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ABSTRACT
Introduction Aim of this study was to investigate the 
pancreatic exocrine function in patients with type 1 
diabetes (T1D) by multiple non- invasive tests.
Research design and methods The study is a single- 
center, cross- sectional study of pancreatic exocrine 
function in adult patients with new- onset or long- standing 
T1D and healthy controls.
Results Healthy controls, new- onset T1D, and long- standing 
T1D were similar for age at the time of the study, gender 
and body mass index (BMI) categories. Age of onset of T1D 
patients with long- standing disease was younger than that 
of patients with new- onset T1D (p<0.001). As expected, 
the three groups differed for C- peptide and hemoglobin 
A1c (HbA1c) levels. Lipase activity measured by 13C- mixed 
triglyceride breath test was reduced progressively, although 
not significantly, from controls to recent- onset T1D and long- 
standing T1D participants. Fecal elastase-1 was significantly 
lower in participants with T1D, either new onset or long 
standing. Pancreatic amylase, lipase, retinol binding protein and 
prealbumin were significantly different across the groups, with 
a significant trend toward lower values in long- standing T1D 
and intermediate values in new- onset T1D, while no differences 
were observed for total amylase. The markers of impaired 
exocrine function tests (fecal elastase-1, serum pancreatic 
amylase and lipase) and of nutritional status (retinol binding 
protein and prealbumin levels) correlated with the reduction of 
fasting and urinary C- peptide.
Conclusions Our results confirm that exocrine pancreatic 
impairment is a feature of T1D, with low fecal elastase-1, 
serum pancreatic amylase and lipase as specific markers, 
associated with reduced levels of nutritional indexes. Moreover, 
the evidence of more advanced insufficiency in long- standing 
disease reflects the chronic nature of this process, and its 
correlation with the residual β-cell function suggests parallel 
pathways for the impairment of the endocrine and exocrine 
pancreatic function.

INTRODUCTION
Type 1 diabetes (T1D) is a chronic autoim-
mune disease in which insulin producing 
β-cells are selectively destroyed within 
pancreatic islets.1 Not surprisingly, studies 
on the pathogenesis and pathophysiology of 
T1D have been focused on β-cells and other 
islet cells, based on the assumption that the 
endocrine pancreas is a functional structure 

separated from, although anatomically 
embedded in, the exocrine pancreas.2

Investigations on the possible interactions 
between diabetes- associated islet abnormal-
ities and pancreatic exocrine function date 
back decades ago, showing different degrees 
of exocrine dysfunctions, generally with 
marginal, if any, clinical impact.3–10

The subsequent availability of indirect tests 
for measuring exocrine pancreatic function, 
such as fecal elastase 1,11 allowed the conduc-
tion of larger studies, which demonstrated 

Significance of this study

What is already known about this subject?
 ► Several studies in the past decades have reported 
impaired exocrine pancreatic function in patients 
with diabetes, especially type 1 diabetes (T1D).

What are the new findings?
 ► We confirm that exocrine pancreatic impairment is 
a feature of T1D, with low fecal elastase-1, serum 
pancreatic amylase and lipase as specific markers 
using non- invasive methods. We found more ad-
vanced insufficiency in long- standing T1D as to re-
flect the progressive nature of the process.

 ► In patients with T1D, there are low fecal elastase-1, 
serum pancreatic amylase and lipase.

 ► There is more advanced pancreatic exocrine insuf-
ficiency in long- standing T1D as to reflect the pro-
gressive nature of the process.

 ► There is a correlation between the progressive im-
pairment of exocrine and endocrine pancreatic func-
tion along the natural history of T1D.

 ► Research for mechanisms responsible for T1D 
should include the exocrine pancreas as target 
organ.

How might these results change the focus of 
research or clinical practice?

 ► The correlation of exocrine pancreatic impairment 
with residual β-cell function suggests associated 
and maybe interdependent mechanisms underlying 
disease progression.
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an excess of impaired exocrine pancreatic function in 
patients with diabetes, especially T1D.12

In recent years, the involvement of the exocrine compo-
nent of the pancreas in the pathogenesis of T1D has 
been revisited, based on the accumulation of evidence, 
including reduction of pancreatic volume,10 13–15 and 
estimated weight,16 17 intraparenchymal neutrophil and 
monocyte infiltration,18–20 peri- islet fibrosis and acinar 
atrophy,21 reduction of circulating trypsinogen22 and 
trypsin,8 and altered amylase expression patterns.23 
Interestingly, many of these abnormalities were 
observed already during the presymptomatic phase of 
the disease, that is, in individuals with normal glucose 
tolerance, although positive for circulating islet auto-
antibodies,15–17 20 22 23 suggesting that these features are 
associated with the pathogenesis of T1D, rather than 
secondary to its metabolic abnormalities.

The non- invasive assessment of the pancreatic exocrine 
function is possible, although mild and subclinical alter-
ations remain difficult to document.24 The aim of this 
study was to investigate pancreatic exocrine function 
in patients with T1D using different indirect diagnostic 
tests, including the dynamic 13C- mixed triglyceride 
breath test, the measurement of fecal elastase-1, fasting 
serum pancreatic amylase and lipase, as well as markers 
of nutritional status, in comparison with matched healthy 
control individuals. Patients with T1D included two 
groups, recently diagnosed and long standing, with the 
objective of characterizing potential abnormalities, also 
with respect to the natural course of disease.

RESEARCH DESIGN AND METHODS
Study design
The study is a single- center, cross- sectional study of 
pancreatic exocrine function in adult patients with new- 
onset or long- standing T1D and age- matched healthy 
controls. All participants signed an informed consent 
prior to their screening visit.

Study participants
The following group subjects were enrolled in the study: 
adult (≥18 years of age) patients with a diagnosis of T1D 
according to the American Diabetes Association,25 subdi-
vided into two subgroups: recent onset: having been diag-
nosed and treated with insulin for less than 4 months, 
with positivity for at least one islet autoantibody among 
GADA, IAA, IA2A and ZnT8A; and long standing: with 
established disease for at least 5 years or longer, also 
screened, but not necessarily positive for islet autoanti-
bodies; and matched healthy volunteers, negative for islet 
autoantibodies. Exclusion criteria included: symptomatic 
or active gastroenteric diseases; medications acting on the 
digestive system (including prokinetic or anticholinergic 
agents); possible severe pancreatic exocrine insufficiency 
according to the Italian Gastroenterological Society stan-
dardized questionnaire26; and known nut allergy.

Exocrine pancreatic function tests
Exocrine pancreatic function was assessed by the 
following measurements.

Lipase activity was assessed in vivo by the dynamic 13C- 
mixed triglyceride breath test (MTGT), performed after 
an overnight fast.27 Participants were instructed to avoid 
foods naturally enriched in 13C (like pineapple, corn and 
cane sugar) during the 48 hours preceding the test. The 
13C- labeled triglycerides (1,3- distearyl, 2[carboxyl-13C] 
octanoyl glycerol) were mixed with 30 g of a chocolate 
and nut paste and spread on 25 g of gluten- free crackers. 
Expired air was collected before consumption of the stan-
dardized fat meal and every 30 min for 4 hours thereafter. 
The 13C content of the expired air was measured by mass 
spectrometry and expressed as hourly and cumulative 
percent recovery of the ingested dose, providing an indi-
rect estimate of pancreatic lipase activity (AB Analitica, 
Padua, Italy; normal pancreatic lipase activity >30%).

Fecal elastase-1 concentration was measured on a fecal 
sample collected by patients at home in the 24 hours 
preceding the breath test. A highly sensitive, two mono-
clonal antibody- based ELISA for human duodenal and 
fecal elastase-1 was used for the assay (ScheBo Biotech 
AG, Giessen, Germany). Concentrations of fecal elastase 
1>200 µg/g of feces were considered normal; concentra-
tions ranging between 100 and 200 µg/g were indicative 
of mild- to- moderate pancreatic insufficiency, whereas 
severe pancreatic insufficiency was defined by levels 
below 100 µg/g.

Serum total and pancreatic amylase and lipase concentra-
tions were measured on morning fasting venous blood 
samples by automated methods (Roche Diagnostics 
GmbH, Mannheim, Germany: IFCC PNP- G7 for total 
amylase, reference range 28–100 U/L; immunoinhibi-
tion for pancreatic amylase, reference range 13–53 U/L; 
and enzymaticcolorimetric method for lipase, reference 
range 0–60 U/L).

Markers of nutritional status
The followings were measured: serum prealbumin (turbidi-
metric method; reference range 0.2–0.4 g/L; Roche Diag-
nostics GmbH), retinol binding protein (turbidimetric 
method; reference range 15–67 mg/L; Optilite Binding Site, 
Birmingham, UK), and ferritin (electrochemiluminescence; 
reference range 30–400 µg/L; Roche Diagnostics GmbH). 
Vitamin D was not included as a marker due to the high 
prevalence of subclinical vitamin D deficiency in the general 
population of Northern Italy.28

Endocrine pancreatic function tests
Serum fasting C- peptide was measured by ElectroChemilu-
minescent Assay, CLIA, on automatic Instrumentation 
Cobas 8000 (Roche Diagnostics GmbH).

Urinary C- peptide was measured on spot urine using 
Ultrasensitive C- peptide ELISA cat. 10-1141-01 (Mercodia 
AB, Uppsala, Sweden). Serum fasting C- peptide and spot 
urinary C- pepitde were highly correlated (p<0.001).
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Fasting plasma glucose, glycated hemoglobin, complete 
blood count, serum lipid profile, inflammatory markers, 
magnesium, renal and liver function tests, and fecal calpro-
tectin were measured by standard laboratory assays.

Statistical analysis
Statistical analysis was performed using STATA V.11.0. Cate-
gorical variables are presented as frequencies and percent-
ages. The Shapiro- Wilk test and box plots were used to 
investigate distributions of quantitative variables. Normally 
distributed continuous variables were presented as mean±SD 
and compared using analysis of variance or unpaired 
Student’s t- test, as appropriate. Non- normally distributed 
continuous variables are presented as median and IQR and 
compared using Kruskal- Wallis test or Mann- Whitney test, 
as appropriate. Correlation between normally distributed 
variables was tested by Pearson correlation coefficient; when 
non- normally distributed variables were considered, Spear-
man’s rank correlation test was used. A two- sided p value 
<0.05 was considered statistically significant.

RESULTS
Demographic and clinical characteristics
Demographics and clinical characteristics of study partic-
ipants are summarized in table 1.

The three groups of participants (healthy controls, 
new- onset T1D, and long- standing T1D) did not differ 
for age at the time of the study, proportion of females 

and BMI categories. Groups were similar also for total 
cholesterol, HDL cholesterol, liver function tests, creati-
nine and CRP (data not shown). The age of onset of T1D 
patients with long- standing disease was younger than that 
of patients with new- onset T1D (p<0.001), since our study 
was approved for adult patients only. As expected, the 
three groups differed for C- peptide and HbA1c levels. 
The islet autoantibody profile of study participants is 
reported in online supplemental table 1; although posi-
tivity for islet autoantibodies was not an inclusion crite-
rion for long- standing T1D patients due to the fact that 
autoantibodies may become undetectable after disease 
onset, 18 out of 19 of them had one or more persistent 
autoantibodies, making the two T1D subgroups homoge-
neous with regard to their islet autoantibody status.

Pancreatic exocrine function and selected nutritional indexes
Pancreatic exocrine function and selected nutritional 
indexes are reported in table 2 and figure 1.

On average, pancreatic exocrine function tests in both 
healthy controls and T1D participants were within the 
normal reference range, as expected since we excluded 
individuals with possible severe pancreatic exocrine 
insufficiency. Lipase activity measured by 13C- mixed 
triglyceride breath test showed a trend, although not 
statistically significant, towards a reduction going from 
controls to recent- onset T1D and long- standing T1D 
participants. Fecal elastase-1 was significantly lower in 

Table 1 General characteristics of study participants, by group

Controls New- onset T1D Long- standing T1D P value

N 25 12 19

Age (years) 28 (24–31) 25 (18–36) 30 (20–38) 0.6414

Gender female (%) 11 (44.0) 3 (23.1) 12 (63.2) 0.0760

Age at T1D onset (year) – 25 (18–36) 14 (9–23) 0.0035

Disease duration – 36 days (29-89) 13.5 year (9.6–18.1) <0.0001

BMI (kg/m2) 24.1 (22.4–26.4) 20.7 (19.5–22.2) 22.8 (21.1–23.8) 0.0166*

BMI ≤18.49 kg/m2 0 0 1 0.3711

18.50≤BMI≤24.99 kg/m2 15 10 15 0.2277

25≤BMI≤29.99 kg/m2 6 2 2 0.5089

BMI≥30.0 kg/m2 4 0 1 0.2200

Fasting C- peptide (ng/mL) 1.43 (1.17–1.64) 0.77 (0.36–1.09) 0.20 (0.20–0.20) 0.0001†

Plasma glucose (mg/dL) 72 (67–79) 114 (85–120) 89 (74–155) 0.0001‡

HbA1c (mmol/mol) 31 (29–33) 64 (48–76) 56 (53–59) <0.0001§

Continuous variables are presented as median and IQR in parentheses; categorical variables are presented as frequency and per cent in 
parentheses.
*P=0.0077: new- onset T1D versus controls; p=0.1431: long- standing T1D versus controls; p=0.0962: new- onset T1D versus long- standing 
T1D.
†P=0.0002: new- onset T1D versus controls; p<0.0001: long- standing T1D versus controls; p<0.0001: new- onset T1D versus long- standing 
T1D.
‡P<0.0001: new- onset T1D versus controls; p=0.0010: long- standing T1D versus controls; p=0.1320: new- onset T1D versus long- standing 
T1D.
§P<0.0001: new- onset T1D versus controls; p<0.0001: long- standing T1D versus controls; p=0.3373: new- onset T1D versus long- standing 
T1D.
BMI, body mass index; HbA1c, hemoglobin A1c; T1D, type 1 diabetes.
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participants with T1D, either new onset or long standing. 
Pancreatic amylase, lipase, retinol binding protein 
and prealbumin were significantly different across the 
groups, with a significant trend towards lower values in 
long- standing T1D and intermediate values in new- onset 
T1D, while no differences between the three groups 
were observed for total amylase. None of the remaining 
variables showed differences across the three groups of 
participants.

The reductions of fecal elastase-1, serum pancreatic 
amylase and lipase were highly correlated with the reduc-
tion of fasting and urinary C- peptide (all p<0.001), while 
no correlation was found with lipase activity. The markers 
of nutritional status retinol binding protein and preal-
bumin were also highly correlated with serum fasting and 
urinary C- peptide (all p<0.001).

DISCUSSION
Abnormalities of the pancreatic exocrine function in 
T1D have recently received renewed attention, because of 
their potential role in the pathogenesis of the disease,13–23 
having been detected also during the presymptomatic 
phase of T1D, that is, in islet autoantibody positive indi-
viduals.15–17 20–23

Our findings confirm the evidence of some degree 
of impairment of the pancreatic exocrine function in 
patients with T1D, compared with healthy controls. 
Lipase activity was reduced as a non- significant trend 
when measured by the 13C- mixed triglyceride breath 
test, while functional insufficiency was more manifest 
and significant when reflected by the reduction of fecal 
elastase-1 and serum pancreatic amylase and lipase. 

Moreover, some markers of nutritional status, such as 
retinol binding protein and prealbumin, were also found 
to be reduced in T1D study participants.

Subclinical abnormalities of the exocrine function 
are difficult to measure, and this may explain why their 
detection in patients with T1D has been neglected for so 
long.24 None of the non- invasive pancreatic function tests 
is sensitive enough to diagnose mild to moderate exocrine 
pancreatic insufficiency29; fecal elastase-1 currently is the 
most used test for screening pancreatic exocrine insuf-
ficiency,30 with 13C- mixed triglyceride breath test being 
an alternative, which has become widely used in recent 
times because of its simplicity and safety.27 31

Our study shows a significant reduction of fecal 
elastase-1 in T1D compared with healthy controls, 
progressing from new- onset to long- standing patients, 
while 13C- mixed triglyceride breath test showed a reduc-
tion, although not significant, of lipase activity. In addi-
tion, serum pancreatic amylase and lipase were reduced 
in T1D study participants, with no changes in total 
amylase. Low serum pancreatic enzymes have long been 
observed in patients with diabetes, particularly those with 
T1D,5 6 8 9 32 but only recently they have been accepted 
as highly specific markers of chronic pancreatic insuf-
ficiency in subjects without diabetes.33 Our findings in 
adult patients with T1D are consistent with those reported 
in children34 35 and reinforce the evidence of the pres-
ence of exocrine pancreatic abnormalities in patients 
with T1D. Regrettably, the reduction of lipase activity as 
measured by 13C- mixed triglyceride breath test was not 
statistically significant, possibly because of its relative low 
specificity, as previously reported.36

Table 2 Pancreatic exocrine function and selected nutritional indexes, by group

Controls New- onset T1D Long- standing T1D P value

N 25 12 19

Lipase activity (%) 121.3 (93.7–175.5) 118.8 (88.8–143.0) 116.7 (87.4–141.4) 0.4893

Fecal elastase (µg/g) 500 (500–500) 474 (353.5–500) 380 (281–500) 0.0020§

Total amylase (U/L) 65 (54–76) 63 (35–86) 50 (39–74) 0.1293

Pancreatic amylase (U/L) 28 (23–35) 25 (14–41) 18 (14–21) 0.0013¶

Lipase (U/L) 30 (25–33) 26 (21–39) 22 (19–26) 0.0106*

Retinol binding protein (g/L) 0.042 (0.035–0.047) 0.037 (0.035–0.042) 0.031 (0.025–0.034) 0.0002†

Prealbumin (g/L) 0.28 (0.24–0.32) 0.26 (0.25–0.29) 0.20 (0.18–0.22) 0.0001‡

Continuous variables are presented as median and IQR in parentheses; categorical variables are presented as frequency and per cent in 
parentheses.
*P=0.5482: new- onset T1D versus controls; p=0.0019: long- standing T1D versus controls; p=0.1149: new- onset T1D versus long- standing 
T1D (test for trend: p=0.037).
†P=0.4062: new- onset T1D versus controls; p=0.0001: long- standing T1D versus controls; p=0.0042: new- onset T1D versus long- standing 
T1D (test for trend: p=0.002).
‡P=0.5761: new- onset T1D versus controls; p<0.0001: long- standing T1D versus controls; p=0.0001: new- onset T1D versus long- standing 
T1D (test for trend: p<0.0001).
§P=0.0070: new- onset T1D versus controls; p=0.0010: long- standing T1D versus controls; p=0.2362: new- onset T1D versus long- standing 
T1D (test for trend: p=0.199).
¶P=0.5203: new- onset T1D versus controls; p=0.0001: long- standing T1D versus controls; p=0.1825: new- onset T1D versus long- standing 
T1D (test for trend: p=0.014).
T1D, type 1 diabetes.
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The subgroup analysis of patients with T1D according 
to the duration of disease showed more marked abnor-
malities in long standing than new onset, consistently 
with a progressive worsening of pancreatic exocrine insuf-
ficiency along the course of the disease. Since the natural 
history of exocrine pancreas abnormalities in T1D is not 
known, considering that the earliest evidence of exocrine 
pancreatic abnormalities have been shown already during 
the presymptomatic phase of T1D,15–17 20–23 it is likely that 
exocrine pancreatic dysfunction develops and persists 
during the whole natural history of T1D.

An additional finding is the correlation of exocrine 
pancreatic insufficiency with residual C- peptide levels, 
already reported in the past in two studies,9 37 suggesting 
that changes in endocrine pancreatic function progress 
in parallel with those of the exocrine pancreatic function, 
possibly reflecting some similar mechanisms between the 
two associated pathogenetic patterns.

The finding of lower concentrations of retinol binding 
protein and prealbumin in T1D compared with healthy 
controls confirms a previous observations in the contest 
of uncontrolled disease,38 39 and their association with 

Figure 1 Serum lipase (upper left panel), pancreatic amylase (upper right panel), fecal elastase (middle left panel), lipase 
activity (middle right panel), retinol binding protein (lower left panel) and prealbumin (lower right panel), by group. T1D, type 1 
diabetes.
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lower C- peptide levels emphasizes the role of residual 
β-cell function to maintain the nutritional status in 
patients with T1D. In our study, the correlation with 
parameters of the exocrine function suggests that even 
subclinical alterations of pancreatic function may impact 
on nutritional status.

The pathogenetic mechanisms underlying chronic 
insufficiency of exocrine pancreatic function in T1D 
are unknown: the most intuitive reading is the parallel 
between functional insufficiency and reduced pancreas 
size.10 13–15 40 Lack of insulinotropic effect on acinar cells 
secondary to β-cell depletion was claimed as the primary 
mechanism for the reduced pancreatic volume,14 41 but 
the contribution of acinar atrophy was also reported, 
independently of β-cell survival.21

An alternative view to explain size reduction and asso-
ciated functional insufficiency is inflammation of the 
exocrine pancreas and autophagy. Several reports indi-
cate different degrees of leukocyte infiltration of the 
exocrine pancreas in patients with T1D, including occa-
sional pictures of acute pancreatitis or diffuse mononu-
clear infiltrates,42 dendritic cell and T cells infiltrates,19 
and mild neutrophils infiltration.18 20 On the contrary, 
autoimmunity does not seem to affect the exocrine 
pancreas, at least as far as it might be reflected by the 
presence of T1D associated islet cell antibodies, selec-
tively staining islets out of the exocrine background 
in immunofluorescence on pancreatic cryosections.43 
In fact, although some autoantibodies specific for 
exocrine pancreatic antigens have been occasionally 
reported,44–46 none of those findings has been subse-
quently validated.

Our study has limitations. First, the relatively small 
number of study participants in each group, due to 
the commitment to perform the dynamic 13C- mixed 
triglyceride breath test. Second, we were not approved for 
including children or adolescents in this study and, there-
fore, we could not study pancreatic exocrine function in 
individuals during presymptomatic phase of T1D, that is, 
in individuals with normal glucose tolerance, although 
positive for circulating islet autoantibodies. In addition, 
patients with long- standing T1D were diagnosed at a 
significantly younger age than patients with new- onset 
T1D, and we cannot exclude that some differences in the 
pathophysiology may exist between childhood- onset and 
adult- onset T1D. However, the homogeneous autoanti-
body status suggests a substantial similarity between the 
two subgroups included in the study.

In conclusion, our results confirm that exocrine pancre-
atic impairment is a feature of T1D,47 having low fecal 
elastase-1 and serum pancreatic amylase and lipase as the 
most specific markers. Moreover, the evidence of more 
advanced insufficiency in long- standing disease reflects 
the chronic nature of this process, while the correlation 
with residual β-cell function suggests a close interplay 
connecting the impairment of the endocrine with that 
of the exocrine components. Further studies are needed 
to clarify the exocrine pancreatic contribution to the 

pathogenesis of T1D and its still unrecognized clinical 
equivalent.
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