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Abstract

Type 1 diabetes has historically been described as an endocrine (3-cell) specific autoimmune disease. However, a substantial reduction (20-
50%) in pancreas organ size and subclinical to symptomatic exocrine pancreatic insufficiency are present at diagnosis and may begin even
prior to the development of islet autoimmunity. The mechanisms of exocrine loss in type 1 diabetes are not well understood, but leading
hypotheses include developmental defects, 3-cell loss resulting in exocrine atrophy, or autoimmune or inflammatory destruction of exocrine
cells. Inflammatory changes including acute and chronic pancreatitis, exocrine T cell infiltration and classical complement activation, and
serum exocrine autoantibodies within type 1 diabetes individuals suggest that an autoimmune or inflammatory process may contribute
to exocrine pancreatic dysfunction. Exocrine pancreas atrophy primarily occurs prior to the onset of clinical disease. Indeed, recent work
implicates exocrine-specific alterations in gene and protein expression as key in type 1 diabetes development. Measures of exocrine size and
function could be useful additions in the prediction of disease onset and in identifying potential therapeutic responders to disease therapies,
however, this is an underdeveloped area of research. Additionally, exocrine pancreatic insufficiency is underdiagnosed in individuals with type
1 diabetes and individualized treatment protocols are lacking. Much work remains to be done in this area, but we can definitively say that type
1 diabetes is a disorder of both the exocrine and endocrine pancreas likely from the start.
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Introduction

Type 1 diabetes (T1D) has traditionally been described as
an endocrine (B-cell) specific autoimmune disease. However,
significant exocrine pancreatic atrophy and fibrosis within
the diabetic pancreas was first described one-hundred
years ago [1]. Over sixty years ago reduced exocrine enzyme
secretion and pancreas organ weight were found in patients
with diabetes [2,3]. These findings were ascribed to loss
of the trophic effects of insulin in the setting of B-cell loss
and largely ignored for 50 years. Around 10 years ago the
scientific community realized a renewed interest in T1D
exocrine pancreatic pathology when Dr. Campbell-Thompson

and colleagues found that islet autoantibody positive non-
diabetic organ donors had reduced pancreas organ weight in
addition to donors with established T1D [4]. This study was the
first to demonstrate that exocrine dysfunction occurs early in
the disease process, even prior to diagnosis of clinical disease,
and may play a role in T1D pathogenesis.

Over the past 10 years our knowledge of exocrine pancreatic
pathology in T1D has expanded. We now know that a
substantial reduction (20-50%) in pancreas organ size and
subclinical to symptomatic exocrine pancreatic insufficiency
are present at diagnosis and may begin even prior to the
development of islet autoimmunity [5-26]. Recent work
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implicates exocrine-specific alterations in gene and protein
expression as key in T1D development [27,28]. While there
is still much to learn, 100 years after the first description of
exocrine pancreatic pathology we can definitively say that
T1D s a disorder of both the exocrine and endocrine pancreas,
likely from the start.

Natural History of Exocrine Dysfunction in T1D

T1D progresses in stages: the development of islet
autoimmunity (Stage 1 T1D) often occurs years prior to the
loss of B-cell function (Stage 2 T1D), and clinical onset of
disease (Stage 3 T1D) [29]. Exocrine pancreas atrophy appears
to primarily occur prior to the onset of Stage 3 T1D, with some
additional atrophy occurring through established disease,
especially within the first year after diagnosis [30]. However,
the course of events preceding clinical diagnosis of T1D is less
clear [5-12,31]. There has been conflicting evidence showing
reduced exocrine mass and function even prior to initial islet
autoantibody seroconversion [5,6,30] versus between Stage 1
and 3T1D [8,13,14]. The cross-sectional nature of most studies
assessing exocrine changes in T1D is a major limitation.

The reduction in exocrine pancreatic function is largely
subclinical, and changes in trajectory thus more meaningful
[6,13,32]. To date, there has been only one longitudinal
study of exocrine pancreatic function in the pre-clinical
T1D period. Fecal elastase, the most used clinical marker of
exocrine function, was prospectively evaluated in subjects
at-risk for T1D within the Environmental Determinants of
Islet Autoimmunity (ENDIA) birth cohort study [6]. Fecal
elastase levels declined around the time of seroconversion in
progressors to Stage 1-3 T1D but increased normally in non-
progressors. Levels declined even prior to seroconversion
in a substantial proportion of progressors. Baseline fecal
elastase levels did not differ by progressor status or HLA
(Human Leukocyte Antigen) type. The timing of exocrine
dysfunction in pre-clinical T1D has potential implications for
mechanism. For example, if function is reduced from birth in
at-risk individuals, this may be due to a developmental defect
caused by genetic factors or pathology in utero. If dysfunction
occurs most prominently around the time of seroconversion,
autoimmune or inflammatory mechanisms may be at play.
And if occurring only after the onset of dysglycemia, exocrine
atrophy may primarily occur due to deficiencies in exocrine-
endocrine crosstalk [33]. Further longitudinal studies of
exocrine pancreatic function and volume in at-risk subjects
will clarify both the natural history and potential mechanisms
for this phenomenon.

Potential Underlying Mechanisms of Exocrine
Dysfunction in T1D

The mechanisms of exocrine loss in TID are not well
understood, but leading hypotheses include developmental

defects, insulinopenia, and more broadly endocrine
deficiencies resulting in exocrine atrophy, or autoimmune or
inflammatory destruction of exocrine cells [34,35].

Deficiencies in endocrine-exocrine cross-talk as a
contributor to exocrine atrophy

Reduced exocrine size and function in type 2 diabetes (T2D),
though milder than in T1D, implicates insulinopenia as a
potential mechanism. Some of the loss of exocrine pancreatic
volume in T2D can be reversed with disease remission [36]. In
T1D, pancreas volume continues to decline in the year post-
diagnosis and very slowly thereafter [7,30]. Both findings
further implicate insulinopenia as a contributor to exocrine
atrophy. Supporting this notion is the finding that the body
and tail of the pancreasinT1D, which have a greater proportion
of 3-cells, demonstrate greater atrophy than the head of the
pancreas, with a greater proportion of pancreatic polypeptide
(PP) cells [31].

Glucagon secretion is dysregulated in T1D, with an average
increase in glucagon secretion but deficient release in
hypoglycemic states. Chronic glucagon administration
has generally been observed to lead to acinar atrophy and
degranulation [37]. In one study, decreased a-cell mass was
proportionately correlated to reductions in pancreatic weight
in TID organ donors [38]. Thus, dysregulated glucagon
secretion in T1D may contribute to exocrine pancreatic
atrophy, but up to this point this hypothesis has not been
thoroughly investigated.

Recent data indicating a 57% reduction in acinar cell number,
as opposed to cell size, in T1D donor pancreata suggest that
insulinopenia and deficient endocrine-exocrine cross-talk
does not entirely explain reduced exocrine mass in T1D [39].
Demonstrated exocrine abnormalities within first degree
relatives of individuals with T1D and islet autoantibody
positive subjects without dysglycemia also points towards
a mechanism for exocrine changes outside of insulinopenia
alone [5,6,30]. While congenital exocrine hypoplasia has been
reported concomitantly with T1D in a case report, no other
studies have demonstrated pancreatic developmental defects
in individuals who go on to develop T1D [40]. However, a
comparison of exocrine function or size at birth in healthy
non-first degree-relative controls compared with individuals
at-risk for TID would better evaluate whether an inherent
defect in pancreatic development could be causing any of the
differences seen.

Evidence for exocrine pancreatic autoimmunity

Previous studies have found autoantibodies against the
exocrine pancreas to be present in 20-70% of subjects
with T1D. These antibodies include those against carbonic
anhydrase Il (CAll), lactoferrin, pancreatic cytokeratin, bile
salt-dependent lipase/carboxy ester lipase (BSDL/CEL),

] Cell Immunol. 2023
Volume 5, Issue 4

121



Bruggeman BS, Schatz DA. Type 1 Diabetes: A Disorder of the Exocrine and Endocrine Pancreas. ] Cell Immunol.

2023;5(4):120-126.

chymotrypsin, and amylase a-2A [41-46]. CAll and lactoferrin
autoantibodies have been observed both in combination
and as single autoantibodies in individuals with T1D, and in
one study, were associated with reduced pancreatic function
by BT-PABA excretion test [44]. These autoantibodies were
not present in other non-pancreatic autoimmune processes,
including ANA positivity, Graves' disease, or rheumatoid
arthritis [44-46]. Antibodies against BSDL/CEL and pancreatic
cytokeratin are more common in T1D first degree relatives
within the literature, but antibodies against CAll, lactoferrin,
chymotrypsin, and amylase a-2A have not been previously
evaluated within these populations [45,46]. Additionally, CD4
and CD8 T cell infiltrates and classical complement pathway
activation are more common in the exocrine compartment
than the islets in some studies of T1D pancreata [47,48].

We previously published an analysis of histopathologic
exocrine changes within all Network for Pancreatic Organ
donors with Diabetes (nPOD) T1D (n=131) and control
(n=111) donor pancreata aged 12 and older available through
November 2018. T1D donors were more likely to have acute
(15.3% vs 4.5%, p=0.0061) and chronic pancreatitis (29.8% vs
9.9%, p=0.0001), acinar atrophy (68.7% vs 17.1%, p<0.0001),
acinar fibrosis (42.0% vs 12.6%, p<0.0001), and periductal
fibrosis (13.0% vs 2.7%, p=0.0038) (Figure 1), despite

having comparable demographics including substance use
patterns [49]. Taken together, these findings suggest that
an autoimmune or inflammatory process may contribute to
exocrine pancreatic loss and dysfunction present in T1D.

Does Exocrine Dysfunction Play a Causal Role in T1D
Pathogenesis?

A recent study of non-coding genetic risk variants in T1D
exhibited enrichment in candidate cis-regulatory elements
active in exocrine pancreatic acinar and ductal cells. In
one example, a risk variant cis-regulatory element reduced
ductal cystic fibrosis transmembrane conductance regulator
(CFTR) expression. Another risk variant mapped to an acinar-
specific region of chromatin directly upstream of the CEL/
BSDL promoter; antibodies against this protein have been
demonstrated in individuals both at risk for and with T1D
[27,45]. Additionally, pathogenic genetic mutations in CEL/
BSDL have been demonstrated in individuals with maturity-
onset diabetes of the young type 8 (MODY8), neonatal-onset
T1D, and atypical T2D [50]. Mendelian randomization studies
of proteins influencing T1D susceptibility have implicated
changes in exocrine protein expression, specifically
chymotrypsinogen B1, as causal in T1D development [28].
While we have much to learn, recent studies with an agnostic
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Figure 1. Percentage of type 1 diabetes (n=131) and control (n=111) pancreata from the Network for Pancreatic Organ donors with Diabetes
(nPOD) who have histopathologic exocrine changes. Adapted from Bruggeman et al. [49].
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approach to T1D pathogenesis have raised the supposition
that dysregulated exocrine pancreatic gene and protein
expression may be directly implicated in the development of
disease rather than a simple byproduct of islet dysfunction.

Using Exocrine Biomarkers in Disease Prediction &
Monitoring

Large, well-designed birth cohort studies including the
TEDDY (The Environmental Determinants of Diabetes in the
Young) study have furthered our understanding of the events
preceding [-cell autoimmunity (Stage 1 T1D), leading to loss
of functional B-cell mass (Stage 2 T1D; dysglycemia), and
clinical diabetes (Stage 3 T1D) [51]. However, heterogeneity in
T1D onset as well as response to therapies calls for a better
understanding of pathophysiology and additional markers of
risk. Exocrine atrophy precedes the onset of detectable islet
autoimmunity in some subjects [5,6,18,30], signifying that
measures of exocrine pancreas size and function could be
beneficial early biomarkers. If exocrine loss occurs before the
onset of islet autoantibodies, markers of exocrine pancreas
size or function could be useful to predict early T1D risk. If
exocrine changes only occur in those imminently destined to
develop clinical T1D, they could be useful to stratify risk in islet
autoantibody positive subjects.

Serum trypsinogen and lipase levels can successfully
categorize individuals as having > 2 islet autoantibodies
versus 1 and are an effective indicator of BMI-normalized
relative pancreas volume by magnetic resonance imaging
(MRI) [17]. Additionally, pancreas volume by MRI is smaller
in T1D first degree relatives, islet autoantibody positive, and
recent-onset T1D individuals versus controls respectively [5].
Exocrine serum, stool, orimaging markers could be integrated
into existing T1D Risk Scores in combination with other already
established biomarkers to further refine risk prediction [52,53].
Future studies should evaluate the utility of exocrine markers
in prediction of disease onset and in identifying potential
therapeutic responders to disease therapies.

Diagnosis and Treatment of Exocrine Pancreatic
Insufficiency in T1D

Exocrine pancreatic insufficiency (EPI) in T1D is common,
present in approximately 33% of individuals versus 13% of
the general population and is underdiagnosed. It is more
common even than celiac disease or gastroparesis in the T1D
population but is often forgotten when patients with T1D
present with gastrointestinal complaints [54]. EPI clinically
presents with symptoms of diarrhea or greasy stools, bloating,
cramping, and/or weight loss. In individuals with T1D, it is
associated with increased episodes of hypoglycemia [55].
Fecal elastase, an indirect test measuring levels of a proteolytic
enzyme produced by acinar cells, is the most widely used
clinically and is the most sensitive and specific non-invasive

test available to detect EPI [6,13,20,56]. It is stable through
intestinal passage, widely available, cost-effective, and
requires only a single sample [57-61]. Importantly, it also
correlates with reduced pancreatic volume in T1D [13,24] and
has been validated for use in children [62,63]. Values <200
pg/g are supportive of EPI. Direct tests of pancreatic function
(i.e., secretin-cholecystokinin test [64]), are the most accurate
but are invasive, time-consuming, and expensive as they
require sedation. Serum amylase, lipase, and trypsinogen are
only sensitive for severe disease as reductions are typically
subclinical and remain within the normal reference range [65].

Once diagnosed, EPI can be treated with Pancreatic Enzyme
Replacement Therapy (PERT). However, much research
remains to be done regarding the impact of PERT treatment
on glycemic indicators and optimization of PERT dosing in the
T1D patient population [54,66].

Conclusions

While exocrine atrophy was first described over 100 years
ago, in the past 10 years our understanding of T1D as a
disorder of the exocrine and endocrine pancreas has evolved
more than ever before. Signs of exocrine dysfunction arise
early in the disease process, even prior to the development
of clinical T1D. Early clues indicate that pathogenic alterations
in exocrine gene regulation and protein expression may even
play a causative role in T1D pathogenesis. Exocrine biomarkers
hold promise for disease risk stratification and potentially
delineation of responders to therapies. Clinically, individuals
with T1D should be evaluated for EPl when they present with
concerning symptoms and should be treated as needed with
PERT. While our knowledge of this exciting and rediscovered
facet of T1D has advanced, there is still much work to be done
in all arenas of research spanning from bench to bedside; T1D
researchers should consider this a call to action.
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