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OBJECTIVES: Diabetes has become an epidemic in developed and developing countries alike, with an increased demand for new
efficacious treatments. A large body of pre-clinical evidence suggests that the gut–brain axis may be exploited as a potential
therapeutic target for defective glucose homeostasis. This clinical study aimed to investigate a comprehensive panel of
glucoregulatory peptides, released by both the gut and brain, in individuals after acute pancreatitis.
METHODS: Fasting levels of glucagon-like peptide-1 (GLP-1), glicentin, oxyntomodulin, peptide YY, ghrelin, cholecystokinin,
vasoactive intestinal peptide (VIP), and secretin were studied. Modified Poisson and multivariable linear regression analyses were
conducted. Pre-determined concentration ranges were used to categorize each peptide into quartiles.
RESULTS: A total of 83 individuals were included, of who 30 (36%) developed abnormal glucose metabolism (AGM) after acute
pancreatitis. In individuals with AGM, the highest quartile of oxyntomodulin differed most significantly from the lowest quartile with
a prevalence ratio (PR; 95% confidence interval) of 0.50 (0.21, 1.20; P= 0.005); of glicentin with a PR of 0.26 (0.13, 0.54; Po0.001);
and of VIP with a PR of 0.34 (0.13, 0.89; P= 0.043). Peptide YY, GLP-1, cholecystokinin, ghrelin, and secretin were not significantly
associated with AGM.
CONCLUSIONS: Fasting circulating oxyntomodulin, glicentin, and VIP levels are significantly decreased in patients with defective
glucose homeostasis after acute pancreatitis. Oxyntomodulin appears to be a promising therapeutic target for future clinical
studies on diabetes associated with diseases of the exocrine pancreas.
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INTRODUCTION

Diabetes is a pervasive disease with a tremendous health and
economic burden; an estimated 285 million people worldwide
were affected by the disease in 2010, and it is projected to
increase to 439 million by 2030.1 This is a 69% increase in
number of adults with diabetes in developing countries, and
20% increase in developed countries over the span of 20
years.1 Therapeutic armamentarium for treating diabetes has
broadened considerably in the last decade (glucagon-like
peptide-1 (GLP-1) agonists, inhibitors of dipeptidyl peptidase-
4), driven partly by improved understanding of the role of the
gut in diabetes,2–4 while metformin remains first choice oral
glucose-lowering drug in type 2 diabetes and has profound
effects on the gut.5

The gastrointestinal tract had first been implicated in the
pathogenesis of diabetes in 1930s and the discovery of
glucose-dependent insulinotropic peptide and sequence of
the human proglucagon in 1970–1980s ushered in the era of
incretins.6 Although original concepts suggested that glucor-
egulatory peptides affecting pancreatic islet cells are secreted
by enteroendocrine cells only, more recent studies have
established that the same peptides (e.g., GLP-1, oxyntomo-
dulin, ghrelin, and cholecystokinin) are also produced by the
brain. Moreover, there is a bidirectional communication

system involving endocrine, neural, and immunological
signaling pathways by which the digestive system and central
nervous system interact and play an important role in energy
regulation and metabolism. This is termed the gut–brain
axis.7–9

Peptides of the gut–brain axis exert their actions through
structurally related receptors belonging to 7-transmembrane
domain, heterotrimeric G protein-coupled receptors
superfamily.10 They are promising new targets for treatment of
diabetes11,12 but specific drug development must be informed
by sound knowledge of the pathogenesis of diabetes.
However, diabetes is not a single homogeneous disease but
rather composed of several diseases with hyperglycemia as a
common feature; hence, the need for precise patient
characterization in clinical studies is being increasingly
recognized.13–15 Diabetes associated with diseases of the
exocrine pancreas is a form of secondary diabetes that
accounts for up to 10% of diabetes in the Western
population.16–18 Further, this estimate is based on the studies
focused on new onset diabetes after chronic pancreatitis and
pancreatic cancer, but not acute pancreatitis (AP). Given the
recently emerged evidence from clinical and population-based
studies of a high incidence of diabetes after AP (regardless of
the magnitude of macroscopic mechanical destruction of the
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pancreas)19–22 and taking into account that AP is the most
frequent disease of the pancreas,23 it is very likely that the
relative contribution of diabetes associated with diseases of
the exocrine pancreas has actually been underestimated in
the literature.
We hypothesized that defective glucose homeostasis,

secondary to disease of the exocrine pancreas, can be
associated with dysfunction of the gut–brain axis. The aim of
this study was to investigate the relationships between
peptides known to be produced in both the gut and brain
and glucose metabolism in patients after AP as an exemplar
of a relatively homogeneous population with high risk of
developing incident diabetes.

METHODS

Study design. This was a cross-sectional follow-up study of
patients with AP admitted to Auckland City Hospital, a tertiary
center in Auckland, New Zealand, from January 2010 to
December 2014. The Health and Disability Ethics Committee
(13/STH/182) and the Auckland District Health Board (ADHB)
Institution (A+ 6139) approved the study protocol.

Study population. All eligible individuals were telephoned,
after their contact details were extracted from the ADHB
clinical database (Concerto software, Orion Health Group
Ltd, Auckland, New Zealand), and invited to participate in the
study. Eligible individuals were recruited if they had a primary
diagnosis of AP based on the international guidelines;24

resided in Auckland at the time of the study; were at least 18
years of age; and provided informed consent. Home visits, by
a certified phlebotomist, were arranged for those individuals
unable to visit the hospital. Individuals were not eligible if they
had diabetes or prediabetes (as defined below) before the
first hospital admission due to AP; chronic pancreatitis;
intra-operative diagnosis of pancreatitis; post-ERCP pan-
creatitis; malignancy; or were pregnant at the time of AP
or afterwards.

Sample acquisition and storage. All participants were
required to fast for at least 8 h and attend the clinic at
08:00 hours. Patients were then accompanied to the
International Accreditation New Zealand (IANZ) accredited
tertiary referral medical laboratory, LabPlus, at Auckland City
Hospital. A certified phlebotomist collected venous blood into
two ethylene-diamine-tetra-acetic acid tubes, one plasma
separation tube, one fluoride tube, and one lithium heparin
tube. The tubes were centrifuged at 4,000 g for 7.5 min at 4 °
C, followed by plasma separation into aliquots of 400 μl, and
storage of the eppendorf tubes at −80 °C until use.

Definitions

1. Normal glucose metabolism was defined as fasting blood
glucose (FBG) ≤ 5.6 mmol/l and/or glycated hemoglobin
A1c (HbA1c) ≤ 38 mmol/mol.25

2. Abnormal glucose metabolism (AGM) was defined as
FBG 45.6 mmol/l and/or HbA1c ≥39 mmol/mol.25

3. HOMA-%β: insulin (pmol/l) and glucose (mmol/l) values
were entered into the validated HOMA2 calculator
(HOMA2 v2.2.3 Diabetes Trials Unit, University of
Oxford)26 to calculate the β-cell mass percentage for
each participant.

4. HOMA-IR: insulin (pmol/l) and glucose (mmol/l) values
were entered into the validated HOMA2 calculator
(HOMA2 v2.2.3 Diabetes Trials Unit, University of
Oxford)26 to calculate insulin resistance for all
participants.

5. Current smoking status was recorded as a binary
response, yes or no, based on a questionnaire asking
participants if they smoked cigarettes or tobacco related
products on a daily basis.

6. Physical activity was recorded as a binary response,
active or inactive, based on a questionnaire asking
participants if they engaged in physical activity for at least
half an hour per day, five days a week.

7. Body mass index (BMI) (kg/m2) was determined using a
digital medical scale with stadiometer. For weight mea-
surement (kg), patients were asked to remove shoes,
jacket, belt, watch, and to empty their pockets of all items.
For height measurement (cm), study participants were
asked to remove their shoes and any head attire.

8. Etiology was categorized as biliary, alcohol-induced, or
other (including but not limited to pancreatic divisum,
idiopathic pancreatitis, and triglyceride-induced pancreati-
tis). Cause of AP was ascetained from patients’
discharge notes.

9. Duration from first attack of AP was defined as months
elapsed from first hospital admission due to AP to the time
of the study. For each patient, the date of the first AP
admission was recorded from the ADHB clinical database
(Concerto software, Orion Health Group Ltd).

10. Recurrence of AP: individuals admitted with one or more
episodes of confirmed AP since their first admission with
AP to the time of their participation in the study were
considered to have recurrent AP.

11. Severity of AP was defined according to the Determinant-
Based Classification.27

Laboratory assays. Blood tests for insulin, FBG, and HbA1c
were conducted at LabPlus, an IANZ accredited medical
laboratory at Auckland City Hospital. An enzymatic colouri-
metric assay (2015F. Hoffmann-La Roche Ltd., Basel,
Switzerland) was used to measure FBG while insulin was
measured using chemiluminescence sandwich immunoassay
(2015 Roche Products NZ Ltd and Roche Diagnostics NZ
Ltd). Glycated hemoglobin A1c was measured using the
boronate affinity chromatography assay (2015 Trinity Biotech,
Bray, Co Wicklow, Ireland).
Glucagon-like peptide-1, glicentin, oxyntomodulin, peptide

YY (PYY), ghrelin, cholecystokinin, vasoactive intestinal
peptide (VIP), and secretin were measured using the Merck-
Millipore (MA, USA) ELISA kits as per the user’s manual. The
Rayto Microplate Reader (V-2100C, Santa Fe, Granada,
Spain) with an absorbance of 405–630 nm was used to read
the results. The intra-assay and inter-assay variation was
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o10% and 15%, respectively. Glucagon-like peptide-1,
oxyntomodulin, PYY, ghrelin, cholecystokinin, VIP, and secre-
tin results were reported in ng/ml, while results for glicentin
were reported in pmol/l.

Statistical analyses. The χ2 test was used to evaluate the
differences in baseline characteristics between participants
with normal glucose metabolism and AGM. All data were
presented either as frequency or as mean and standard
deviation (s.d.).
Modified Poisson regression analysis, using the General-

ised Linear Model, was used to study the association between
AGM and each glucoregulatory peptide. The peptides were
categorized into quartiles based on pre-determined concen-
tration ranges. These were calculated using the frequencies
function. The p-trend was then calculated by assigning each
patient the median value in their quartile and evaluating this as
a continuous variable. Each glucoregulatory peptide was
investigated as an independent variable in both unadjusted
and three adjustedmodels. Model 1 was adjusted for age, sex,
and ethnicity, whereas model 2 was adjusted for age, sex,
ethnicity, BMI, smoking status, physical activity, recurrence of
AP, etiology, duration from first attack of AP, and severity of AP.
Covariates found to be statistically significant in model 2 for
each glucoregulatory peptide were then adjusted for in corres-
pondingmodel 3. Offset value was set as one and amain effects
model was fit for all four models to obtain the most conservative
estimates. Potential over-dispersion was accounted for by fitting
Pearson’s χ2 as the scale parameter. Robust estimator for
covariance matrix was selected to obtain the most robust
estimates. All data were presented as prevalence ratio (PR) with
corresponding 95% confidence intervals (CI).
Linear regression analysis, using the linear regression

function, was used to study first the associations between
oxyntomodulin, glicentin, and VIP and the other glucoregula-
tory peptides. Second, it was used to study the associations
between oxyntomodulin and cholecystokinin, VIP, and secre-
tin. For the first linear regression analysis, model 1 was
adjusted for age, sex, and ethnicity, whereas model 2 was
adjusted for age, sex, ethnicity, BMI, smoking status, physical
activity, recurrence of AP, etiology, duration from first attack of
AP, and severity of AP. Covariates found to be statistically
significant in model 2 for each glucoregulatory peptide were
then adjusted for in corresponding model 3. For the second
linear regression analysis, model 1 was adjusted for chole-
cystokinin and VIP; model 2 was adjusted for cholecystokinin
and secretin; model 3 was adjusted for secretin and VIP; and
model 4 was adjusted for cholecystokinin, secretin, and VIP.
All data were presented as β coefficients with 95% CI.
All analyses were conducted using SPSS for Windows

Version 23 (SPSS, Chicago, IL). P value o0.05 was deemed
to be statistically significant in all analyses.

RESULTS

Study population. Eighty-three individuals were recruited
into the study. Of them, 30 (36%) developed AGM after AP
and 53 did not. Table 1 shows the baseline characteristics of
the two study groups. The median (interquartile range)

concentrations of the glucoregulatory peptides in the overall
cohort were as follows: cholecystokinin, 0.98 (0.45–1.19) ng/
ml; ghrelin, 7.64 (4.24–14.36) ng/ml; glicentin, 6.15 (3.00–
16.69) pmol/l; GLP-1, 2.31 (0.39–2.88) ng/ml; oxyntomodulin,
15.48 (0.78–23.80) ng/ml; PYY, 34.76 (9.20–166.05) ng/ml;
VIP, 0.66 (0.30–0.69) ng/ml; and secretin 0.43 (0.35–
0.56) ng/ml.

Association between the glucoregulatory peptides and
AGM after AP. Of the eight glucoregulatory peptides
studied, oxyntomodulin, glicentin, and VIP were significantly
associated with AGM (Table 2). Oxyntomodulin was sig-
nificantly associated with AGM in both the unadjusted and the
three adjusted models (Figure 1). The highest quartile of
oxyntomodulin differed most significantly from the lowest
quartile in model 2, with a prevalence ratio (PR; 95% CI) of
0.50 (0.21, 1.20; P= 0.005), followed by the unadjusted
model with a PR of 0.60 (0.22, 1.65; Po0.001), model 3, with
a PR of 0.61 (0.26, 1.41; P= 0.008), and model 1, with a PR
of 0.63 (0.23, 1.71; P=0.003).
Glicentin and VIP were significantly associated with AGM in

adjusted models only (Figures 2 and 3, respectively). The

Table 1 Characteristics of study participants

Characteristic NGM (n= 53) AGM (n=30) P value

Age (years)a 47±15 57±13 0.005
Sex 0.485

Male 30 20
Female 23 10

Ethnicity 0.005
NZ European 29 18
Maori 1 5
Pacific Islanders 2 1
Asian 4 5
Other 17 1

Severity o0.001
Mild 50 18
Moderate 2 9
Severe/Critical 1 3

Etiology 0.906
Biliary 24 13
Alcohol 12 6
Other 17 11

Smoking 0.179
No 44 21
Yes 9 9

Physical activity 1.000
No 15 8
Yes 38 22

Recurrence 0.448
No 40 20
Yes 13 10

Duration from 1st attack of
AP (months)a

33±30 23±19 0.112

BMI (kg/m2)a 26.86± 4.82 29.93±6.07 0.016
HbA1c (mmol/mol)a 33.57± 2.62 39.13±3.00 o0.001
FBG (mmol/l)a 4.98±0.29 5.87±0.77 o0.001
HOMA-IRa 1.09±0.63 1.71±1.16 0.002
HOMA-%βa 99.81±33.39 98.32±45.11 0.865

AGM, abnormal glucose metabolism; AP, acute pancreatitis; BMI, body mass
index; FBG, fasting blood glucose; HbA1c, glycated hemoglobin A1c; HOMA-IR,
homeostasis model assessment of insulin resistance; HOMA-%β, homeostasis
model assessment of percentage beta-cell mass; NGM, normal glucose
metabolism.
aData are presented as mean± s.d. Significant (Po0.05) associations are
shown in bold.

The Gut–brain Axis and Glucose Metabolism After Pancreatitis
Pendharkar et al.

3

Clinical and Translational Gastroenterology



Table 2 Associations between glucoregulatory peptides and AGM

Peptide model Quartile 1 Quartile 2 Quartile 3 Quartile 4 P-trend

GLP-1
Crude 1.00 (reference) 1.27 (0.52, 3.09) 0.75 (0.30, 1.88) 1.22 (0.52, 2.88) 0.579
Model 1 1.00 (reference) 1.12 (0.49, 2.58) 0.77 (0.33, 1.80) 0.95 (0.42, 2.16) 0.735
Model 2 1.00 (reference) 0.88 (0.39, 1.97) 0.60 (0.26, 1.36) 0.55 (0.20, 1.52) 0.727
Model 3 1.00 (reference) 1.00 (0.44, 2.30) 0.64 (0.27, 1.49) 0.64 (0.24, 1.70) 0.720

Glicentin
Crude 1.00 (reference) 1.15 (0.55, 2.43) 0.92 (0.43, 1.97) 0.58 (0.24, 1.37) 0.550
Model 1 1.00 (reference) 1.37 (0.60, 3.14) 1.08 (0.53, 2.19) 0.47 (0.21, 1.04) 0.274
Model 2 1.00 (reference) 1.27 (0.44, 3.67) 0.87 (0.33, 2.27) 0.26 (0.13, 0.54) o0.001
Model 3 1.00 (reference) 1.60 (0.68, 3.74) 0.77 (0.33, 1.76) 0.32 (0.16, 0.62) 0.001

Oxyntomodulin
Crude 1.00 (reference) 2.75 (1.52, 4.96) 0.86 (0.37, 2.00) 0.60 (0.22, 1.65) o0.001
Model 1 1.00 (reference) 2.23 (1.18, 4.18) 0.94 (0.42, 2.08) 0.63 (0.23, 1.71) 0.003
Model 2 1.00 (reference) 2.85 (1.43, 5.68) 0.95 (0.40, 2.26) 0.50 (0.21, 1.20) 0.005
Model 3 1.00 (reference) 2.06 (1.01, 4.20) 0.93 (0.43, 2.04) 0.61 (0.26, 1.41) 0.008

PYY
Crude 1.00 (reference) 1.27 (0.33, 4.84) 1.71 (0.45, 6.54) 2.48 (0.67, 9.17) 0.240
Model 1 1.00 (reference) 1.26 (0.38, 4.17) 1.56 (0.50, 4.89) 1.74 (0.47, 6.42) 0.608
Model 2 1.00 (reference) 1.04 (0.26, 4.16) 1.08 (0.30, 3.90) 1.16 (0.20, 6.65) 0.916
Model 3 1.00 (reference) 1.19 (0.29, 5.93) 1.64 (0.40, 6.66) 1.94 (0.48, 7.87) 0.495

Cholecystokinin
Crude 1.00 (reference) 2.00 (0.96, 4.16) 1.14 (0.54, 2.41) 0.75 (0.30, 1.87) 0.150
Model 1 1.00 (reference) 1.72 (0.76, 3.88) 1.14 (0.58, 2.26) 0.84 (0.37, 1.92) 0.284
Model 2 1.00 (reference) 1.73 (0.73, 4.07) 1.01 (0.49, 2.12) 0.82 (0.35, 1.91) 0.267
Model 3 1.00 (reference) 1.68 (0.76, 3.72) 1.06 (0.55, 2.06) 0.76 (0.34, 1.68) 0.340

Ghrelin
Crude 1.00 (reference) 0.83 (0.35, 1.97) 1.05 (0.45, 2.45) 1.24 (0.59, 2.58) 0.837
Model 1 1.00 (reference) 0.88 (0.39, 1.99) 0.95 (0.42, 2.15) 0.98 (0.51, 1.89) 0.961
Model 2 1.00 (reference) 1.40 (0.56, 3.45) 0.98 (0.41, 2.36) 0.71 (0.29, 1.71) 0.975
Model 3 1.00 (reference) 1.01 (0.49, 2.05) 0.87 (0.42, 1.82) 0.72 (0.35, 1.49) 0.999

VIP
Crude 1.00 (reference) 1.24 (0.55, 2.78) 1.21 (0.60, 2.43) 0.56 (0.18, 1.74) 0.497
Model 1 1.00 (reference) 1.46 (0.63, 3.41) 1.18 (0.63, 2.22) 0.55 (0.19, 1.56) 0.248
Model 2 1.00 (reference) 2.03 (0.88, 4.69) 0.95 (0.42, 2.12) 0.34 (0.13, 0.89) 0.043
Model 3 1.00 (reference) 1.84 (0.78, 4.33) 0.94 (0.47, 1.90) 0.46 (0.19, 1.11) 0.111

Secretin
Crude 1.00 (reference) 1.69 (0.77, 3.68) 1.17 (0.44, 3.12) 1.05 (0.41, 2.72) 0.472
Model 1 1.00 (reference) 1.02 (0.46, 2.27) 0.85 (0.35, 2.06) 0.74 (0.32, 1.73) 0.930
Model 2 1.00 (reference) 0.82 (0.33, 2.04) 0.77 (0.30, 1.97) 0.48 (0.18, 1.27) 0.613
Model 3 1.00 (reference) 1.10 (0.52, 2.30) 0.88 (0.37, 2.08) 0.63 (0.27, 1.46) 0.733

GLP-1, glucagon-like peptide-1; PYY, peptide YY; VIP, vasoactive intestinal peptide. All data are presented as PR (95% CI); Model 1 for all glucoregulatory peptides
was adjusted for age, sex, and ethnicity; Model 2 for all glucoregulatory peptides was adjusted for age, BMI, duration from first attack of AP, sex, ethnicity, etiology,
recurrence, severity, smoking, and physical activity; Model 3 was adjusted for only those risk factors found to be significant in Model 2. Model 3 for GLP-1 was adjusted
for severity, ethnicity, and age. Model 3 for oxyntomodulin was adjusted for severity, ethnicity, and age. Model 3 for glicentin was adjusted for etiology, severity, ethnicity,
age, and BMI. Model 3 for PYY was adjusted for severity. Model 3 for cholecystokinin was adjusted for severity, ethnicity, and BMI. Model 3 for ghrelin was adjusted for
severity, ethnicity, age, and BMI. Model 3 for VIP was adjusted for severity, ethnicity, age, and smoking. Model 3 for secretin was adjusted for ethnicity, age, and severity.
Significant (Po0.05) associations are shown in bold.

Figure 1 Prevalence ratios with 95% confidence intervals of oxyntomodulin by
unadjusted and three adjusted models for patients with abnormal glucose metabolism
after acute pancreatitis.

Figure 2 Prevalence ratios with 95% confidence intervals of glicentin by
unadjusted and three adjusted models for patients with abnormal glucose metabolism
after acute pancreatitis.
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highest quartile of glicentin differed significantly from the
lowest quartile with a PR of 0.26 (0.13, 0.54; Po0.001) in
model 2, and with a PR of 0.32 (0.16, 0.62; P= 0.001) in model
3. The highest quartile of VIP differed significantly from the
lowest quartile with a PR of 0.34 (0.13, 0.89; P= 0.043) in
model 2. Glucagon-like peptide-1, PYY, cholecystokinin,
ghrelin, and secretin were not significantly associated with
AGM after AP in both the unadjusted and the three adjusted
models (Table 2).

Associations between oxyntomodulin, glicentin, vasoac-
tive intestinal peptide and other glucoregulatory pep-
tides. The associations between oxyntomodulin, glicentin,
VIP, and other glucoregulatory peptides are shown in Table 3.

Figure 3 Prevalence ratios with 95% confidence intervals of vasoactive intestinal
peptide by unadjusted and three adjusted models for patients with abnormal glucose
metabolism after acute pancreatitis.

Table 3 Associations between oxyntomodulin, glicentin, and vasoactive intestinal peptide and all glucoregulatory peptides

Peptide model Oxyntomodulin Glicentin VIP

β (95% CI) P value R2 β (95% CI) P value R2 β (95% CI) P value R2

Oxyntomodulin
Unadjusted – – – 0.24 (−0.05, 0.52) 0.103 0.032 0.01 (0.01, 0.02) o0.001 0.376
Model 1 – – – 0.26 (−0.03, 0.54) 0.075 0.072 0.01 (0.01, 0.02) o0.001 0.385
Model 2 – – – 0.24 (−0.03, 0.52) 0.083 0.132 0.01 (0.01, 0.03) o0.001 0.450
Model 3 – – – 0.24 (−0.05, 0.52) 0.103 0.032 0.01 (0.01, 0.03) o0.001 0.428

Glicentin
Unadjusted 0.14 (−0.03, 0.30) 0.111 0.032 – – – 0.00 (−0.01, 0.01) 0.405 0.009
Model 1 0.15 (−0.02, 0.33) 0.087 0.044 – – – 0.00 (−0.01, 0.01) 0.425 0.025
Model 2 0.15 (−0.02, 0.32) 0.083 0.103 – – – 0.00 (−0.01, 0.01) 0.460 0.128
Model 3 0.14 (−0.03, 0.30) 0.101 0.060 – – – 0.00 (−0.01, 0.01) 0.420 0.096

Cholecystokinin
Unadjusted 19.76 (13.02, 26.51) o0.001 0.306 8.96 (−2.31, 20.23) 0.119 0.033 0.31 (0.19, 0.43) o0.001 0.262
Model 1 19.56 (12.90, 26.21) o0.001 0.308 8.81 (−2.34, 19.96) 0.121 0.076 0.31 (0.19, 0.43) o0.001 0.273
Model 2 20.09 (13.48, 26.69) o0.001 0.338 7.97 (−2.88, 18.83) 0.150 0.133 0.32 (0.21, 0.42) o0.001 0.417
Model 3 19.76 (13.02, 26.51) o0.001 0.306 8.96 (−2.31, 20.23) 0.119 0.033 0.30 (0.19, 0.41) o0.001 0.387

Ghrelin
Unadjusted 0.13 (−0.16, 0.41) 0.381 0.009 0.31 (−0.06, 0.68) 0.105 0.032 0.00 (−0.02, 0.08) 0.199 0.020
Model 1 0.13 (−0.16, 0.41) 0.379 0.017 0.34 (−0.03, 0.71) 0.069 0.072 0.03 (−0.02, 0.08) 0.189 0.027
Model 2 0.14 (−0.16, 0.43) 0.359 0.077 0.24 (−0.13, 0.62) 0.199 0.121 0.04 (−0.01, 0.08) 0.130 0.155
Model 3 0.13 (−0.16, 0.41) 0.381 0.009 0.31 (−0.06, 0.68) 0.105 0.032 0.01 (−0.01, 0.07) 0.261 0.104

VIP
Unadjusted 35.61 (25.61, 45.61) o0.001 0.376 7.45 (−10.08, 24.98) 0.405 0.009 – – –
Model 1 36.14 (26.29, 45.99) o0.001 0.387 7.12 (−10.38, 24.62) 0.425 0.045 – – –
Model 2 38.34 (27.96, 48.71) o0.001 0.413 6.71 (−11.09, 24.52) 0.460 0.115 – – –
Model 3 35.61 (25.61, 45.61) o0.001 0.376 7.45 (−10.08, 24.98) 0.405 0.009 – – –

GLP-1
Unadjusted 0.01 (−0.16, 0.18) 0.915 0.000 0.10 (−0.13, 0.32) 0.402 0.009 0.00 (0.00, 0.01) 0.081 0.036
Model 1 0.02 (−0.15, 0.19) 0.826 0.010 0.09 (−0.14, 0.31) 0.457 0.041 0.00 (0.00, 0.01) 0.099 0.040
Model 2 0.05 (−0.15, 0.25) 0.610 0.071 0.03 (−0.23, 0.29) 0.826 0.104 0.03 (−0.01, 0.06) 0.051 0.185
Model 3 0.01 (−0.16, 0.18) 0.915 0.000 0.10 (−0.13, 0.32) 0.402 0.009 0.02 (0.00, 0.05) 0.087 0.122

PYY
Unadjusted 0.01 (−0.02, 0.03) 0.538 0.005 0.02 (−0.02, 0.05) 0.342 0.011 0.00 (−0.01, 0.01) 0.331 0.012
Model 1 0.01 (−0.01, 0.04) 0.307 0.019 0.01 [−0.02, 0.05) 0.494 0.042 0.00 (−0.01, 0.01) 0.226 0.021
Model 2 0.02 (−0.01, 0.04) 0.213 0.093 0.01 (−0.03, 0.04) 0.622 0.108 0.00 (0.00, 0.01) 0.240 0.143
Model 3 0.01 (−0.02, 0.03) 0.538 0.005 0.02 (−0.02, 0.05) 0.342 0.011 0.00 (−0.01, 0.01) 0.366 0.100

Secretin
Unadjusted 42.32 (28.44, 56.20) o0.001 0.301 32.94 (11.95, 53.93) 0.002 0.106 0.76 (0.51, 1.00) o0.001 0.313
Model 1 45.25 (31.72, 58.76) o0.001 0.323 32.27 (11.30, 53.24) 0.003 0.130 0.78 (0.53, 1.01) o0.001 0.331
Model 2 53.89 (39.76, 68.02) o0.001 0.376 29.76 (7.26, 52.27) 0.010 0.183 0.82 (0.58, 1.06) o0.001 0.447
Model 3 42.32 (28.44, 56.20) o0.001 0.301 32.94 (11.95, 53.93) 0.002 0.106 0.82 (0.58, 1.07) o0.001 0.353

GLP-1, glucagon-like peptide-1; PYY, peptide YY; VIP, vasoactive intestinal peptide. All data are presented as β coefficient (95% CI); Model 1 for all glucoregulatory
peptides was adjusted for age, sex, and ethnicity; Model 2 for all glucoregulatory peptides was adjusted for age, BMI, duration from first attack of AP, sex, ethnicity,
etiology, recurrence, severity, smoking, and physical activity; Model 3 was adjusted for only those risk factors found to be significant in Model 2. Model 3 for glicentin and
oxyntomodulin was adjusted for duration. Model 3 for oxyntomodulin and VIP was adjusted for etiology, and duration. Model 3 for oxyntomodulin and secretin was
adjusted for etiology, ethnicity, recurrence, and duration. Model 3 for glicentin and VIP was adjusted for duration. Model 3 for glicentin and secretin was adjusted for
etiology, recurrence, and duration. Model 3 for VIP and cholecystokinin was adjusted for etiology and duration. Model 3 for VIP and ghrelin, GLP-1, and PYY were
adjusted for duration. Model 3 for VIP and secretin was adjusted for etiology. Significant (Po0.05) associations are shown in bold.
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Oxyntomodulin was significantly associated with cholecysto-
kinin (Figure 4, panel A), VIP (Figure 4, panel B), and secretin
(Figure 4, panel C) in both the unadjusted and three adjusted
models. For every 1 ng/ml increase in cholecystokinin,
oxyntomodulin increased by 20.09 ng/ml (Po0.001) in model
2, by 19.76 ng/ml (Po0.001) in the unadjusted model and
model 3, and by 19.56 ng/ml (Po0.001) in model 1. For every
one ng/ml increase in VIP, oxyntomodulin increased by
38.34 ng/ml (Po0.001) in model 2, by 36.14 ng/ml
(Po0.001) in model 1, and by 35.61 ng/ml (Po0.001) in
both the unadjusted model and model 3. For every 1 ng/ml
increase in secretin, oxyntomodulin increased by 53.89 ng/ml
(Po0.001) in model 2, by 45.25 ng/ml (Po0.001) in model 1,
and by 42.32 ng/ml (Po0.001) in both the unadjusted model
and model 3.
Glicentin was found to be significantly associated with

secretin. For every 1 ng/ml increase in secretin, glicentin
increased by 32.94 pmol/l (P=0.002) in both the unadjusted
model and model 3, by 32.27 pmol/l (P=0.003) in model 1,
and by 29.76 pmol/l (P=0.010) in model 2.
Vasoactive intestinal peptide was significantly associated

with oxyntomodulin, cholecystokinin, and secretin. For every
1 ng/ml increase in cholecystokinin, VIP increased by 0.32 ng/

ml (Po0.001) in model 2, by 0.31 ng/ml (Po0.001) in the
unadjusted model and model 1, and by 0.30 ng/ml (Po0.001)
in model 3. For every 1 ng/ml increase in secretin, VIP
increased by 0.82 ng/ml (Po0.001) in models 2 and 3, by
0.78 ng/ml (Po0.001) in model 1, and by 0.76 ng/ml
(Po0.001) in the unadjusted model.

Associations between oxyntomodulin and cholecystoki-
nin, vasoactive intestinal peptide, and secretin. The
associations between oxyntomodulin and cholecystokinin,
VIP, and secretin are shown in Figure 4. Cholecystokinin was
significantly associated with oxyntomodulin in models 1, 2,
and 4 (P= 0.003, P=0.001, and P= 0.015, respectively).
Vasoactive intestinal peptide was significantly associated
with oxyntomodulin in models 1, 3, and 4 (Po0.001,
Po0.001, and P= 0.001, respectively). Secretin was sig-
nificantly associated with oxyntomodulin in models 2 and 3
only (P=0.003, and P= 0.010, respectively; Table 4).

DISCUSSION

This is the first human study that has investigated
the association between defective glucose homeostasis after
diseases of the exocrine pancreas, in particular AP, and a

Figure 4 Unadjusted associations between oxyntomodulin and cholecystokinin (a), vasoactive intestinal peptide (b), and secretin (c).
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comprehensive panel of peptides, released by both the gut
and brain, that were previously shown to have a glucoregu-
latory effect in physiological and animal studies. The study had
a respectable sample size, with the diagnoses of both AGM
and AP established prospectively based on the most up-to-
date international guidelines (as opposed to International
Classification of Diseases codes, prone to misclassification
bias). To yield the most robust results, a number of patient-
related and pancreatitis-related characteristics as well as risk
factors for diabetes were adjusted for by means of multi-level
statistical modeling (as opposed to usual correlative analysis).
The study has shown a significant decrease in circulating
levels of oxyntomodulin, glicentin, and VIP in individuals
with AGM. Further, cholecystokinin, secretin, and VIP
contributed to nearly half of circulating oxyntomodulin variance
in our study population. These findings have translational
implications on the pathogenesis of diabetes associated with
diseases of the exocrine pancreas and the use of specific
drugs to treat it.
The gastrointestinal tract contains a variety of enteroendo-

crine cells, including the more proximal cells within the
stomach (A cells producing ghrelin), duodenum and jejunum
(I cells producing cholecystokinin and S cells producing
secretin) and more distal cells in the ileum and large intestine
(L cells producing GLP-1, oxyntomodulin, glicentin, PYY).
There are multiple putative signaling mechanisms by which
peptides derived from enteroendocrine cells can influence
interactions between the gastrointestinal tract, the nervous
system, including the brain, and modulate glucose metabo-
lism. Under physiological conditions, food ingestion is thought
to be the primary trigger for activation of the gut–brain axis via
the release of regulatory peptides from enteroendocrine cells,
via afferent neural pathways (including the vagus nerve), and
via cytokine release from immune cells. The feedback
information from the brain to the gut (and peripheral organs
involved in maintaining blood glucose homeostasis such as
the liver, pancreas, adipose tissue, and muscles) is thought to
be predominantly carried via autonomic neurons and neu-
roendocrine factors.28 It is also traditionally believed that

plasma levels of most regulatory peptides investigated in this
study (with the exception of ghrelin and, perhaps, VIP) rise
transiently during and after eating and then fall rapidly below
the minimum detectable concentrations as a result of
enzymatic inactivation and clearance by kidneys. However,
there have been more review articles and news stories on this
topic than original studies reporting the initial clinical
observations8 and, hence, caution is advised when extra-
polating findings from studies in animals and healthy
volunteers to human pathophysiology.
There is limited information about changes in the actions of

glucoregulatory peptides in the setting of gastrointestinal
disorders.29 This study in patients after AP has found that
fasting blood levels of each of the eight studied peptides were
above the minimum detectable concentrations in more than
90% of patients and none of the patients had all the peptides
below their minimumdetectable concentrations. Given that the
direct effect of food intake on enteroendocrine cells can be
ruled out, this finding suggests that, in addition to food, there
must be other stimulators for the production of these peptides.
It is possible they are being made in the brain and regulating
glucose homeostasis via the autonomic nervous system and
neurotransmitters. Taking into account the recent study
suggesting that the α-melanocyte stimulating hormone can
stimulate the release of PYY and GLP-1 from L cells,30 we
hypothesize that the gut hormones produced in the brain could
be regulating the neurotransmitters which then influence gut
hormones that are produced by enteroendocrine cells and
released into the circulation. This is further supported by
findings of this study that VIP (which is found in the enteric
nerves and may function as a neurotransmitter) was sig-
nificantly associated with both AGM and several glucoregula-
tory peptides. What induces this alternative path is a matter of
speculation but we believe that alterations in the intestinal
microbiota might be a potential trigger. The fact that intestinal
microbiota undergoes substantial changes in patients with AP
(irrespective of its severity) has been recently proven with the
use of both polymerase chain reaction-denaturing gradient gel
electrophoresis and real-time quantitative polymerase chain

Table 4 Associations between oxyntomodulin and cholecystokinin, vasoactive intestinal peptide, and secretin

Glucoregulatory peptide model Oxyntomodulin

β (95% CI) P value R2

Model 1 0.442
Cholecystokinin 11.34 (3.97, 18.71) 0.003
VIP 26.11 (14.01, 38.20) o0.001

Model 2 0.384
Cholecystokinin 13.66 (5.95, 21.38) 0.001
Secretin 25.40 (8.72, 42.07) 0.003

Model 3 0.427
Secretin 21.56 (5.39, 37.73) 0.010
VIP 26.68 (14.72, 38.64) o0.001

Model 4 0.459
Cholecystokinin 9.61 (1.94, 17.28) 0.015
Secretin 12.99 (−4.50, 30.49) 0.143
VIP 21.99 (8.78, 35.20) 0.001

VIP, vasoactive intestinal peptide. All data are presented as β coefficient (95%CI). For oxyntomodulin, Model 1 was adjusted for cholecystokinin and VIP; Model 2 was
adjusted for cholecystokinin and secretin; Model 3 was adjusted for VIP and secretin; and Model 4 was adjusted for cholecystokinin, VIP, and secretin. Significant
(Po0.05) associations are shown in bold.
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reaction in a prospective clinical study.31 It is also known that
normal epithelial lining of the gut possesses specialized
microvilli that project into the lumen as well as provides
information to the brain via ascending neural circuits, strongly
suggesting a functional communication between the gut
microorganisms and the brain.32 Moreover, a recent systema-
tic review of 44 prospective clinical studies in patients with AP
showed that gut barrier dysfunction occurs in almost
60% of patients with AP (irrespective of its severity), thus
amplifying the effect of intestinal microbiota on gut–brain
communications.33 Carefully designed translational studies
are now warranted to investigate molecular mechanisms
involved in these complex interactions.
The other notable finding of this study is a 50% decrease in

oxyntomodulin (P= 0.005) and 74% decrease in glicentin
(Po0.001) in individuals with AGM after AP. Oxyntomodulin
and glicentin are proglucagon-derived peptides, generated by
prohormone convertase 1 in enteroendocrine L cells (pre-
dominantly located in the ileum and colon) and the central
nervous system (particularly in the brainstem).34–36 Both
peptides are structurally related to glucagon produced in the
pancreas. Whereas oxyntomodulin exerts its effect through
both the glucagon (GCGR) and GLP-1 (GLP-1 R) receptors,
no separate glicentin receptor has been identified yet. The
physiological actions of oxyntomodulin and glicentin
described to date include stimulation of insulin secretion,
stimulation of gut motility, and inhibition of gastric acid
secretion.37 However, their individual role in human physiology
is difficult (if not impossible) to ascertain as the same actions
are also ascribed to other proglucagon-derived peptides such
as glucagon and GLP-1.
Although GLP-1 (along with glucose-dependent insulino-

tropic peptide) has been studied extensively in original pre-
clinical and clinical studies, the knowledge base has been
extrapolated to other peptides secreted by enteroendocrine
cells, in particular oxyntomodulin and glicentin, in the absence
of robust clinical studies. It is commonly believed that nutrient
ingestion is the primary stimulus for release of oxyntomodulin
and glicentin. Our study adds to the literature by delineating,
for the first time, the contribution of peptides produced by both
the gut and brain. In particular, cholecystokinin contributed
independently to 34% of oxyntomodulin variance (after
adjustment for age, sex, ethnicity, BMI, smoking, physical
activity, duration from first attack of AP, etiology, recurrence,
and severity of initial episode of AP). Similarly, secretin, and
VIP contributed to 38 and 41% of circulating oxyntomodulin
variance (after adjustment for the above confounders),
respectively. Other studied peptides (GLP-1, PYY, ghrelin)
did not affect the level of oxyntomodulin. Interestingly, glicentin
was influenced by fewer peptides and to a much lesser
degree, with only secretin contributing independently to 18%
of glicentin variance (after adjustment for the above con-
founders). Cholecystokinin,38,39 secretin,40–42 and VIP43,44

have been repeatedly demonstrated to participate in regula-
tion of glucose homeostasis but the exact signaling pathways
remain unknown. Findings from multiple linear regression
analyses in this study raise the possibility that they all exert
their glucoregulatory effects via signaling pathways conver-
ging at oxyntomodulin.

This clinical study in a relatively homogeneous population at
risk of developing diabetes also suggests that manipulating
signaling of some of the studied peptides may have a
therapeutic potential in patients with diabetes associated with
diseases of the exocrine pancreas. First, subcutaneously
administered oxyntomodulin may prove an efficacious ther-
apeutic option. Several randomized trials have demonstrated
that direct administration of oxyntomodulin results in a
significant weight loss and reduced energy intake.45,46

Second, increase in oxyntomodulin secretion could also be
achieved indirectly by preventing bile acid absorption and thus
increasing the level of cholecystokinin. In this regard, the use
of bile acid sequestrants appear to be promising as a recent
clinical study showed an improved glycemic control in
individuals with impaired glucose tolerance after 8-week
treatment with colesevelam.47 Third, given that the intestinal
microbiota might be a potential trigger of the derangements of
gut–brain axis, transfer of intestinal microbiota from individuals
with normal glucose homeostasis may be considered in future
studies.48 Findings from a recent proof-of-concept study
showed improvements in insulin sensitivity in patients with
metabolic syndrome six weeks after infusion of intestinal
microbiota from lean individuals.49

Our study has several limitations. First, all blood parameters
were investigated in the fasted state. This was done
deliberately to decipher and better understand the stand-
alone and basal effects of the studied peptides before the
effect of nutrient ingestion. Studies that use meal-induced
tests and frequently sampled oral glucose tolerance tests are
now required to discern further changes in glucose home-
ostasis in this study population. Second, patients with AGM in
this study had a significantly higher BMI, and BMI is known to
affect glucose metabolism. However, BMI was adjusted for in
all analyses, and BMI alone did not have a significant effect on
any of the studied peptides. Further, results from linear
regression analysis showed that BMI had no effect in the
entire study cohort. Third, although all measureswere taken to
exclude all patients with known pre-existing abnormalities of
glucose metabolism, it is possible that some genetically
susceptible patients were not identified, in particular homo-
zygous carriers of the G allele of the glucagon gene50 that are
prone to decreased fasting levels of proglucagon-derived
peptides. Fourth, some of the studied peptides are not
secreted exclusively in the gut and brain. In particular, ghrelin
is also secreted in the pancreas.51,52 Fifth, we assumed that
the different circulating level of the peptides investigated in this
study reflect their level of secretion while, in theory, it might
also be attributed to a differential inactivation of the peptides
by corresponding exopeptidases.53 However, with the excep-
tion of dipeptidyl peptidase-4 for GLP-1 (which was not
significantly changed in this study), there is no commercially
available assay to measure them. Last, the cross-sectional
study design prevents drawing of inferences as to whether the
observed changes in the gut–brain axis are a consequence of
defective glucose metabolism or factors causing it.54,55 A
prospective longitudinal study would be the best study design.
Yet, the current study provides the most robust evidence on
the role of gut–brain axis in derangement of glucose home-
ostasis after disease of the exocrine pancreas.
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In conclusion, the present study shows that defective
glucose metabolism after diseases of the exocrine pancreas
is associated with decreased fasting level of oxyntomodulin,
which is in turn influenced by cholecystokinin, secretin, and
VIP. Research that focuses on these peptides should provide
further important insights into the physiological mechanisms
and pathophysiological role of the cross-talk between the gut
and the brain. The molecular machinery involved in this
interwoven network could potentially be exploited to develop
efficacious new treatments for diabetes.
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Study Highlights
WHAT IS CURRENT KNOWLEDGE
• New onset prediabetes or diabetes develops in nearly 40%

of patients after an attack of acute pancreatitis.

• A growing number of pre-clinical evidence suggests that the
gut–brain axis is actively involved in regulating glucose
homeostasis.

• Glucoregulatory peptides secreted by the brain and the gut
have never been investigated in patients after acute
pancreatitis.

WHAT IS NEW HERE
• Decreased fasting levels of oxyntomodulin and glicentin are

associated with abnormal glucose metabolism after acute
pancreatitis.

• Circulating levels of oxyntomodulin are influenced by
cholecystokinin, secretin, and vasoactive intestinal peptide
in patients with abnormal glucose metabolism after acute
pancreatitis.
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