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Chapter 16
Exocrine Pancreatic Function in Diabetes
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 Introduction

The endocrine and exocrine pancreas is classically considered to be two separate 
organs. Diseases of the exocrine pancreas are mainly managed by gastroenterolo-
gists and surgeons, whereas diseases of the endocrine pancreas are managed by 
endocrinologists and diabetologists. This artificial subdivision of the pancreas into 
two different organs, which additionally are usually managed by different special-
ists, has limited the investigation and therefore the knowledge of the pancreatic 
endocrine–exocrine interaction, both in heath and disease [1].

The pancreas is in fact a single endocrine tubule-acinar gland with complex cell-
to-cell insulo-acinar-ductal communications through a pancreatic hormone–
enzyme–incretin gut hormone axis. The pancreatic endocrine–exocrine cell interface 
plays a major role in the communication between the islet and acinar cells. Insulin 
diffuses in the extracellular space, and interacts with the plasma membrane of all 
pancreatic cells. Pancreatic cells are thus exposed to very high levels of insulin that 
decrease progressively from peri-insular to tele-insular areas [2]. Insulin exerts a 
trophic and stimulatory effect on the acinar cells, thus playing a key role in the 
physiological exocrine pancreatic function and morphology [3]. A normal exocrine 
pancreatic function is needed for a normal digestion of nutrients. Digested nutrients 
by pancreatic enzymes synthesized by the acinar cells and delivered into the gut 
play, on the other hand, a major role in activating the enteroendocrine L-cells of the 
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ileum to synthesize and release incretin hormones such as the glucagon-like 
 peptide-1 (GLP-1). Finally, incretin-gut hormones are well known to exert a stimu-
latory effect on insulin and an inhibitory effect on glucagon release, and to improve 
insulin sensitivity [4]. Pancreatic hormones, pancreatic enzymes, and incretin-gut 
hormones are therefore constituents of a single physiological system. Alteration of 
any of the components of this insulo-acinar-incretin gut hormone axis has thus a 
negative functional impact on the others.

 Exocrine Pancreatic Secretion in Health

Secretion of pancreatic enzymes, such as lipase, amylase, and proteases, play a key 
role in digestion of macronutrients. Optimal digestion is obviously needed for 
absorption of nutrients, and thus it has a very relevant impact in the nutritional status 
of subjects. A low pancreatic secretion of enzymes and bicarbonate may thus be 
associated with maldigestion of nutrients, which in turn causes nutritional deficien-
cies and symptoms of malabsorption (diarrhea, steatorrhea, abdominal cramps, 
flatulence, abdominal distention, and weight loss) [5–7]. Pancreatic exocrine insuf-
ficiency is defined as the presence of maldigestion-related symptoms and/or nutri-
tional deficiencies as a consequence of a low pancreatic secretion.

The healthy exocrine pancreas has a cyclical basal secretion of enzymes and bicar-
bonate during the fasting state, which is closely coordinated with interdigestive phases 
of gastrointestinal motility, and release of hormones such as pancreatic polypeptide 
(PP) [8]. This coordinated fasting pancreatic secretion and gastrointestinal motility is 
considered as an intestinal housekeeper, sweeping the gut free of luminal debris and 
bacteria and preparing it for the next meal. Interdigestive cycles of pancreatic enzyme 
secretion and PP release are shortened and no longer temporally coordinated with 
gastrointestinal motility in pancreatic diseases such as chronic pancreatitis [9]. This 
could at least partly explain the high prevalence of intestinal bacterial overgrowth in 
these patients [10]. Hyperglycemia is known to reduce gastrointestinal motility [11]. 
In addition, small intestinal bacterial overgrowth is a frequent finding in diabetes, 
which has been associated with chronic diarrhea in these patients [12]. The role of 
interdigestive pancreatic secretion and its coordination with the gastrointestinal motil-
ity pattern in this scenario has not been properly addressed, but if altered, it could play 
a relevant role in the development of diabetes-associated gastrointestinal symptoms.

Ingestion of a meal disrupts the interdigestive pattern and induces a rapid increase 
of pancreatic enzyme secretion, to reach a stable stimulated enzyme delivery into 
the duodenum lasting for 3–4 h [13]. Before meal ingestion, sight, smell, and taste 
of food initiate the cephalic phase of digestive pancreatic enzyme secretion, which 
is mediated by the vagal cholinergic system [14]. Later, food-mediated gastric dis-
tention accounts for further stimulation of pancreatic secretion through cholinergic 
gastropancreatic reflexes. Once the nutrients reach the duodenal lumen, cholecysto-
kinin (CCK) is released by the duodenal I cells. CCK is the major mediator of the 
postprandial pancreatic secretion of enzymes [13]. The intensity and duration of the 
postprandially stimulated pancreatic enzyme secretion are influenced by the caloric 
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content, the nutrient composition, and the physical properties of the meal. 
Termination of the postprandial pattern of pancreatic enzyme secretion is probably 
mediated by hormones released from the distal intestinal mucosa, such as peptide 
YY and the glucagon-like peptide-1 (GLP-1). Therefore, GLP-1 is involved in the 
physiological function of both the endocrine and the exocrine pancreas.

 Evaluation of Exocrine Pancreatic Function

Exocrine pancreatic function may be mainly evaluated by means of direct tests, 
tubeless indirect tests, and fecal tests. Direct tests are based on the direct measure-
ment of pancreatic enzymes and bicarbonate output in samples of duodenal juice 
obtained after stimulation of the gland, either by intravenous administration of 
secretin and CCK or caerulein (secretin–pancreozymin test) or by ingestion of a test 
meal (Lundh’s test) [15]. These tests are the most sensitive method for evaluating 
pancreatic secretion, but they are invasive, cumbersome, time-consuming, and 
expensive, thus limiting their use in clinical practice. A modification of the classical 
secretin test is the so-called endoscopy pancreatic function test (ePFT). The ePFT is 
based on the measurement of bicarbonate concentration in samples of duodenal 
juice obtained during upper gastrointestinal endoscopy after intravenous secretin 
administration [16]. This test is more frequently used and more easily applicable 
into clinical practice than the standard secretin–pancreozymin test.

Indirect tests evaluate exocrine pancreatic function by quantifying the digestive 
ability of the gland. A substrate is orally given together with a test meal. Pancreatic 
enzymes hydrolyze the substrate within the duodenum, and the released metabolites 
are absorbed from the gut and can be measured either in serum, urine, or breath 
[15]. Indirect tests used in the past, such as the pancreolauryl test and the p-amino-
benzoic acid (PABA)-test, are no longer commercially available in the majority of 
countries. More recently, an optimized breath test with 13C-labeled mixed triglycer-
ides (13C-MTG) as substrate has been reported [17], and it is commercially available 
in some countries.

Fecal tests are based on the quantification of pancreatic enzyme concentration 
(elastase) or activity (chymotrypsin) in feces. Enzymes are deactivated and diluted 
or concentrated to a variable degree during the intestinal passage; this must be taken 
into account for an adequate interpretation of the test results.

Pancreatic elastase is highly stable along the gastrointestinal transit, and the 
fecal concentration of this enzyme significantly correlates with the amount of 
enzyme secreted by the exocrine pancreas. The fecal elastase test is based on the 
quantification of this pancreatic specific enzyme in a small sample of feces. The 
enzyme is stable at room temperature for 1 week, and the quantification of its 
concentration is based on a standard enzyme-immunoassay technique, which 
makes the test easily applicable to clinical practice [18]. A fecal elastase con-
centration below 200 μg/g is considered abnormally low, whereas concentra-
tions below 100  μg/g and 50  μg/g are considered as moderate and severe 
reduction of pancreatic secretion, respectively [18].
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Exocrine pancreatic function can also be measured indirectly in feces by means 
of the quantification of the coefficient of fat absorption (CFA). CFA quantification 
is still considered to be the gold standard for the diagnosis of pancreatic exocrine 
insufficiency with fat maldigestion [7, 15]. However, this test has several and impor-
tant disadvantages, limiting its clinical applicability. Patients must stay on a stan-
dard diet containing 100 g of fat daily during 5 consecutive days, and they have to 
collect the whole amount of feces produced over the last 3 days of diet. This is not 
easy to comply with for many patients. Patient compliance is not only a limitation 
for fecal fat quantification but also for the handling of stool samples in the lab.

 Exocrine Pancreatic Secretion in Type 1 Diabetes

The exocrine pancreas becomes atrophic in patients with type 1 diabetes. This find-
ing has been consistently demonstrated both in autopsy studies [18, 19] and in stud-
ies using imaging techniques [19–21]. Pancreatic atrophy in type 1 diabetes is at 
least partly secondary to the loss of the trophic and stimulatory effect of insulin on 
the exocrine pancreas. However, inflammatory infiltration of the exocrine pancreas 
may play a role in the pathogenesis of type 1 diabetes, and the disease is likely to 
affect the entire pancreas rather than solely the islet beta cells [22]. In fact, CD8+ T 
cells, which are generally accepted to be involved in the destruction of beta cells, 
and thus in the pathogenesis of type 1 diabetes, have been shown to significantly 
infiltrate the exocrine pancreas as well [23]. The impact of CD8+ T cells infiltrating 
the exocrine pancreas remains to be determined, but they could be involved in the 
atrophy of the gland and the decreased exocrine function.

Several studies have evaluated the pancreatic secretion of enzymes in patients 
with type 1 diabetes by means of the classical secretin–pancreozymin test and by 
the quantification of pancreatic enzymes, mainly elastase, in feces [24–28]. Studies 
using the secretin–pancreozymin test have consistently reported an abnormally low 
secretion of pancreatic enzymes and bicarbonate in about 70–80% of type 1 diabetic 
patients [24–27]. Decreased pancreatic secretion of enzymes and bicarbonate cor-
relates with diabetes duration [26] and diabetes control [27]. Similarly, studies 
using the fecal elastase test in patients with type 1 diabetes show a moderate to 
severe decrease of pancreatic secretion in up to 44% of the cases [28, 29].

Together with a low pancreatic secretion, non-pancreatic mechanisms seem to 
contribute to maldigestion in diabetes. This was suggested in a recent study that 
evaluated fat digestion by means of the 13C-MTG breath test [30]. An abnormally 
low breath test result was reported in more than half of the patients with diabetes, 
but few of them had a low output of pancreatic lipase as evaluated by the secretin–
caerulein test.

Reduced exocrine pancreatic secretion in type 1 diabetes is generally considered 
clinically irrelevant, and is even frequently ignored. However, a decreased  pancreatic 
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secretion in these patients could be associated with symptoms of maldigestion and 
malabsorption of nutrients (diarrhea, flatulence, abdominal distention, abdominal 
cramps) and to a low incretin-gut hormone release. Further studies are needed to 
further understand the impact of a low secretion of pancreatic enzymes in patients 
with type 1 diabetes.

 Exocrine Pancreatic Secretion in Type 2 Diabetes

The normal structural islet–exocrine interface is lost due to fibrosis during the 
remodeling changes associated with type 2 diabetes [31]. Patients with type 2 dia-
betes develop fibrosis of the islet–exocrine interface and the endoacinar and inter-
lobular periacinar interstitium. This rupture of the close islet–exocrine interface is 
associated with the loss of the endocrine–exocrine cell–cell crosstalk [32]. A peri-
capillary remodeling fibrosis has been also identified in animal models of type 2 
diabetes, which may result in a diffusion barrier to islet secretory granules [33]. 
Together with loss of β-cell due to apoptosis, there is a loss of acinar cells in patients 
with type 2 diabetes due to apoptosis. Both endocrine and exocrine parenchyma are 
thus replaced by fibrosis and adipose tissue. These changes develop in parallel with 
pancreatic vascular remodeling changes [31]. All these changes result in impaired 
insulin delivery to the hepatic portal system and delivery of pancreatic enzymes to 
the gut. As interstitial fibrosis progresses, the trophic and stimulatory effects of 
insulin on acinar cells may be importantly impaired. Pancreatic enzyme secretion 
may be thus markedly reduced and intraluminal digestion of nutrients may be 
impaired, which may lead to a reduced gut-hormone release [34].

Exocrine pancreatic secretion of enzymes and bicarbonate in patients with type 
2 diabetes has been studied by means of the secretin–pancreozymin test by several 
authors [26, 27, 35, 36]. These studies reported a reduced pancreatic secretion in 
27–100% of patients. In addition, type 2 diabetes is associated with a fecal elastase 
concentration lower than 200 μg/g in one-third of the patients [37], and with moder-
ate to severe reduction of fecal elastase concentration in 12–20% of the patients [28, 
38]. Fecal elastase appeared to positively correlate with circulating levels of 
C-peptide, lipase and C-reactive protein, gender, and body mass index in one study, 
but not with duration of diabetes or HbA1c levels [37]. Nevertheless, patients with 
HbA1C  ≥  7% have significantly lower fecal elastase levels than patients with 
HbA1C < 7% [39]. In addition, low fecal elastase concentrations have been associ-
ated with high fasting plasma triglycerides levels in type 2 diabetes [40].

The impact of decreased exocrine pancreatic secretion of enzymes and bicarbon-
ate in patients with type 2 diabetes deserves further investigation. This exocrine 
impairment may be associated with gastrointestinal symptoms similar to those usu-
ally related to diabetic neuropathy, as well as with a low gut-incretin hormone 
release and poor glycemic control.
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