pancreatic enzymes for those with established pancreatic
exocrine insufficiency)
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impaired across the glucose tolerance spectrum, beginning
with an elevated 1 h OGTT and ultimately resulting in cystic
fibrosis-related diabetes [44]. Despite substantial destruction
of exocrine pancreas in both chronic pancreatitis and cystic
fibrosis, the loss of islet beta cells is generally modest, even in
individuals with long-standing pancreatic disease (reviewed in
[45, 46]). Thus, while a reduction in beta cell mass may
contribute to the loss of insulin release in chronic pancreatitis
and cystic fibrosis, it is unlikely to be the sole cause. In addi-
tion, there may be dynamic developmental changes in islet
mass in cystic fibrosis pancreatic disease. Histopathological
investigation of the pancreas of young children with cystic
fibrosis resulted in the hypothesis that new islet formation
was occurring [47]. Similarly, young ferrets with cystic fibro-
sis undergo loss of detectable pancreatic endocrine cells
during active exocrine tissue destruction, followed by a tran-
sient expansion of beta cells [48]. The source of these new
islets remains uncertain.

In chronic pancreatitis, the mechanism(s) underlying insu-
lin secretory dysfunction is very poorly understood although,
as mentioned above, decreased beta cell number and function
both contribute (reviewed in [45]). In cystic fibrosis, more is
known, although whether insulin secretory defects occur as a
result of the effect of mutated CFTR within the beta cell itself
is controversial. Several studies have reported beta cell CFTR
activity and an effect on insulin release from human and
rodent islets [49–51], and CFTR corrector therapy has been
shown to rescue defective insulin release in a mouse model of
cystic fibrosis [50]. Some of these data must be interpreted
with caution due to reliance on pharmacological inhibitors
(CFTR(inh)-172 or GlyH-101) and/or CFTR antibodies that
lack specificity ([52, 53] and reviewed in [46]). In contrast,
numerous recent studies show that beta cell CFTR expression
is exceedingly low/difficult to detect. These studies utilised in
situ hybridisation [53, 54], immunohistochemistry [52, 54,
55] and/or analysis of datasets comprising single cell or bulk
islet RNA-seq data [46, 52]. In addition, a recent study did not
find a CFTR current in human beta cells [52] and beta cell
deletion ofCftr did not affect insulin release in a mouse model
[52]. Taken together, these data suggest that effects of CFTR
within beta cells is unlikely to be the sole cause of insulin
secretory dysfunction. However, these findings could also be
explained by beta cell subpopulation heterogeneity (i.e. CFTR
being expressed in a small subset of beta cells, which could
have large functional effects).

Non-beta cell intrinsic mechanisms are also likely to
contribute to dysfunctional insulin secretion in pancreatogenic
diabetes. Recent studies in cystic fibrosis models have
suggested the presence of paracrine crosstalk between pancre-
atic ductal epithelial cells and beta cells [46, 53, 55], suggest-
ing that alterations in secreted factors from diseased ducts
could be a common mechanism underlying impaired insulin
release in this and other pancreatogenic forms of diabetes,

although the mechanisms underlying this crosstalk are entirely
unknown. In addition, as pancreatic exocrine insufficiency
predates the development of diabetes in both chronic pancre-
atitis and cystic fibrosis, the associated impairment in incretin
secretion may chronically affect islet beta cell mass and func-
tion through disruption of the enteroinsular axis.

Another possibility involves the loss of exocrine-derived
paracrine factors that support islet maintenance and function.
One potential example is regenerating family member 3α
(REG3A), also known as islet neogenesis associated protein
(INGAP), an exocrine-derived paracrine factor whose expres-
sion is upregulated in perturbed acinar cells and which posi-
tively impacts islet mass [56]. However, it could be the case
that in pancreatic disease associated with loss of exocrine
tissue, REG3A is no longer synthesised, resulting in deficien-
cy of this islet-protective factor.

Islet dysfunction in chronic pancreatitis and cystic fibrosis
is not limited to the beta cell. While basal and stimulated
glucagon release is increased with acute pancreatitis [57],
glucagon release is reduced in chronic pancreatitis, especially
in the presence of diabetes [57, 58]. In cystic fibrosis, gluca-
gon release in response to arginine or following
hypoglycaemia is reduced [40, 42, 59]. This defective gluca-
gon release does not occur secondary to a loss of alpha cells.
Rather, in chronic pancreatitis, alpha cell number is increased
relative to islet area [60], while in cystic fibrosis an absolute
increase in alpha cell number is evident (reviewed in [46]). In
addition, impaired suppression of glucagon release may occur
due to insulin deficiency in both chronic pancreatitis [61] and
cystic fibrosis [62]. In line with this latter point, use of the
CFTR modulator ivacaftor in individuals with cystic fibrosis
improved insulin secretion, which was associated with more
appropriate glucagon suppression [63].

CFTR corrector/potentiator therapies dramatically improve
cystic fibrosis lung disease. Very limited data are available
regarding the impact of these drugs on glucose tolerance/
islet function, but positive effects are suggested [63, 64].
Additional studies are needed to uncover the mechanism of
action and optimal age for treatment initiation for this new
class of drugs.

In chronic pancreatitis, exocrine pancreas destruction and
associated loss of nerve bundles is associated with the loss of
islet vascularity and innervation [60]. Consequently, a
profound loss of pancreatic polypeptide (PP) secretion, which
depends on vagal afferents, is observed [65, 66]. This could
also be related to destruction of the ventral pancreas, where the
majority of PP-rich islets are located. In chronic pancreatitis,
reduced PP secretion is seen early in the course of the disease
[66], with PP responses being essentially absent when glucose
tolerance is also impaired [65]. Similarly, in pancreatic-
insufficient cystic fibrosis, a marked defect in PP cell function
is also observed, regardless of glucose tolerance status [42,
67]. The underlying mechanism is less well understood in
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cystic fibrosis, but animal studies suggest loss of pancreatic/
islet innervation [68]. Thus, decreased PP secretion appears to
be a reliable early marker for endocrine dysfunction in these
two pancreatic diseases [4, 42, 67].

Potential mechanisms underlying beta cell
failure

Recent publications have begun to elucidate mechanisms that
may underlie beta cell (and alpha cell failure) in chronic pancre-
atitis and cystic fibrosis. A small pancreatic histopathology study
of chronic pancreatitis cases demonstrated increased inflamma-
tory infiltration near islets (much greater than that seen in type 2
diabetes), along with a significant increase in ‘dedifferentiated’
cells, specifically chromogranin A-positive, hormone-negative
cells [69]. For cystic fibrosis, recent studies demonstrated that
islet inflammation, namely, increased IL-1β immunoreactivity
(likely within beta cells) [70] and/or increased T cell presence
(including cytotoxic CD8+ T cells) [52, 71], are early and
common features of islet pathology in individuals with cystic
fibrosis bothwith andwithout diabetes. The underlying aetiology
of this islet cytokine expression/lymphocyte infiltration is
currently unknown. Amyloid deposition within islets, a patho-
logical hallmark of type 2 diabetes known to be associated with
leucocyte activation, is present but does not correlate with islet
IL-1β immunoreactivity in cystic fibrosis [70] and has not been
widely studied in chronic pancreatitis. Islet macrophages are well
known for production of proinflammatory cytokines [72], but are
also required for islet regeneration [73, 74] and have been shown
to stimulate islet angiogenesis and protect against islet cell loss
during exocrine pancreas disease in mice [75]. Of note, macro-
phages are almost entirely absent from islets in adults with cystic
fibrosis [70, 71]. Together, these new data suggest that strategies
aimed at reducing islet cytokine expression, limiting T cell infil-
tration and/or replenishing islet macrophages could be effective
in restoring beta cell function in pancreatogenic diabetes,
although additional studies are needed to better define the under-
lying aetiology of islet inflammation in these disease states.

The mechanisms underlying pancreat ic ductal
adenocarcinoma-associated diabetes remain unknown. The
observation that new-onset diabetes in pancreatic ductal adeno-
carcinoma can resolve following tumour resection when suffi-
cient residual pancreatic tissue remains supports a
paraneoplastic mechanism [6]. However, this effect is invari-
ably reported following pancreaticoduodenectomy and so is
confounded by independent effects of Roux-en-Y reconstruc-
tion with gastrojejunostomy on glucose homeostasis as seen
with bariatric surgery [76]. In vitro evidence suggests that
tumours may release peptide- and cytokine-containing
exosomes that may result in impaired islet beta cell function
[77], in an analogous fashion to the duct–islet paracrine inter-
action proposed for cystic fibrosis above, while histological

examination of paraneoplastic pancreatic tissue resected from
individuals with pancreatic ductal adenocarcinoma without
diabetes demonstrates islet infiltration with an inflammatory
cell infiltrate and reduced markers of differentiated beta cell
identity [78], reminiscent of data from both chronic pancreatitis
and cystic fibrosis. Increases in fasting glucose are detectable
3 years prior to diagnosis of pancreatic ductal adenocarcinoma
[79], and whether this deterioration in glucose homeostasis may
be combined with other potential cancer biomarkers to inform
early diagnosis is under active clinical investigation [80].

Summary and implications

Diabetes occurs secondary to a collection of seemingly dispa-
rate diseases that affect pancreatic ducts and/or acini.
Amazingly, islets generally survive within this diseased
organ, albeit in a dysfunctional state. However, as pancreatic
exocrine disease progresses, islet function becomes impaired,
leading to pancreatogenic diabetes. This implies a functional
connection between the two pancreatic compartments. Further
study is needed to better understand the mechanistic links
between these two entities, with the goal of developing better
preventative/curative strategies for those affected by the
diseases reviewed herein.
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