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Abstract

Objective: Type 1 diabetes (T1D) is characterized by autoimmune β-cell destruction, but 

exocrine pancreas abnormalities may also play a role in the disease pathophysiology. Herein, 

we review the current evidence of exocrine damage in T1D and discuss its underlying 

pathophysiology, clinical evaluation, and treatment.

Method: Extensive literature search was performed for “type 1 diabetes” and “exocrine 

dysfunction” on PubMed and Google Scholar databases.

Results: T1D pancreata are significantly smaller than controls, both in weight and volume. T 

cells, dendritic cells, neutrophils, and products of complement activation are seen in T1D exocrine 

tissues. Exocrine pancreas fibrosis, arteriosclerosis, fatty infiltration, and acinar atrophy are also 

observed on histology. Pancreatic exocrine insufficiency (PEI) can be assessed through direct 

exocrine testing, fecal elastase concentration, and measurement of serum exocrine enzymes. The 

prevalence of PEI in T1D varies by modality and study but is consistently greater than controls. 

The clinical relevance of PEI in T1D is debatable, as many patients with laboratory evidence 

of PEI are asymptomatic. However, in PEI-symptomatic patients reported benefits of pancreatic 

enzyme replacement therapy (PERT) include relief of gastrointestinal symptoms, improved quality 

of life, better glycemic control, and optimal nutrition.

Conclusion: Exocrine pancreas abnormalities often occur in T1D. Whether exocrine dysfunction 

occurs simultaneously with β-cell destruction, as a result of β-cell loss, or as a combination of 

both remains to be definitively answered. In T1D with gastrointestinal complaints, PEI should be 

evaluated, usually via fecal elastase measurements. PERT is recommended for T1D patients with 

symptoms and laboratory evidence of PEI.

INTRODUCTION

Type 1 diabetes mellitus (T1D) is an autoimmune endocrine disorder characterized by 

T-cell–mediated destruction of insulin-producing β-cells in the pancreatic islets. The 
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underlying etiology has yet to be fully elucidated, but evidence supports an environmental 

nidus with genetic predisposition (1). Pancreatic endocrine deficiency in T1D leads 

to hallmark hyperglycemia, and while subclinical for most patients, exocrine function 

may also be affected. Nearly a century has passed since the well-known discovery of 

insulin, but observations related to potential exocrine dysfunction in T1D predate even the 

groundbreaking effort by Banting et al (2). Famed pathologist, Dr. Russell Cecil, noted 

interacinar inflammation and decreased pancreas size in the diabetic pancreas in 1909 (3). In 

1925, exocrine dysfunction in T1D patients was described by Harvard gastroenterologist 

Dr. Chester Jones (4). Since then, additional abnormalities in the exocrine pancreas 

in T1D have been observed, including reductions in volume, fibrosis, arteriosclerosis, 

immune cell infiltration, acinar atrophy, and reduced amylase, lipase, and trypsinogen 

concentrations (3,5–33). This review summarizes the evidence documenting pancreatic 

exocrine dysfunction in T1D, explores possible causes, and integrates clinical relevance 

for endocrine practitioners. Finally, we discuss the treatment of pancreatic insufficiency in 

T1D patients and areas for future research.

EMBRYOLOGY AND ANATOMY OF THE PANCREAS

The human pancreas is formed at week 5 of gestation and starts as separate ventral 

(comprising part of the head and uncinate region) and dorsal anlagen (comprising remaining 

part of the head, and entire body and tail) before rotation and merging during week 

7 (34). Both exocrine and endocrine pancreata arise from a common progenitor of the 

foregut endoderm (35). The exocrine compartment of the pancreas accounts for over 95% 

of pancreatic mass. The base exocrine unit is called the acinus, comprised of acinar, 

centroacinar, and ductal epithelial cells. A lobule consists of hundreds of acini connected 

through intercalated ducts. Lobules drain via intralobular ducts, which come together at 

interlobular ducts and empty into the main pancreatic duct. The main pancreatic duct joins 

the accessory pancreatic duct and common bile duct to enter the duodenum at the ampulla 

of Vater (34). Acinar cells in immediate proximity to the islets are called peri-islets; those 

that are distal are termed tele-islets. Islets are intralobular and highly vascularized, receiving 

up to 20% of arterial blood supply to the pancreas despite representing approximately 2% of 

its mass. Islet efferent vessels drain into lobular capillaries or veins, creating an isletacinar 

portal system (35). Neurons of the sympathetic nervous system innervate the blood vessels 

of the pancreas via the splanchnic nerves and lead to vasoconstriction as well as reduced 

exocrine pancreas blood flow when stimulated (36).

NORMAL PHYSIOLOGY OF THE EXOCRINE PANCREAS

Acinar cells produce and store digestive (pro)enzymes, including proteases (trypsinogen, 

chymotrypsin, elastase, etc.), amylase, lipase, and nucleases, in zymogens. Fatty and 

amino acids in chyme stimulate intestinal release of cholecystokinin (CCK), a neuro-

enteroendocrine hormone. CCK activates the vagus nerve leading to cholinergic stimulation 

of acinar cells and consequent release of zymogen granules (35,37). Secretin and a decrease 

in duodenal pH from chyme cause ductal cells to release sodium, chloride, bicarbonate, and 

water into the pancreatic ducts via aquaporin and cystic fibrosis transmembrane conductance 

regular channels (37,38).
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The endocrine pancreas may also influence its exocrine counterpart, presumably by the 

aforementioned islet-acinar vascular axis. Islets are composed of endocrine cells, divided 

into five primary types. Over 75% of islet cells in the dorsal pancreatic lineage are β-cells, 

which produce insulin and amylin (while islets in the ventral lineage are mostly γ-cells). 

α-Cells produce glucagon, δ-cells produce somatostatin, γ-cells (also termed PP or F cells) 

produce pancreatic polypeptide (PP), and ε-cells produce ghrelin (34,39). As β-cells are 

the largest contributor to the islet-acinar axis, insulin may regulate exocrine function. High 

local insulin concentrations potentiate overall pancreatic growth (40). This may explain 

the histologic peri-insular “halos” comprised of acinar cells with larger size, zymogen 

granules, and nuclei (17,41,42). Insulin binds to receptors on acinar cells that stimulate 

growth, amylase synthesis, and secretion (43,44). PP, somatostatin, ghrelin, and many 

other lesser-known pancreatic hormones (adrenomedullin, neuropeptide Y, peptide YY, etc.) 

inhibit exocrine secretion (35). Glucagon’s effect on the exocrine pancreas is more complex, 

depending on the chronicity of stimulation and whether stimuli are received in a fasting 

versus fed state. Chronic glucagon exposure may lead to acinar atrophy (45). In a fasting 

or starved state (such as that of untreated diabetes), glucagon inhibits exocrine secretion but 

may stimulate secretion during satiation via amino acid stimulation (40,46). Thus the altered 

hormone profile in T1D likely impedes effective exocrine function.

THE EXOCRINE PANCREAS IN PATIENTS WITH DIABETES

The pancreata in all types of diabetes have been extensively studied (Table 1). The size of 

the pancreas in individuals with T1D is significantly smaller than controls despite β-cells 

only comprising a small percentage of pancreatic mass (14). Compared to age-matched 

controls, the weight of postmortem T1D pancreata is reduced by 35 to 45% (6,20,22,33). 

Imaging studies of those living with T1D have demonstrated that the volume of the 

pancreas is reduced 18 to 52% compared to controls, depending on method (i.e., ultrasound, 

computed tomography, or magnetic resonance imaging) (5,7,9,13,15,21,24,28,31,32). These 

data provide strong evidence to support the hypothesis that T1D is not just a disease of the 

endocrine compartment but also affects the pancreas at large.

Immune cells have been found in the exocrine pancreas in T1D, supporting a model of 

generalized pancreatic inflammation. T cells may contribute to destruction of the endocrine 

pancreas; however, along with dendritic cells, T cells are also reported to be present in 

exocrine tissues (3,10,14,25,29,30,39). Neutrophils and products of complement activation 

have also been found throughout the tissues of some T1D pancreata, suggesting evidence 

of innate immune system involvement (3,10,14,16,26,27,39). Other histologic changes 

shown in nonendocrine pancreatic tissue in T1D include fibrosis, fatty infiltration, and 

arteriosclerosis (3,10,14,20,29,33,47). Fibrosis is usually present in an inter-acinar fashion 

and associated with concomitant arteriosclerosis (3,33). Fibrosis and arteriosclerosis may 

be mediated by mesenchymal pancreatic stellate cells that potentiate fibrosis in the setting 

of hyperglycemia and hypoxia (48,49). Acinar atrophy is also observed in patients with 

prolonged duration of diabetes (10,20,29,33,50). Most recently, acinar cells were found to 

have similar size and proliferation but overall decreased number in T1D donors, regardless 

of time of diabetes onset (33). These observations provide further evidence in support of the 
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assertion that exocrine dysfunction is an important, though often unrecognized, component 

of T1D pathophysiology.

Studies comparing T1D pancreata to those in type 2 diabetes, autoantibody positive (AAb+) 

(pre-T1D), and autoantibody negative (AAb−) nondiabetic controls may provide additional 

clues to the genesis of the disease processes. We have shown that T1D donors lacking 

insulin-positive islet cells had reduced acinar tissue area compared to both AAb+ subjects 

and AAb− controls, suggesting that decreased acinar size may not occur until after the 

onset of symptomatic T1D (X. Tang, unpublished data under review, 2020). In contrast, 

significantly smaller pancreata were found in all first-degree relatives of T1D patients 

(smallest in AAb+) as compared to controls, positing that a baseline smaller pancreas is a 

risk factor for T1D from a shared genetic or environmental background (7). In another study, 

we demonstrated that serum trypsinogen levels, a reflection of exocrine function, were low 

in T1D individuals, with multiple AAb+ individuals also having reduced values compared 

to single AAb+ subjects and AAb− controls. These data suggest that exocrine dysfunction 

may evolve as progression to T1D occurs but may not be clinically apparent until the late 

pre-T1D phase (19).

UNDERLYING MECHANISMS OF EXOCRINE DYSFUNCTION

It remains to be determined whether T1D is a disorder of primarily β-cell loss (an effect of 

losing β-cells and insulin production) or associated with disease of the entire pancreas (from 

a shared primary mechanism).

Argument for Exocrine Dysfunction Secondary to β-Cell Loss

The effects of primary β-cell loss leading to subsequent exocrine damage can be divided 

into the categories of (1) endocrine dysfunction, (2) vascular damage, and (3) autonomic 

neuropathy:

1. Endocrine dysfunction: Insulin produced by β-cells may act as a trophic factor 

to acini within the isletacinar portal system (40). In the absence of high local 

insulin concentrations, acinar growth and enzyme production are reduced. This is 

supported by the observation that there is a greater reduction in body and tail size 

of the pancreas in T1D, compared to the head, where PP cells dominate islets 

instea d of β-cells (51). Unopposed glucagon and somatostatin release further 

contribute to inhibiting exocrine secretion (35).

2. Vascular damage: Islets receive 10 times more pancreatic blood flow 

than exocrine pancreatic tissues. In longstanding T1D, β-cell death and 

subsequent hyperglycemia further diminishes pancreatic blood supply through 

arteriosclerosis (3,14). This may lead to disruption of the islet-acinar portal 

system and in turn, acinar ischemia. The microvasculature of insulin-negative 

islets in T1D have smaller diameters and increased density compared to 

controls yet have similar peri-islet exocrine vessel characteristics (52). However, 

pericytes, mural cells that surrounds islet capillary endothelium, also control 

local blood flow. As β-cells release insulin, ATP is released, causing pericytes 

to relax and capillaries to dilate (53). While further studies are needed, it can be 
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hypothesized that in the absence of β-cells, pericytes remain contracted, reducing 

overall flow of pancreatic capillaries and decreasing perfusion.

3. Autonomic neuropathy: As cholinergic input is vital for the cephalic phase of 

digestion to stimulate acini to release zymogens, disruption in this pathway may 

contribute to exocrine dysfunction in T1D (37). Islets have a complex autonomic 

innervation network that also interacts with acinar cells, though those details are 

beyond the scope of this review (54). As hyperglycemia creates oxidative stress 

and can therefore induce nerve damage, the vagus network, the neuronal stimulus 

for zymogen release, can be blunted by diabetes (55). Gastrointestinal autonomic 

neuropathy may, therefore, coexist with exocrine insufficiency.

Argument for Primary Pancreatic Disorder Causing Exocrine Dysfunction and Diabetes

Inflammatory cells seen in both the islets and exocrine pancreas of T1D patients support 

more generalized pancreatic involvement prior to T1D onset (10,25). Exocrine AAb have 

also been observed in T1D. AAb to exocrine proteins including lactoferrin, carbonic 

anhydrase II (in ductal cells), amylase alpha-2A, pancreatic cytokeratin, and bile salt-

dependent lipase (BSDL) are reported significantly more often in T1D compared to 

controls (56–59). Panicot et al (57) found that BSDL AAb were also present in T1D 

first-degree relatives and those with prediabetes even before GAD65, IA-2, and insulin 

AAb were detected. Islet cell autoantigen (ICA69) is present in islets and also in acinar 

and ductal tissues (60). Whether exocrine AAb are pathogenic or more likely, a marker of 

inflammation, still needs to be explored. Significant destruction of β-cells with generalized 

pancreatic inflammation may occur due to a genetic predisposition for cellular fragility (61). 

Polymorphisms in genes that control apoptosis, DNA repair, and mitochondrial function 

have been identified in T1D patients and could result in reduced β-cell survivability in 

inflammatory states (62,63). T1D may, thus, occur in the setting of both exocrine and 

endocrine immunemediated inflammation but with pronounced, persistent destruction of 

especially fragile β-cells in high-risk genotypes (61).

Heterogeneity of Diabetes and Exocrine Dysfunction: Endotypes

The endotype hypothesis combines all of the suspected etiologies by acknowledging that 

T1D actually encompasses a heterogeneous group of pathologies (61,64). An endotype 

refers to a subtype of T1D that has a unique pathophysiology, such as cohorts with different 

human leukocyte antigen haplotypes or groups with distinct types of CD20 infiltration (64). 

A delineation of specific endotypes is beyond the scope of this review, but the concept is 

important to note, as each may affect the exocrine pancreas differently. As such, there may 

be variation in the severity, causes, and effects of exocrine dysfunction in T1D.

EVALUATION AND MANAGEMENT OF EXOCRINE INSUFFICIENCY IN T1D

The true prevalence of pancreatic exocrine insufficiency (PEI) in T1D patients is difficult 

to assess. Jones et al (4) first reported decreased enzyme activity after a cream meal in 

49% (69% in those under 30 years of age) of patients with diabetes. Later studies of PEI 

prevalence by direct testing has been reported in up to 80% of T1D patients based on trypsin 

measurement (12). Stimulated tests, such as secretin or cholecystokinin testing, are the gold 
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standard for diagnosis of PEI. However, these difficult tests require duodenal intubation 

for hours (8,11,12,18,23,39,65,66). Newer, less-invasive testing has been developed to 

assess PEI involving enzyme levels in serum, saliva, urine, or stool, with fecal elastase 

concentration (FEC) being the most studied and clinically available (67–71). The standard 

cut-off for PEI in FEC is 200 μg/g, which allows for a sensitivity of 96% and specificity 

of 88% based on pooled results from 6 studies (72). Of note, using FEC for PEI can result 

in false positives in the presence of other disease states, such as diarrhea from infection or 

celiac disease, necessitating that other causes are simultaneously evaluated and ruled out 

(73).

PEI in T1D clinically presents with diarrhea, bloating, cramping, and/or weight loss, largely 

from steatorrhea (74). However, these symptoms can be attributed to other complications 

of diabetes, such as gastrointestinal autonomic neuropathy (i.e., gastroparesis), steatorrhea 

from celiac disease, or bacterial overgrowth of the proximal small bowel (65,67). As such, 

the evaluation of gastrointestinal symptoms in T1D patients often requires further testing. 

Evaluation for celiac disease is especially warranted, as the risk is about 5 times greater 

in T1D patients than the general population. Celiac disease can be differentiated from 

PEI by elevated anti-tissue transglutaminase antibodies (or other celiac autoantibodies) and 

definitively diagnosed by small bowel biopsy (75). The clinical relevance of PEI in T1D 

is still largely unknown, as many patients with laboratory evidence of PEI are actually 

asymptomatic (67). One study found 42% of patients with diabetes (type 1 and 2) with 

gastrointestinal symptoms had low FEC-1, but they did not report if there was treatment 

with significant symptom improvement (74). Studies demonstrating benefits in treating 

asymptomatic T1D patients are lacking; thus, testing for PEI via FEC-1 should be reserved 

for those with chronic gastrointestinal symptoms (Fig. 1). Interestingly, in a follow-up study 

of 13 patients with a normal secretin-pancreozymin test, only 2 (~15%) developed abnormal 

results on repeat testing 11 years later, suggesting that if PEI is absent early in the course of 

T1D, it is unlikely to develop in longstanding disease (8).

The treatment of PEI is pancreatic enzyme replacement therapy (PERT) given as 

pancrelipase or pancreatin, a combination of protease, amylase, and lipase (Fig. 1). Possible 

benefits of treatment include resolution of gastrointestinal symptoms, improved quality of 

life, better glycemic control, decreased maldigestion-induced hypoglycemia, and optimal 

absorption of fat soluble vitamins (A, D, E, K) (76–79). Replacement of any vitamin 

or mineral deficiencies should occur simultaneously with PERT. Dosing of PERT was 

largely derived from cystic fibrosis patients and is represented as lipase units. Recommended 

starting doses are 1,000 lipase units/kg/meal for children under 4 years of age, 500 units/kg/

meal for children older than 4 years of age, and 20,000 to 40,000 units per meal for adults, 

titrated to clinical response to a maximum of 10,000 units/kg/day or 4,000 units per gram 

of fat consumed per day (77,80). The most common side effect of PERT is constipation, but 

large fluctuations in blood sugar and insulin requirements may occur when starting PERT in 

T1D patients due to improved digestion of starch (77,81). Continuous glucose monitors may 

be especially useful to curtail such variations and establish a new insulin regimen safely and 

efficiently.

Foster et al. Page 6

Endocr Pract. Author manuscript; available in PMC 2021 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CONCLUSION

The past century has revealed more about the intricacies of diabetes as advances in 

pathology, immunology, and radiology have resulted in better modalities of studying the 

pancreas. As our knowledge has progressed, additional questions into the pathophysiology 

of diabetes continue to arise. The exocrine component of the pancreas is significantly 

affected in T1D, both histologically and clinically. However, as discussed in this article, 

the sequence of pancreatic insults is debated, and more longitudinal studies are needed to 

further characterize how exocrine dysfunction occurs in T1D. As evidence of clear benefits 

of PERT in patients with subclinical PEI is lacking, stool studies should be reserved for 

patients with clinical symptoms. Unknowingly combining unique endotypes of T1D patients 

into one homogenous disease group clouds the picture of the intricate relationship between 

the exocrine and endocrine pancreas in T1D. The future of diabetes care may involve 

identification of a patient’s specific endotype with associated risk of concomitant exocrine 

disease, tailoring treatment to the individual while striving for a means to prevent and cure 

the disease.
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Fig. 1. 
Proposed algorithm for evaluation and treatment of pancreatic exocrine insufficiency (PEI) 

in type 1 diabetes (T1D).

+Mild PEI may still have fecal elastase concentration over 200 μg/g.

*False positives may result from other diarrheal diseases that dilute stool.

GI = gastrointestinal; PERT = pancreatic enzyme replacement therapy; SIBO = small 

intestinal bacterial overgrowth.
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