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Abstract
Aims/hypothesis Individuals with longstanding and recent-onset type 1 diabetes have a smaller pancreas. Since beta cells
represent a very small portion of the pancreas, the loss of pancreas volume in diabetes is primarily due to the loss of pancreatic
exocrine mass. However, the structural changes in the exocrine pancreas in diabetes are not well understood.
Methods To characterise the pancreatic endocrine and exocrine compartments in diabetes, we studied pancreases from adult
donors with type 1 diabetes compared with similarly aged donors without diabetes. Islet cell mass, islet morphometry, exocrine
mass, acinar cell size and number and pancreas fibrosis were assessed by immunohistochemical staining. To better understand
possible mechanisms of altered pancreas size, we measured pancreas size in three mouse models of insulin deficiency.
Results Pancreases from donors with type 1 diabetes were approximately 45% smaller than those from donors without diabetes
(47.4 ± 2.6 vs 85.7 ± 3.7 g), independent of diabetes duration or age of onset. Diabetic donor pancreases had decreased beta cell
mass (0.061 ± 0.025 vs 0.94 ± 0.21 g) and reduced total exocrine mass (42.0 ± 4.9 vs 96.1 ± 6.5 g). Diabetic acinar cells were similar
in size but fewer in number compared with those in pancreases from non-diabetic donors (63.7 ± 8.1 × 109 vs 121.6 ± 12.2 × 109

cells/pancreas), likely accounting for the difference in pancreas size. Within the type 1 diabetes exocrine tissue, there was a greater
degree of fibrosis. The pancreases in three mouse models of insulin deficiency were similar in size to those in control mice.
Conclusions/interpretation Pancreases from donors with type 1 diabetes are smaller than normal donor pancreases because
exocrine cells are fewer in number rather than smaller in size; these changes occur early in the disease process. Our mouse data
suggest that decreased pancreas size in type 1 diabetes is not directly caused by insulin deficiency, but the precise mechanism
responsible remains unclear.
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Introduction

The normal adult pancreas is composed of exocrine tissue,
constituting approximately 98% of pancreatic mass, with
interspersed endocrine islets composed of beta, alpha and

delta cells responsible for producing insulin, glucagon and
somatostatin, respectively.

Type 1 diabetes is caused by immune-mediated destruction
of pancreatic beta cells. Recent imaging studies have shown
that individuals with newly diagnosed diabetes have a marked
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reduction in pancreas volume [1, 2] that is present prior to
diagnosis and progressively declines during the first year after
diagnosis. Whether this represents changes in exocrine cell
size or number or in the extracellular matrix has not been
evaluated.

To define the changes that contribute to smaller pancreas,
we examined pancreatic endocrine and exocrine tissue from
adult donors with type 1 diabetes, and we evaluated pancreas
size in three mouse models of insulin deficiency.

Methods

For detailed methods, please refer to the electronic supple-
mentary material (ESM).

Donor information Human pancreases (31 from donors with
type 1 diabetes and 36 from donors without diabetes) and
redacted donor characteristics were obtained through partner-
ships with multiple donor organisations, as previously
described [3, 4] (ESM Tables 1 and 2 and ESM Human Islet
Checklist).

Immunohistochemical analysis Immunofluorescent staining
for endocrine hormones, exocrine markers, extracellular matrix,
and markers for apoptosis or cell proliferation was performed
on 5 μm cryosections of donor pancreases, as previously
described [3, 4]. Tissue fibrosis was assessed by Masson’s
trichrome blue staining on 5 μm formalin-fixed paraffin-
embedded sections (ESM Tables 3 and 4, ESM Fig. 1).

Mouse pancreas size Pancreas and body weight were
measured in diabetic and non-diabetic NOD female mice at

17–18 weeks [5], in male Akita (C57BL/6-Ins2Akita/J) mice at
5 and 12 week s o f a ge [ 6 ] , a nd i n NOD.Cg -
PrkdcscidIl2rgtm1WjlSz (NSG) mice expressing diphtheria
toxin receptor under the control of the rat insulin promoter
(NSG-DTR, 14–16 weeks). These NSG-DTR mice were part
of previously reported studies [7].

Study approval Vanderbilt University Institutional Review
Board does not classify studies of de-identified human pancre-
atic specimens as human subject research and has approved all
studies reported herein. All animal studies were approved by
the Institutional Animal Care and Use Committee (IACUC) at
Vanderbilt University Medical Center or The Jackson
Laboratory. Mice were housed and cared for according to
the Vanderbilt or Jackson Laboratory Department of Animal
Care and IACUC/Office of Animal Welfare Assurance stan-
dards and guidelines.

Statistical analysis Data are expressed as mean ± SEM unless
otherwise indicated. Significance was determined using
unpaired Student’s t test corrected for multiple comparisons
using the Holm–Šidák method when appropriate, except for
islet size comparisons, which used the Mann–Whitney U test
for non-Gaussian distribution of data.

Results

We collected and studied the pancreas from donors with type 1
diabetes and similarly aged donors without diabetes.
Pancreases from donors with diabetes were 45% smaller than
those from donors without diabetes (Fig. 1a, 47.4 ± 2.6 vs
85.7 ± 3.7 g, n = 31 and n = 36, respectively, p<0.001). This
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difference was noted whether comparing absolute pancreas
weight or relative pancreas weight (normalised to body
weight) and did not correlate with donor age, disease duration
or age of diabetes onset (Fig. 1b,c, ESM Fig. 2).

To better understand the structural changes in the diabetic
donor pancreas, we quantified changes in both the endocrine
and exocrine compartments from diabetic (n = 6) and non-
diabetic (n = 7) donors. Total islet mass was 55% lower in
diabetic donor pancreases than in pancreases from non-
diabetic donors (Fig. 1f, 0.85 ± 0.16 vs 1.9 ± 0.41 g, respec-
tively, p = 0.04), attributable to decreased beta cell mass (Fig.
1e, 0.061 ± 0.025 vs 0.94 ± 0.21 g, respectively, p = 0.007).
Absolute alpha and delta cell masses were unchanged (Fig.
1e); alpha and delta cell per cent cross-sectional areas were
increased, but the increase was only significant (p<0.05) for
delta cells (ESM Fig. 3). Islets from donors with type 1 diabe-
tes were slightly smaller (Fig. 1g) and were irregularly shaped
compared with islets from donors without diabetes (Fig. 1h).
Total exocrine mass was reduced by 45% (Fig. 1f, 42.0 ± 4.9
vs 96.1 ± 6.5 g, p<0.0001). Thus, the pancreas in type 1

diabetes is characterised by reductions in beta cell mass, islet
mass, islet size and exocrine mass, while alpha and delta cell
mass are unchanged.

Since decreased cell size or number could lead to reduced
pancreas size, we evaluated acinar cell size and total cell
number. Acinar cells were similar in size between diabetic
(n = 10) and non-diabetic (n = 11) donors regardless of
pancreas region (head, body or tail) or intralobular location
(centre, periphery or peri-islet) (Fig. 2c,d). Average acinar cell
size did not correlate with pancreas weight (Fig. 2e). In
contrast, pancreases from donors with type 1 diabetes had
57% fewer estimated total exocrine cells (Fig. 2f, 63.7 ±
8.1 × 109 vs 121.6 ± 12.2 × 109 cells, p = 0.001). To determine
if the reduced cell number was due to ongoing changes in cell
death or replication, we assessed TUNEL- and Ki67-positive
cells in exocrine tissue. Replicating or apoptotic acinar cells
were both rare, and the proportions of these cells were similar
in diabetic and non-diabetic donors (ESM Fig. 4). The sample
size is small, and we cannot definitively exclude increased
apoptosis, but TUNEL positivity did not correlate with a
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Fig. 1 Pancreas size, endocrine and exocrine mass, and islet morphology
differ in type 1 diabetes. (a) Mean pancreas weight of all adult donors
(>18 years old); n = 31 donors with type 1 diabetes (T1D), n = 36 non-
diabetic donors (ND). (b, c) Pancreas weight of adult T1D donors vs
duration of diabetes or age of type 1 diabetes onset. INS, insulin; GCG,
glucagon; SST, somatostatin. (d) Representative immunofluorescent
staining of pancreas from ND and T1D human pancreas. (e)
Quantification of beta, alpha and delta cell mass and (f) islet and exocrine
compartment mass from n = 6 T1D and n = 7 ND donors. Islet size (g)
and circularity (h), a measure of roundness of islets (where a perfect circle

has a circularity of 1), calculated and pooled from n = 1321 and n = 719
islets from 11 ND and 10 T1D donors, respectively. For islet morphology
measurements, only islets >1000 μm2 were used. Bar graphs represent
mean ± SEM for all panels. For (b) and (c), solid lines represent the line of
best fit ± SEM, and for (g) and (h), lines represent quartiles. The p values
were calculated by unpaired Student’s t test in (a, e, f) and by Mann–
WhitneyU test in (g, h) for non-Gaussian distribution. In (b) and (c) the p
value represents deviation of slope of line of best fit from zero. *p<0.05,
**p<0.01, ***p<0.001 vs ND. Scale bars, 100 μm
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decrease in pancreas size. Taken together, these data indicate
that pancreases in individuals with type 1 diabetes have fewer
acinar cells, but acinar cell size, proliferation and apoptosis are
similar to those in pancreases in non-diabetic individuals.

In processing the diabetic donor pancreas, we also
noted that the organs had a firmer texture. Further to this
observation and because changes in exocrine extracellular
space could contribute to changes in pancreas size, we
quantified fibrosis in the pancreases using trichrome blue
staining. The diabetic donor pancreases had more fibrosis,
which correlated negatively with pancreas size (Fig. 2g–i).
Qualitatively, increased fibrosis in diabetic donor
pancreases was observed in two patterns: thickening of
the small inter-acinar septa, and dense intraparenchymal

deposition of connective tissue (often near islets). Thus,
exocrine changes in longstanding diabetes involve both
cellular and extracellular compartments.

Finally, to investigate whether reduced insulin production
in diabetes might be responsible for the reduced pancreatic
mass, we quantified pancreas weight in three mouse models
with markedly reduced insulin production: NOD, Akita and
NSG-DTR, which are models of autoimmune islet destruc-
tion, misfolded mutant proinsulin-induced toxicity and
toxin-mediated beta cell death, respectively. In all three
models, pancreas weight was unchanged in diabetic mice
compared with control mice (ESM Fig. 5). Thus, in mice, loss
of insulin or beta cells does not lead to reduced pancreatic
weight.
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Fig. 2 Pancreas from donors with type 1 diabetes has altered acinar cell
number and extracellular matrix. (a) Representative images of sections
from indicated pancreatic lobe regions. Individual acini were manually
outlined, cells counted based on DAPI staining, and average acinar cell
size calculated by dividing acinar area by cell number. Islet area is denot-
ed by the dotted line. Examples of outlined acini with counted cells are
shown in analysis markup panels. Col IV, collagen IV. Acinar cell size is
shown averaged across entire pancreas (b), separated by location within
pancreatic lobes (c) and by region of pancreas (d). (e) Acinar cell size vs
pancreas weight. (f) Estimated total cells per pancreas was calculated by

multiplying the cell density (cells per mm3) by pancreas weight. For (b–f)
n = 10 type 1 diabetic donors (T1D) and 11 non-diabetic donors (ND). (g)
Pancreas fibrosis was measured after Masson’s trichrome stain in n = 8
T1D and n = 9 ND pancreases, showing analysis markup and high-
magnification inset. Trichrome positive area (h) correlated with pancreas
weight (i). Bar graphs are mean ± SEM for all panels. For (e) and (i), solid
lines represent best fit line ±95% CI. The p values are calculated by
unpaired Student’s t test, except for (e) and (i), where the p value repre-
sents deviation of line of best fit from zero. **p<0.01 vs ND. Scale bars,
100 μm

Diabetologia (2020) 63:1418–1423 1421



Discussion

In individuals with type 1 diabetes the pancreas is approxi-
mately half the size of that in non-diabetic individuals, but the
nature of this change is poorly understood. By studying
human pancreatic tissue, we found qualitative and quantitative
changes in the endocrine and exocrine pancreas. In the
exocrine pancreas, there was a marked decrease in acinar cell
number and increased fibrosis, with no change in acinar cell
size, proliferation or apoptosis. The endocrine compartment
had reduced beta cell mass with slightly smaller and dysmor-
phic islets but unchanged alpha or delta cell mass.

Pancreas volume progressively declines during the first
year of type 1 diabetes [1], and first-degree relatives of indi-
viduals with diabetes have pancreas volumes intermediate
between those of diabetic and control individuals [2]. In the
current study, we found that pancreas size did not vary with
duration of disease, supporting the concept that loss of pancre-
atic mass occurs both prior to, and relatively early after, clin-
ical disease onset. Longitudinal imaging studies of individuals
over a range of diabetes durations and of their high-risk family
members will clarify the timing of these changes in pancreas
size. It is possible that this metric could be useful in defining
risk in diabetes intervention and prevention clinical trials.

The mechanism responsible for reduced acinar cell number
in diabetes is not clear. It is possible that acinar cells are affect-
ed by the autoimmune attack in type 1 diabetes, possibly
through cytokine-, cell- or antibody-mediated mechanisms
[8, 9]. On the other hand, early studies of cadaveric pancreas
from donors with recently diagnosed diabetes found exocrine
atrophy surrounding inflamed or insulin-deficient islets [10],
suggesting that local paracrine signalling may contribute to
changes in exocrine tissue. We did not see these changes in
diabetes of longer duration. Other possibilities, including alter-
ations in blood flow to exocrine tissue or altered developmen-
tal processes leading to decreased pancreas size prior to disease
onset, have not been studied extensively in human tissue.

Another potential mechanism is that loss of beta cell-
derived trophic factors leads to exocrine cell loss. Indeed,
some peri-islet acini exhibit alterations in amylase expression,
suggesting an islet–acinar axis [11]. Our results suggest that
changes in pancreas size are not caused by loss of beta cell-
derived paracrine growth factors. First, we observed no differ-
ences in acinar cell size, proliferation or apoptosis regardless
of proximity to islets. Second, pancreas size did not differ
between donors with childhood- or adult-onset diabetes unlike
what would be expected if a critical exocrine growth factor
were missing during the first two decades of life when the
exocrine pancreas grows most rapidly. Third, acknowledging
inter-species differences in islet structure, function and pathol-
ogy, the mouse data from three different models with similar-
ities to human type 1 diabetes did not show that insulin defi-
ciency leads to a reduction in pancreas size. Further studies of

early-onset diabetic tissue are required to better delineate the
mechanisms of exocrine cell loss.

These studies indicate that type 1 diabetes affects both the
exocrine and the endocrine compartments of the pancreas,
which is supported by clinical studies showing mild exocrine
deficiency in type 1 diabetes [12]. Elucidation of the timing
and mechanism of changes in acinar cell number may contrib-
ute to improved understanding of disease pathogenesis.
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