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Abstract: The association between intake of dietary fibre and glucose metabolism has been extensively
investigated in numerous metabolic disorders. However, little is known about this association in
individuals after an attack of acute pancreatitis (AP). The aim was to investigate the associations
between intake of dietary fibre and markers of glucose metabolism in individuals with new-onset
prediabetes or diabetes after acute pancreatitis (NODAP), pre-exiting type 2 prediabetes or diabetes,
and normoglycaemia after acute pancreatitis. This cross-sectional study was nested within the parent
prospective longitudinal cohort study. The studied markers of glucose metabolism were fasting
plasma glucose and glycated haemoglobin. Habitual intake of dietary fibre was determined using the
EPIC-Norfolk food frequency questionnaire. Multivariable linear regression analyses were conducted.
The study included a total of 108 individuals after AP. In the NODAP group, increased intakes of
total fibre (3 = —0.154, p = 0.006), insoluble fibre (3 = —0.133, p = 0.01), and soluble fibre (3 = —0.13,
p = 0.02) were significantly associated with a reduction in fasting plasma glucose. Increased intakes
of vegetables (3 = —0.069, p = 0.004) and nuts (3 = —0.039, p = 0.038) were significantly associated
with a reduction in fasting plasma glucose. Increased intake of nuts (3 = —0.054, p = 0.001) was also
significantly associated with a reduction in glycated haemoglobin. None of the above associations
were significant in the other study groups. Habitual intake of dietary fibre was inversely associated
with fasting plasma glucose in individuals with NODAP. Individuals after an attack of AP may
benefit from increasing their intake of dietary fibre (specifically, vegetables and nuts) with a view to
preventing NODAP.

Keywords: dietary fibre; insoluble fibre; soluble fibre; acute pancreatitis; glycated haemoglobin;
fasting plasma glucose; prediabetes; diabetes

1. Introduction

Post-pancreatitis diabetes mellitus, which is a subtype of diabetes of the exocrine
pancreas, is the most frequent sequela of acute pancreatitis (AP) [1,2]. Epidemiological
evidence showed that individuals with a history of AP are at more than two-times higher
risk of developing diabetes mellitus when compared with the general population [3,4]. The
2020 LACERTA study—the first purposely-designed prospective longitudinal cohort study
with regular follow-ups in the field—showed that 43% of individuals developed new-onset
prediabetes or diabetes (NODAP) within 24 months after an attack of AP [5]. In addition,
evidence from a population-based study showed that individuals with post-pancreatitis
diabetes mellitus are more likely to receive insulin therapy by 16.8% at five years after
diabetes diagnosis when compared with individuals with Type 2 diabetes [6].

Nutrition is one of the cornerstones of early management in Type 2 diabetes. The
guidelines by both the American Diabetes Association [7] and Diabetes UK [8] promulgate
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the use of nutrition therapy for people with Type 2 diabetes as an integral part of the
management of this type of diabetes. Dietary fibre, which is a complex carbohydrate
mainly derived from the structural component of the plant cell wall [9], has been studied
extensively in relation to glucose metabolism in the setting of Type 2 diabetes. Evidence
from previous studies suggested that dietary fibre is associated with decreased plasma
glucose, reduced risk of disease, and improved disease outcomes [10-16]. An earlier meta-
analysis of randomised controlled trials in individuals with Type 2 diabetes showed that
an increase in dietary fibre intake (through food high in fibre or soluble fibre supplements
for at least eight weeks) resulted in a significant decrease in fasting plasma glucose (FPG)
and glycated haemoglobin (HbAlc) [11]. A later systematic review of both randomised
controlled trials and observational studies in adults with prediabetes, Type 1 diabetes, or
Type 2 diabetes showed that increased intake of soluble dietary fibre and wholegrain led
to decreased levels of FPG, HbAlc, and insulin in randomised controlled trials (with an
average duration of 6 to 12 weeks) as well as with reduced all-cause mortality in prospective
observational studies (with a mean follow-up of 8.8 years) [10]. Data from randomised
controlled trials also suggested that increased intake of insoluble fibre was associated
with significantly reduced HbAlc and improved insulin sensitivity [12,13]. Furthermore,
observational studies showed that increased intake of insoluble fibre was associated with
reduced risk of Type 2 diabetes, cardiovascular disease, and cancer [14-16]. In addition,
intake of dietary fibre from common food sources was investigated in several prospective
studies, which suggested that a dietary pattern with a high consumption of fruit and
vegetables [17-20], legumes [21,22], and cereals [16,23,24] was associated with reduced risk
of Type 2 diabetes. While in the past it was thought that only extensive pancreatic necrosis
or chronic inflammation of the pancreas (resulting in 3-cell destruction) can lead to the
development of new-onset diabetes, several recent studies have consistently shown that
glucose derangements can also develop after an attack of mild acute pancreatitis (driven
by insulin resistance) [2,25-27]. However, to date, dietary fibre intake has never been
investigated specifically in the context of NODAP.

The aim was to investigate the associations between habitual dietary fibre intake as
well as its common sources in food (i.e., fruit, vegetables, cereals, nuts) and markers of
glucose metabolism (i.e., FPG and HbAlc) in individuals after an attack of AP.

2. Methods
2.1. Study Design

This was a cross-sectional study of individuals after an attack of AP as part of the
ANDROMEDA project. The study was nested into the ongoing prospective longitudinal
cohort study by the COSMOS group [5]. The study was approved by the Health and
Disability Ethics Committee (13/STH/182).

2.2. Study Population

Individuals admitted to Auckland City hospital (Auckland, New Zealand) with a pri-
mary diagnosis of AP between the years of 2015 and 2019 were eligible. They participated
in the study if they met the inclusion criteria: (1) had a primary diagnosis of AP based on
the international guidelines, (2) lived in Auckland at the time of the study, (3) were at least
18 years old, and (4) provided informed consent.

Individuals were not eligible to participate in the study if they had: (1) definite
chronic pancreatitis, (2) post-endoscopic retrograde cholangiopancreatography pancreatitis,
(3) intraoperative diagnosis of pancreatitis, (4) pregnancy, (5) malignancy, (6) celiac disease,
(7) cystic fibrosis, (8) type 1 or gestational diabetes, and (9) a history of steroid use.

2.3. Study Groups

Participants were categorised into three non-overlapping groups based on their FPG
and/or HbAlc levels at the time of the study, in line with the ‘DEP criteria’ [28]. Indi-
viduals with normoglycemia after acute pancreatitis (NAP) included participants with
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HbA1lc <5.7% (39 mmol/mol) and/or FPG < 100 mg/dL (5.6 mmol/L) at the time of
the study. Individuals who were diagnosed with Type 2 diabetes or prediabetes prior
to their first attack of pancreatitis and had an HbAlc > 5.7% (39 mmol/mol) and/or
FPG > 100 mg/dL (5.6 mmol/L) at the time of the study constituted the T2DM group.
Participants who were normoglycaemic before and during attack of AP and had follow-up
HbAlc > 5.7% (39 mmol/mol) and/or FPG > 100 mg/dL (5.6 mmol/L) after hospital
discharge constituted the NODAP group. Only participants who met the above criteria at
more than three months after hospitalisation for AP were included in the NODAP group,
in line with the published recommendations [1,2,29].

2.4. Ascertainment of Dietary Intake

Habitual dietary intake over 12 months prior to the study was determined using a
validated semi-quantitative EPIC-Norfolk food frequency questionnaire (FFQ). The FFQ
consisted of 130 food items. Participants were asked to select the frequency of consumption
of each food item in the past year with a standardised portion size. Nine categories of
frequencies were presented [30]. Habitual intake of non-starch polysaccharides was used
for dietary fibre analysis. Non-starch polysaccharides are defined as the carbohydrate
polymers present in the plant cell wall resistant to digestion in the small intestine. These
comprise cellulose, hemicellulose, pectin, 3-glucan, arabinoxylan, glucomannans, gums,
and mucilages [31]. The FETA (FFQ EPIC Tool for Analysis) software was used to calculate
nutrient intake based on the UK food composition database, McCance and Widdowson's
‘The Composition of Foods’ (5th edition) and associated supplements [32]. Dietary fibre
intake (grams) was calculated as the amount of fibre present in 100 g of food multiplied
by the portion size and multiplied by the frequency of consumption, which is in line with
the published recommendations [33]. Insoluble, soluble, and total (sum of insoluble and
soluble) fibre intake was determined. In addition, the intake of the most common sources
of dietary fibre (vegetables, fruit, cereals, and nuts) was determined. In line with earlier
studies on habitual dietary intake [34-37], FFQs were excluded if more than ten food items
were left unanswered or if the total energy intake estimate derived from FFQ as a ratio of
the individual’s estimated basal metabolic rate (determined based on the Harris-Benedict
equation) was more than two standard deviations outside the mean of this ratio (<—0.18 or
>2.54). Intake of fibre supplements or other nutritional supplements was not considered
due to the limitation of the used software.

2.5. Laboratory Assays

All participants were required to fast for at least 8 hours before blood sample collection.
Certified phlebotomists collected fresh blood samples for measuring FPG and HbAlc
at LabPlus—The international accreditation New Zealand (IANZ) accredited medical
laboratory at Auckland City Hospital. FPG was measured using an enzymatic colourimetric
assay (©2015 F. Hoffmann-La Roche Ltd., Basel, Switzerland). HbAlc was analysed using
the boronate affinity chromatography assay (©2015 Roche Products (New Zealand) Ltd.,
Auckland, New Zealand and Roche Diagnostics NZ Ltd., Auckland, New Zealand).

2.6. Covariates

Body mass index (BMI) (kg/m?) was determined using a stadiometer (Health o meter®
Professional 2013, Pelstar LLC, McCook, IL, USA) by measuring height (cm) and weight
(kg). Height measurement required participants to remove shoes and head attire while,
for weight measurement, participants were asked to remove shoes, jackets, belts, watches,
and empty the pocket of any item before measurement. Energy intake was defined as
the average daily intake of calories (kcal) from food consumption assessed using the FFQ
and determined by the FETA software [30,33]. Use of anti-diabetic medications prior to
the study was recorded. Aetiology of AP was categorised into biliary and non-biliary
(including alcohol-related and other). Recurrence of AP was defined as one or more
episodes of AP from the participant’s first hospitalisation for AP to the time of the study
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visit. Presence of pancreatic necrosis was determined with the use of computed tomography
during hospitalisation for AP [38].

2.7. Statistical Analyses

Data on baseline characteristics were presented as a median and interquartile range
(IQR) for continuous variables and frequencies for categorical variables. Total fibre, insolu-
ble fibre, soluble fibre, vegetables, fruit, nuts, cereals, energy intake, HbAlc, and FPG were
log-transformed because of their non-normal distribution (based on the Shapiro-Wilk test).
Multivariable linear regression analyses were performed to investigate the associations
between dietary fibre intake (total fibre, insoluble fibre, and soluble fibre) and markers of
glucose metabolism (FPG and HbA1c). Four models were built. Model 1 was unadjusted.
Model 2 was adjusted for age and sex. Model 3 was adjusted for age, sex, BMI, energy
intake, and use of anti-diabetic medications. Model 4 was adjusted for age, sex, BMI, energy
intake, use of anti-diabetic medications, aetiology of AP, recurrence of AP, and the presence
of pancreatic necrosis. Data were presented as a 3 coefficient, adjusted R?, and p value. p
values less than 0.05 were considered statistically significant in all analyses. All statistical
analyses were conducted using IBM SPSS Statistics for Windows, version 26 (IBM Corp.,
Armonk, NY, USA) and SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Study Characteristics

A total of 108 individuals after an attack of AP met all the eligibility criteria, of whom
36 belonged in the NODAP group, 36 belonged in the T2DM group, and 36 belonged in
the NAP group. The mean time since last attack of AP was 27 months (standard error of
2 months). The frequency of prediabetes did not differ significantly between the NODAP
and T2DM groups (78% vs. 67%, p = 0.579). Baseline characteristics of the three groups are
shown in Table 1. In the overall cohort, the median (IQR) daily intake of total fibre was
12.8 (9.1-18.6) g, insoluble fibre was 9.5 (6.6-15.2) g, and soluble fibre was 3.4 (1.9-5.4) g.
With regard to the sources of fibre, the median (IQR) daily intake of vegetables was 207.5
(113.2-321.3) g, of fruit was 114.2 (51.1-276.6) g, of cereals was 173.3 (115.2-281.5) g, and of
nuts was 4.7 (2.1-17.1) g.

Table 1. Characteristics of the study groups.

Characteristic Overall NODAP T2DM NAP p
(n =108) (n = 36) (n = 36) (n =36)
Age, years 58 (45-66) 60 (47-67) 60 (47-70) 51 (43-59) 0.201
Sex
Men 75 26 27 2 0.421
Women 33 10 9 14
Body Mass Index, kg/m? 27.4 (24.2-33.3) 27.5(23.4-32.7) 28.8 (26.1-33.9) 26.7 (24.2-31.2) 0.391
Aetiology of pancreatitis
Biliary 40 14 14 12
Alcohol-related 23 10 5 7 0.525
Other 45 12 17 17
Recurrence of pancreatitis
Yes 31 14 8 9 0.383
No 77 22 28 27
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Table 1. Cont.

L. Overall NODAP T2DM NAP
Characteristic 14
(n=108) (n =36) (n =36) (n =36)

Pancreatic necrosis

Yes 6 4 1 1 0.235

No 102 32 35 35
Use of anti-diabetic
medications

Ye

es 5 0 5 0 0.005

No 103 36 31 36
Energy, kcal 1797 (1230-2110) 1855 (1443-2167) 1705 (1285-2048) 1820 (1133-1996) 0.73
HbA1lc, mmol/mol 40 (35-41) 39 (36-40) 47 (39-49) 34 (33-36) <0.001
FPG, mmol/L 5.9 (5.0-6.4) 6.0 (5.1-6.7) 6.5 (5.5-6.9) 5.2 (4.8-5.5) 0.002

Abbreviations: NODAP = New-onset diabetes or prediabetes after acute pancreatitis. T2DM = Type 2 diabetes or prediabetes prior to acute
pancreatitis. NAP = Normoglycaemia after acute pancreatitis. HbAlc = glycated haemoglobin. FPG = fasting plasma glucose. Footnotes:
Data are presented as median (interquartile range) or frequency. Significance was set at p < 0.05. Significant values are shown in bold.

3.2. Fibre Intake in the Study Groups

In the NODAP group, intake of total fibre, insoluble fibre, and soluble fibre was
significantly inversely associated with FPG in models 3 and 4 (Table 2). Specifically, in the
most adjusted model, every 1% increase in intake of total fibre, insoluble fibre, and soluble
fibre, was associated with a 0.15%, a 0.13%, and a 0.13% decrease in FPG, correspondingly
(Figures 1C, 2C and 3C). Intake of total fibre and soluble fibre was significantly inversely
associated with HbAlc in model 3 (Table 3), but became insignificant in the most adjusted
model (Figures 1D and 3D). Intake of insoluble fibre was not significantly associated with
HbA1lc in any model.

In the T2DM group, neither total fibre nor insoluble fibre nor soluble fibre was sig-
nificantly associated with FPG in any model (Table 2). Similarly, neither total fibre nor
insoluble fibre nor soluble fibre was significantly associated with HbAlc in any model
(Table 3). Associations between total fibre, insoluble fibre, soluble fibre intake, and glucose
metabolism in the T2DM group are shown in Figures 1-3A,B.

In the NAP group, intake of soluble fibre was significantly inversely associated with
FPG in adjusted models (Table 2). Specifically, in the most adjusted model, every 1%
increase in intake of soluble fibre was associated with a 0.12% decrease in FPG. Neither
intake of total fibre nor insoluble fibre was significantly associated with FPG. Although
intake of total fibre and insoluble fibre was significantly directly associated with HbAlc in
models 1 and 2, it became insignificant in models 3 and 4 (Table 3). Intake of soluble fibre
was not significantly associated with HbAlc in any model (Table 3).

3.3. Dietary Sources of Fibre in the Study Groups

In the NODAP group, intake of vegetables and nuts was significantly inversely
associated with FPG in all the adjusted models (Table 2). Specifically, in the most adjusted
model, every 1% of increase in intake of vegetables and nuts was associated with a 0.07%
and a 0.04% decrease in FPG, correspondingly (Figures 4C and 5C). Intake of neither fruit
nor cereals was significantly associated with FPG in any model (Table 2). Intake of nuts
was significantly inversely associated with HbAlc in both unadjusted and all adjusted
models (Table 3). Specifically, in the most adjusted model, every 1% increase in intake of
nuts was associated with a 0.05% decrease in HbAlc (Figure 5D). Intake of vegetables, fruit,
and cereals was not significantly associated with HbAlc in any model (Table 3).
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Table 2. Associations between dietary fibre intake and fasting plasma glucose.

Model NODAP (1 = 36) T2DM (1 = 36) NAP (1 = 36)
ode
n B p Adjusted R? n B p Adjusted R? n B p Adjusted R?
1 36 —0.003 0.944 0.029 36 —0.096 0.207 0.018 36 0.021 0.594 0.02
Total fib 2 36 —0.064 0.218 0.119 36 —0.01 0.219 0.023 36 —0.015 0.694 0.127
otal fibre 3 36 —0.129 0.027 0.208 36 —0.04 0.63 0.289 35 —0.086 0.292 0.069
4 36 —0.154 0.006 0.398 36 —0.047 0.604 0.214 32 —0.145 0.153 0.108
1 36 —0.016 0.745 0.026 36 —0.076 0.348 0.002 36 0.023 0.547 0.018
Insoluble 2 36 —0.071 0.155 0.133 36 —0.074 0.375 0.001 36 —0.013 0.733 0.126
fibre 3 36 —0.121 0.026 0.21 36 —0.025 0.759 0.286 35 —0.064 0.372 0.058
4 36 —0.133 0.01 0.377 36 —0.033 0.715 0.21 32 —0.109 0.21 0.089
1 36 0.01 0.818 0.027 36 —0.088 0.207 0.018 36 0.001 0.981 0.03
Soluble 2 36 —0.034 0.455 0.092 36 —0.087 0.24 0.019 36 —0.02 0.542 0.133
fibre 3 36 —0.109 0.051 0.18 36 —0.019 0.799 0.285 35 —0.081 0.194 0.087
4 36 —-0.13 0.016 0.358 36 —0.024 0.768 0.208 32 —0.12 0.01 0.136
1 36 —0.04 0.125 0.04 36 0.002 0.974 0.029 36 —0.009 0.801 0.028
Vesetables 2 36 —0.065 0.009 0.253 36 0.006 0.91 0.024 36 —0.026 0.448 0.131
8 3 36 —0.073 0.004 0.292 36 0.03 0.539 0.293 35 —0.027 0.487 0.033
4 36 —0.069 0.004 0.41 36 0.027 0.615 0.214 32 —0.037 0.489 0.025
1 36 0.002 0.917 0.029 36 —0.027 0.515 0.016 36 0.014 0.258 0.009
Erui 2 36 —0.018 0.445 0.092 36 —0.028 0.524 0.011 36 0.008 0.545 0.133
ruit 3 36 —0.025 0.286 0.102 36 —0.025 0.503 0.295 35 0.01 0.506 0.046
4 36 —0.04 0.081 0.287 36 —0.023 0.562 0.216 32 0.003 0.861 0.025
1 36 0.06 0.105 0.048 36 —0.069 0.284 0.005 36 0.014 0.577 0.019
Cereal 2 36 0.05 0.161 0.131 36 —0.063 0.341 0.004 36 0.007 0.745 0.126
ereals 3 36 0.036 0.427 0.086 36 0.001 0.984 0.284 35 0.013 0.714 0.036
4 36 0.034 0.386 0.206 36 —0.008 0.917 0.416 32 0.015 0.696 0.03
1 36 —0.028 0.143 0.034 36 —0.027 0.517 0.016 36 —0.004 0.844 0.028
N 2 36 —0.039 0.032 0.201 36 —0.035 0.44 0.005 36 —0.01 0.55 0.133
uts 3 36 —0.048 0.01 0.255 36 —0.034 0.371 0.304 35 —0.017 0.363 0.059
4 36 —0.039 0.038 0.339 36 —0.045 0.315 0.237 32 —0.022 0.324 0.064

Abbreviations: NODAP = New onset diabetes or prediabetes after acute pancreatitis. T2DM = Type 2 diabetes or prediabetes prior to acute pancreatitis. NAP = Normoglycaemia after acute pancreatitis. B =
B-coefficient. Adjusted R? = adjusted coefficient of determinations. Footnotes: Model 1 was unadjusted. Model 2 was adjusted for age and sex. Model 3 was adjusted for age, sex, BMI, energy intake, and use of
anti-diabetic medications. Model 4 was adjusted for age, sex, BMI, energy intake, use of anti-diabetic medications, aetiology of pancreatitis, recurrence of pancreatitis, and presence of pancreatic necrosis. Total
fibre, insoluble fibre, soluble fibre, vegetables, fruit, cereals, nuts, and fasting plasma glucose were log-transformed. Data are presented as a -coefficient, R? value, and p value. Significance was set at p < 0.05.

Significant values are shown in bold.
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Figure 1. Associations between total fibre intake and markers of glucose metabolism in T2DM (A,B) and NODAP (C,D).
Abbreviations: T2DM = Type 2 diabetes or prediabetes prior to acute pancreatitis. NODAP = New-onset diabetes or
prediabetes after acute pancreatitis. HbAlc = glycated haemoglobin. FPG = fasting plasma glucose. R? = adjusted R? value
(coefficient determinations). Footnotes: FPG, HbAlc, and total fibre data were log-transformed. R? values were adjusted for
age, sex, BMI, energy intake (log-transformed), use of anti-diabetic medications, aetiology of pancreatitis, recurrence of

pancreatitis, and presence of pancreatic necrosis.
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Figure 2. Associations between insoluble fibre intake and markers of glucose metabolism in T2DM (A,B) and NODAP
(C,D). Abbreviations: T2DM = Type 2 diabetes or prediabetes prior to acute pancreatitis. NODAP = New-onset diabetes or
prediabetes after acute pancreatitis. HbAlc = glycated haemoglobin. FPG = fasting plasma glucose. R? = adjusted R? value
(coefficient determinations). Footnotes: FPG, HbAlc, and insoluble fibre were log-transformed. R? values were adjusted for
age, sex, BMI, energy intake (log-transformed), use of anti-diabetic medications, aetiology of pancreatitis, recurrence of

pancreatitis, and presence of pancreatic necrosis.
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Figure 3. Associations between soluble fibre intake and makers of glucose metabolism between T2DM (A,B) and NODAP
group (C,D). Abbreviations: T2DM = Type 2 diabetes or prediabetes prior to acute pancreatitis. NODAP = New-onset
diabetes or prediabetes after acute pancreatitis. HbAlc = glycated haemoglobin. FPG = fasting plasma glucose. R? =
adjusted R? value (coefficient determinations). Footnotes: FPG, HbAlc, and soluble fibre were log-transformed. R? values
were adjusted for age, sex, BMI, energy intake (log-transformed), use of anti-diabetic medications, aetiology of pancreatitis,
recurrence of pancreatitis, and presence of pancreatic necrosis.
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Table 3. Associations between dietary fibre intake and glycated haemoglobin.

Model NODAP (1 = 36) T2DM (1 = 36) NAP (1 = 36)
ode
n B p Adjusted R? n B p Adjusted R? n B p Adjusted R?
1 36 —0.013 0.718 0.025 36 —0.052 0.45 0.012 36 0.059 0.012 0.151
Total fib 2 36 —0.057 0.143 0.141 36 —0.053 0.49 0.065 36 0.048 0.033 0.269
otal fibre 3 36 —0.096 0.033 0.213 36 —0.012 0.885 0.079 34 0.052 0.277 0.277
4 36 —0.082 0.093 0.154 35 0.018 0.842 0.067 31 —0.017 0.775 0.268
1 36 —0.021 0.572 0.019 36 —0.035 0.621 0.021 36 0.057 0.013 0.148
Insoluble 2 36 —0.054 0.163 0.135 36 —0.033 0.667 0.075 36 0.045 0.042 0.259
fibre 3 36 —0.079 0.062 0.184 36 —0.001 0.982 0.079 34 0.042 0.319 0.272
4 36 —0.067 0.135 0.135 35 0.002 0.973 0.065 31 —0.014 0.817 0.267
1 36 —0.004 0.895 0.028 36 —0.049 0.429 0.01 36 —0.004 0.895 0.028
Soluble 2 36 —0.042 0.227 0.121 36 —0.048 0.478 0.064 36 —0.042 0.227 0.122
fibre 3 36 —0.093 0.026 0.223 36 —0.003 0.965 0.079 34 0.025 0.488 0.259
4 36 —0.081 0.081 0.161 35 0.011 0.884 0.066 31 —0.028 0.501 0.28
1 36 —0.056 0.153 0.033 36 0.025 0.594 0.02 36 0.049 0.029 0.112
Vesetables 2 36 —0.037 0.061 0.177 36 0.03 0.552 0.07 36 0.042 0.042 0.257
8 3 36 —0.041 0.051 0.203 36 0.046 0.351 0.107 34 0.028 0.204 0.286
4 36 —0.038 0.071 0.168 35 0.053 0.304 0.105 31 0.013 0.646 0.266
1 36 —0.022 0.188 0.023 36 —0.016 0.667 0.023 36 0.015 0.064 0.073
Erui 2 36 —0.03 0.086 0.162 36 —0.015 0.704 0.077 36 0.014 0.059 0.245
ruit 3 36 —0.034 0.053 0.192 36 —0.015 0.689 0.084 34 0.009 0.257 0.28
4 36 —0.029 0.131 0.137 35 —0.004 0.909 0.066 31 0.005 0.585 0.275
1 36 0.041 0.146 0.034 36 —0.065 0.257 0.009 36 0.024 0.095 0.054
Cereal 2 36 0.036 0.182 0.131 36 —0.063 0.295 0.045 36 0.022 0.098 0.225
ereals 3 36 0.038 0.261 0.12 36 —0.036 0.604 0.087 34 0.006 0.759 0.248
4 36 0.035 0.311 0.095 35 —0.102 0.185 0.13 31 0.001 0.977 0.265
1 36 —0.032 0.022 0.119 36 —0.021 0.585 0.02 36 0.003 0.789 0.028
N 2 36 —0.038 0.005 0.286 36 —0.22 0.593 0.071 36 0.001 0.933 0.152
uts 3 36 —0.042 0.002 0.333 36 —0.024 0.546 0.09 34 —0.002 0.861 0.246
4 36 —0.054 0.001 0.433 35 —0.02 0.645 0.074 31 —0.016 0.194 0.321

Abbreviations: NODAP = New onset diabetes or prediabetes after acute pancreatitis. T2DM = Type 2 diabetes or prediabetes prior to acute pancreatitis. NAP = Normoglycaemia after acute pancreatitis. B =
B-coefficient. Adjusted R? = adjusted coefficient of determinations. Footnotes: Model 1 was unadjusted. Model 2 was adjusted for age and sex. Model 3 was adjusted for age, sex, BMI, energy intake, and use of
anti-diabetic medications. Model 4 was adjusted for age, sex, BMI, energy intake, use of anti-diabetic medications, aetiology of pancreatitis, recurrence of pancreatitis, and presence of pancreatic necrosis. Total
fibre, insoluble fibre, soluble fibre, vegetables, fruit, cereals, nuts, and glycated haemoglobin were log-transformed. Data are presented as 3-coefficient, R? value, and p value. Significance was set at p < 0.05.

Significant values are shown in bold.
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Figure 4. Associations between vegetables intake and markers of glucose metabolism between T2DM (A,B) and NODAP
group (C,D). Abbreviations: T2DM = Type 2 diabetes or prediabetes prior to acute pancreatitis. NODAP = New-
onset diabetes or prediabetes after acute pancreatitis. HbAlc = glycated haemoglobin. FPG = fasting plasma glu-
cose. R? = adjusted R2 value (coefficient determinations). Footnotes: FPG, HbA1lc, and vegetables were log-transformed.
R? values were adjusted for age, sex, BMI, energy intake (log-transformed), use of anti-diabetic medications, aetiology of
pancreatitis, recurrence of pancreatitis, and presence of pancreatic necrosis.
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Figure 5. Associations between nuts intake and markers of glucose metabolism between T2DM (A,B) and NODAP group
(C,D). Abbreviations: T2DM = Type 2 diabetes or prediabetes prior to acute pancreatitis. NODAP = New-onset diabetes or
prediabetes after acute pancreatitis. HbAlc = glycated haemoglobin. FPG = fasting plasma glucose. R? = adjusted R? value
(coefficient determinations). Footnotes: FPG, HbAlc, and nuts were log-trans. R? values were adjusted for age, sex, BMI,
energy intake (log-transformed), use of anti-diabetic medications, aetiology of pancreatitis, recurrence of pancreatitis, and

presence of pancreatic necrosis.

In the T2DM group, neither FPG nor HbA1c was significantly associated with any of
the dietary sources of fibre in any model (Tables 2 and 3).

In the NAP group, neither FPG nor HbAlc was significantly associated with any of
the dietary sources of fibre in any model (Tables 2 and 3).

4. Discussion

This was the first study to investigate the associations between dietary fibre intake and
blood markers of glucose metabolism in individuals after AP. The included participants
mainly had non-necrotising AP and none of them had extensive pancreatic necrosis on com-
puted tomography. A key finding was that an increase in total fibre intake (after adjustment
for age, sex, BMI, energy intake, use of anti-diabetic medications, and pancreatitis-related
factors) was significantly associated with reduced FPG in the NODAP group, but not in
the T2DM group. The subtypes of dietary fibre—insoluble and soluble fibre—were also
significantly associated with reduced FPG in the NODAP group, but not the T2DM group
(in the most adjusted model). Another key finding was that increased intake of dietary
sources of fibre, specifically vegetables and nuts (but not cereals or fruit), was significantly
associated with reduced FPG and HbA1c in the NODAP group in the most adjusted model.
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The above findings suggest that increased intake of dietary fibre may have a beneficial effect
on glucose homeostasis in people with new-onset derangements of glucose metabolism
after an attack of pancreatitis.

There are three possible mechanisms that may explain our findings. The first one
relates to the physicochemical properties of dietary fibre. Soluble dietary fibre has a
branched chemical structure or a polarised group, which allows it to have large water-
binding capacity (including intra-dietary fibre particulate water and extra-dietary fibre
particulate water) and swelling capacity [39]. Findings from a double-blind randomised
controlled trial in healthy adults [40] showed that consumption of a carbohydrate meal
(50 g of carbohydrate) with a high amount of soluble fibre (19.6 g of 3-glucan) resulted
in a lower postprandial plasma glucose level compared with a carbohydrate meal with a
small amount of soluble fibre (4.5 g of 3-glucan). Evidence from a randomised crossover
controlled trial in individuals with Type 2 diabetes also showed that intake of liquid loaded
with soluble fibre (7.5 g of oat (3-glucan) was associated with a significant reduction in
postprandial plasma glucose and insulin compared with intake of liquid without loading
of soluble fibre [41]. Similarly, findings from the present study showed that intake of
soluble fibre had an inverse association with FPG and explained 35.8% of variance in FPG
levels. It is possible that ingestion of soluble dietary fibre leads to increased viscosity of the
gut content [42], which results in a slower gastric emptying and a reduced absorption of
carbohydrates from the gut [41,43].

Insoluble fibre is known to have lower water-binding capacity compared with soluble
fibre. Unlike viscous soluble fibre, insoluble fibre is more likely to remain intact in the large
intestine and is poorly fermented by the gut microbiota [42]. Earlier studies showed that
insoluble fibre (e.g., cereals) was effective in stimulating the release of glucose-dependent
insulinotropic polypeptide (GIP) from the intestinal K cells [44], which, in turn, improved
insulin sensitivity. Our earlier study in individuals after an attack of AP found that GIP
(but not the other incretin hormone—glucagon-like peptide-1) was significantly associated
with insulin resistance in individuals with NODAP [27,45]. The present study showed
that intake of insoluble fibre was inversely associated with FPG and explained 37.7% of
variance in FPG levels. It is possible that an increased intake of insoluble dietary fibre
results in an increased secretion of GIP in individuals with NODAP, leading to an increased
secretion of insulin from (-cells [46] .

The second possible mechanism is the interaction between dietary fibre and gut
microbiota. Short-chain fatty acids (SCFAs) are produced by the gut microbiota in the large
intestine by fermenting undigested dietary fibre [47]. Population-based studies showed that
individuals with glucose intolerance had decreased production of SCFAs due to an altered
gut microbiota profile [48,49]. Dietary fibre has been shown to be effective in stimulating
the production of SCFAs, especially butyrate. Evidence showed that butyrate has a glucose
lowering effect [50], which could be explained by its metabolic activity in the liver. After
being produced in the large intestine, a fraction of butyrate is transported to the liver for
ketone body synthesis. As a result, 3-hydroxybutyrate is produced as one of the ketone
bodies, which is then transported to peripheral tissues [51]. The 2021 CETUS randomised
placebo-controlled trial in individuals with new-onset prediabetes after acute pancreatitis
showed that mild exogenous ketosis results in a 14.5% reduction in plasma glucose levels
and a significant increase in GIP level [52]. Based on the above, we hypothesise that
there is a link between dietary fibre intake and circulating 3-hydroxybutyrate levels. It is
conceivable that increased intake of dietary fibre triggers an increase in butyrate production
in the intestine, leading to increased levels of -hydroxybutyrate. As a consequence, f3-
hydroxybutyrate may potentiate the insulinotropic effect of GIP and eventually result in
reduced plasma glucose.

The third possible mechanism is the interaction between dietary fibre intake and
the production of bile acids. Bile acids serve as ligands for farnesoid X receptor (FXR).
Activation of FXR results in the expression of a fibroblast growth factor 15/19 (FGF15/19) in
the intestine, which is associated with the reduction of plasma glucose levels by suppressing
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hepatic gluconeogenesis and inducing hepatic glycogen synthesis [53]. Increased intake of
dietary fibre has been shown to stimulate the production of bile acids. Evidence from a
randomised controlled crossover trial in healthy adults showed that the consumption of a
diet rich in dietary sources of fibre at an average of 56 g/day (whole grain, vegetables, and
legumes) resulted in an increased total bile acids synthesis [54]. Evidence from another
randomised controlled trial showed that bile acid supplementation resulted in a significant
increase in GIP [55]. Given that the present study showed a significant inverse association
between dietary fibre and FPG in individuals with NODAP, it is possible that an increase
in dietary fibre intake could lead to an increase in bile acid production, which activates
the FXR pathway and increases GIP production. Since dietary fibre intake could affect the
gut microbiota, SCFA, and bile acids production, the quantity and quality of dietary fibre
intake may play an important role in glucose homeostasis in individuals after an attack of
pancreatitis. Purposely-designed mechanistic studies are now warranted to elucidate the
intricate relationship between dietary fibre, gut microbiota, and bile acids in this setting.

Since we observed the glucose-lowering effect of dietary fibre in the post-pancreatitis
setting, it was important to consider the intake of common sources of dietary fibre. Higher
nuts intake in the NODAP group was associated with significant reductions in both FPG
and HbAlc. This finding in the post-pancreatitis setting was generally in line with earlier
studies in other settings. A large-scale cross-sectional study in healthy adults demonstrated
that consumption of tree nuts was associated with a significantly reduced risk of metabolic
syndrome (including its component—elevated FPG) in people who had a high intake of
nuts (above 18 g/day) [56]. A randomised controlled crossover trial in individuals with
Type 2 diabetes showed a significant reduction in HbA1lc (but not in FPG) in individuals
after 24 weeks of daily almond intake (at 20% of energy intake) when compared to the
control diet [57]. The significant association of both FPG and HbA1lc with nuts intake
in the present study suggests a possible long-term beneficial effect of nuts intake on
glucose metabolism in post-pancreatitis individuals. Specifically, for every 1% increase
of nuts intake, a reduction of 0.04% of FPG and 0.05% of HbAlc was observed in the
NODAP group. A prospective longitudinal study is now warranted to investigate the
effect of nuts intake, its frequency, and optimum daily intake on glucose metabolism in a
post-pancreatitis setting. The other notable finding in the present study was the inverse
association between vegetables intake and FPG in the NODAP group. Earlier studies
showed an inverse association between the intake of vegetables and markers of glucose
metabolism [17-19]. A meta-analysis of 10 prospective studies [18] showed that a higher
intake of green leafy vegetables was associated with a reduced risk of Type 2 diabetes.
Specifically, for every 0.2 servings/day increased intake of green leafy vegetables, there
was a 13% lower risk of Type 2 diabetes. Evidence from a randomised controlled trial in
people with Type 2 diabetes also showed that a diet high in vegetables (5-8 servings/day)
resulted in a decrease in FPG when compared with the control diet (where no additional
dietary targets were used) [19]. The present study found that, for every 1% increase of
vegetable intake, FPG decreased by 0.07% in the NODAP group after accounting for several
covariates. Based on the above, future nutritional guidelines for pancreatitis may need
to recommend increased intake of vegetables and nuts in people after an attack of AP
(provided that the dietary pattern is balanced).

There are several limitations of the present study. First, the ascertainment of dietary
fibre intake was based on the self-reported FFQ, which means that a recall bias cannot be
ruled out. However, the FFQ used in the present study was extensively validated [30],
enabling the capture of a more accurate habitual dietary profile than other dietary measure-
ment methods (e.g., 3-day food records) [58]. Second, for the purpose of the present study;,
dietary fibre was limited to non-starch polysaccharides only. Other sources of dietary fibre
(e.g., resistant starch, oligosaccharides, and maltodextrins) were not captured in the used
FFQ. However, non-starch polysaccharides are known to account for the majority of dietary
fibre intake [31]. It is also important to acknowledge that the definition of insoluble and
soluble fibre is principally based on their chemical properties instead of their physiological
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function. Currently, there is no accurate analytical method to distinguish soluble from
insoluble fibre intake [59]. Third, sugar intake and protein intake may interact with dietary
fibre and influence glucose homeostasis. The present study did not take into account all
dietary covariates that are possibly associated with deranged blood glucose homeostasis.
Given the relatively small sample size of the present study, inclusion of all possible dietary
factors as covariates would have resulted in overfitting of our statistical models. Therefore,
we elected to use energy intake as a single holistic factor covering most dietary variables
in the statistical analyses. Larger studies in the future will be in a position to conduct a
more granular analysis. Fourth, other chemical compounds in the food items that are rich
in fibre may have affected the studied associations. For example, increased consumption
of nuts is also associated with a higher intake of monounsaturated and polyunsaturated
fatty acids, which may decrease FPG [60] . Intake of vegetables leads to a higher intake of
antioxidants and flavonoids, which are known to improve insulin sensitivity [61]. Research
into the above mentioned compounds in people with a history of AP is now warranted.
Fifth, we were unable to calculate the glycaemic index, which is a metric for ascertaining
the effect of a fixed amount of carbohydrate on the postprandial glycemic response [62].
Although earlier studies used the glycaemic index to predict the risk of chronic diseases,
its use would not have been helpful in studying the associations in the present study. The
concept of the glycaemic index includes a wide range of available carbohydrates in food
but excludes other factors (e.g., antioxidants, vitamins, and minerals) affecting glycaemic
control, which may confound the effect of dietary fibre [63]. The present study investi-
gated dietary fibre alone, which provided specific guidance for future studies regarding
the glucose-lowering effect of individual dietary factors in the post-pancreatitis setting.
Sixth, the use of fibre supplements was not analyzed. Due to the limitation of the used
software, we were unable to input food data from any supplements. Future studies should
consider investigating all the possible sources of dietary fibre (i.e., both naturally occurring
in food and present as processed fibre) in the post-pancreatitis setting. Seventh, although
there is a body of evidence in the role of legume and soy intake in reducing the risk of
diabetes [21,22,64], it was not analysed as an independent variable in the present study.
Due to the limitations of the FETA software, a granular analysis of dietary fibre from
different plant sources was not possible, resulting in the intake of legumes and other types
of vegetables (such as leafy green vegetables and cruciferous vegetables) being classified
as the intake of vegetables. Eighth, possible changes in dietary habits before and after an
attack of AP were not investigated in the present study. However, given that the average
time from the last attack of AP was 27 months and taking into account that the FFQ looked
at the habitual dietary pattern over 12 months prior to the study visit, the data captured
in the FFQ focused exclusively on the period after an attack of AP. Last, since the present
study was a cross-sectional study, a causal relationship between dietary fibre intake and
markers of blood glucose metabolism cannot be inferred. However, this was the first study
investigating this relationship in the post-pancreatitis setting. Insights from the present
study will be helpful in designing future prospective longitudinal studies of dietary intake
in people after an attack of pancreatitis.

5. Conclusions

Habitual intake of dietary fibre (including both insoluble and soluble fibre) was
significantly associated with glucose metabolism in the NODAP group. Given that intake
of vegetables and nuts had significant inverse associations with FPG or HbAlc levels,
increased consumption of these food items can be recommended to people after an attack
of AP.

Author Contributions: Conceptualisation and study design, M.S.P. Patient recruitment, S.H.B.,
J.C., and J.K. Data acquisition, X.L., WK., J.K,, and S.H.B. Analysis and interpretation of data, X.L.
Statistical analysis, X.L. Drafting of manuscript, X.L. Revision of the manuscript, WK, J.C., J.K.,
S.H.B., and M.S.P. Study supervision, M.S.P. All authors have read and agreed to the published
version of the manuscript.



Nutrients 2021, 13, 1112 16 of 18

Funding: This study was supported by the Royal Society of New Zealand (Rutherfold Discovery
Fellowship to Professor Max Petrov).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Health and Disability Ethics Committee (13/STH/182).

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: The data are not publicly available due to the ethical conduct in human
research regulations.

Acknowledgments: This study was part of the Clinical and epidemiOlogical inveStigations in
Metabolism, nutritiOn, and pancreatic diseaseS (COSMOS) program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Petrov, M.S.; Yadav, D. Global epidemiology and holistic prevention of pancreatitis. Nat. Rev. Gastroenterol. Hepatol.
2019, 16, 175-184. [CrossRef]

Petrov, M.S. Post-pancreatitis diabetes mellitus: Prime time for secondary disease. Eur. . Endocrinol. 2021, 184, R137-R149.
[CrossRef]

Lee, YK; Huang, M.Y.; Hsu, C.Y;; Su, Y.C. Bidirectional relationship between diabetes and acute pancreatitis: A population-based
cohort study in Taiwan. Medicine 2016, 95, €2448. [CrossRef]

Shen, H.N,; Yang, C.C.; Chang, Y.H.; Lu, C.L.; Li, C.Y. Risk of diabetes mellitus after first-attack acute pancreatitis: A national
population-based study. Am. J. Gastroenterol. 2015, 110, 1698-1706. [CrossRef] [PubMed]

Bharmal, S.H.; Cho, J.; Alarcon Ramos, G.C.; Ko, J.; Stuart, C.E.; Modesto, A.E.; Singh, R.G.; Petrov, M.S. Trajectories of glycaemia
following acute pancreatitis: A prospective longitudinal cohort study with 24 months follow-up. J. Gastroenterol. 2020, 55, 775-788.
[CrossRef] [PubMed]

Woodmansey, C.; McGovern, A.P.; McCullough, K.A.; Whyte, M.B.; Munro, N.M.; Correa, A.C.; Gatenby, P.A.; Jones, S.A.; De
Lusignan, S. Incidence, demographics, and clinical characteristics of diabetes of the exocrine pancreas (Type 3c): A retrospective
cohort study. Diabetes Care 2017, 40, 1486-1493. [CrossRef]

Evert, A.B.; Boucher, ]J.L.; Cypress, M.; Dunbar, S.A.; Franz, M.].; Mayer-Davis, E.J.; Neumiller, ]J.J.; Nwankwo, R.; Verdi,
C.L.; Urbanski, P; et al. Nutrition therapy recommendations for the management of adults with diabetes. Diabetes Care
2014, 37, 120-143. [CrossRef] [PubMed]

Dyson, P.A,; Kelly, T.; Deakin, T.; Duncan, A.; Frost, G.; Harrison, Z.; Khatri, D.; Kunka, D.; Mcardle, P.; Mellor, D.; et al. Diabetes
UK evidence-based nutrition guidelines for the prevention and management of diabetes. Diabet. Med. 2011, 28, 1282-1288.
[CrossRef]

Augustin, L.S.; Aas, AM.; Astrup, A.; Atkinson, F.S.; Baer-Sinnott, S.; Barclay, A.W.; Brand-Miller, ].C.; Brighenti, F,; Bullo,
M.; Buyken, A.E.; et al. Dietary fibre consensus from the international carbohydrate quality consortium (ICQC). Nutrients
2020, 12, 2553. [CrossRef]

Reynolds, A.N.; Akerman, A.P; Mann, J. Dietary fibre and whole grains in diabetes management: Systematic review and
meta-analyses. PLoS Med. 2020, 17, €1003053. [CrossRef]

Silva, EM.; Kramer, C.K.; de Almeida, J.C.; Steemburgo, T.; Gross, J.L.; Azevedo, M.]. Fiber intake and glycemic control in
patients with type 2 diabetes mellitus: A systematic review with meta-analysis of randomized controlled trials. Nutr. Rev.
2013, 71, 790-801. [CrossRef]

Honsek, C.; Kabisch, S.; Kemper, M.; Gerbracht, C.; Arafat, A.M.; Birkenfeld, A.L.; Dambeck, U.; Osterhoff, M.A.; Weickert,
M.O.; Pfeiffer, A.F. Fibre supplementation for the prevention of type 2 diabetes and improvement of glucose metabolism: The
randomised controlled Optimal Fibre Trial (OptiFiT). Diabetologia 2018, 61, 1295-1305. [CrossRef]

Kabisch, S.; Meyer, N.M.; Honsek, C.; Gerbracht, C.; Dambeck, U.; Kemper, M.; Osterhoff, M.A.; Birkenfeld, A.L.; Arafat, AM.;
Hjorth, M.F,; et al. Fasting glucose state determines metabolic response to supplementation with insoluble cereal fibre: A
secondary analysis of the optimal fibre trial (optiFiT). Nutrients 2019, 11, 2385. [CrossRef]

Schulze, M.B.; Schulz, M.; Heidemann, C.; Schienkiewitz, A.; Hoffmann, K.; Boeing, H. Fiber and magnesium intake and incidence
of type 2 diabetes: A prospective study and meta-analysis. Arch. Intern. Med. 2007, 167, 956-965. [CrossRef]

InterAct Consortium. Dietary fibre and incidence of type 2 diabetes in eight European countries: The EPIC-InterAct Study and a
meta-analysis of prospective studies. Diabetologia 2015, 58, 1394-1408. [CrossRef] [PubMed]

Hajishafiee, M.; Saneei, P.; Benisi-Kohansal, S.; Esmaillzadeh, A. Cereal fibre intake and risk of mortality from all causes,
CVD, cancer and inflammatory diseases: A systematic review and meta-analysis of prospective cohort studies. Br. |. Nutr.
2016, 116, 343-352. [CrossRef] [PubMed]

Montonen, J.; Knekt, P.; Harkdnen, T.; Jarvinen, R.; Heliovaara, M.; Aromaa, A.; Reunanen, A. Dietary patterns and the incidence
of type 2 diabetes. Am. . Epidemiol. 2005, 161, 219-227. [CrossRef] [PubMed]


http://doi.org/10.1038/s41575-018-0087-5
http://doi.org/10.1530/EJE-20-0468
http://doi.org/10.1097/MD.0000000000002448
http://doi.org/10.1038/ajg.2015.356
http://www.ncbi.nlm.nih.gov/pubmed/26526084
http://doi.org/10.1007/s00535-020-01682-y
http://www.ncbi.nlm.nih.gov/pubmed/32494905
http://doi.org/10.2337/dc17-0542
http://doi.org/10.2337/dc14-S120
http://www.ncbi.nlm.nih.gov/pubmed/24357208
http://doi.org/10.1111/j.1464-5491.2011.03371.x
http://doi.org/10.3390/nu12092553
http://doi.org/10.1371/journal.pmed.1003053
http://doi.org/10.1111/nure.12076
http://doi.org/10.1007/s00125-018-4582-6
http://doi.org/10.3390/nu11102385
http://doi.org/10.1001/archinte.167.9.956
http://doi.org/10.1007/s00125-015-3585-9
http://www.ncbi.nlm.nih.gov/pubmed/26021487
http://doi.org/10.1017/S0007114516001938
http://www.ncbi.nlm.nih.gov/pubmed/27193606
http://doi.org/10.1093/aje/kwi039
http://www.ncbi.nlm.nih.gov/pubmed/15671254

Nutrients 2021, 13,1112 17 of 18

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Li, M.; Fan, Y,; Zhang, X.; Hou, W.; Tang, Z. Fruit and vegetable intake and risk of type 2 diabetes mellitus: Meta-analysis of
prospective cohort studies. BMJ Open 2014, 4, e€005497. [CrossRef]

Flood, A.; Mai, V.; Pfeiffer, R.; Kahle, L.; Remaley, A.T.; Rosen, C.J.; Lanza, E.; Schatzkin, A. The effects of a high-fruit and
-vegetable, high-fiber, low-fat dietary intervention on serum concentrations of insulin, glucose, IGF-I and IGFBP-3. Eur. ].
Clin. Nutr. 2008, 62, 186-196. [CrossRef]

Aune, D.; Giovannucci, E.; Boffetta, P.; Fadnes, L.T.; Keum, N.N.; Norat, T.; Greenwood, D.C.; Riboli, E.; Vatten, L.].; Tonstad, S.
Fruit and vegetable intake and the risk of cardiovascular disease, total cancer and all-cause mortality-A systematic review and
dose-response meta-analysis of prospective studies. Int. |. Epidemiol. 2017, 46, 1029-1056. [CrossRef]

Becerra-Tomas, N.; Diaz-Lopez, A.; Rosique-Esteban, N.; Ros, E.; Buil-Cosiales, P; Corella, D.; Estruch, R.; Fitd, M.; Serra-Majem,
L.; Ar6s, F; et al. Legume consumption is inversely associated with type 2 diabetes incidence in adults: A prospective assessment
from the PREDIMED study. Clin. Nutr. 2018, 37, 906-913. [CrossRef]

Jannasch, F; Kroger, J.; Schulze, M.B. Dietary patterns and type 2 diabetes: A systematic literature review and meta- analysis of
prospective studies. J. Nutr. 2017, 147, 1174-1182. [CrossRef]

Fung, T.T.; Hu, E.B.; Pereira, M.A ; Liu, S.; Stampfer, M.].; Colditz, G.A.; Willett, W.C. Whole-grain intake and the risk of type 2
diabetes: A prospective study in men. Am. J. Clin. Nutr. 2002, 76, 535-540. [CrossRef]

Liu, S.; Manson, J.E.; Stamfer, M.].; Hu, EB.; Giovannucci, E.; Colditz, G.A.; Hennekens, C.H.; Willett, W.C. A prospective study
of whole-grain intake and risk of type 2 diabetes mellitus in US women. Am. J. Public Health 2000, 90, 1409-1415. [CrossRef]
[PubMed]

Ko, J.; Skudder-Hill, L.; Cho, J.; Bharmal, S.H.; Petrov, M.S. The relationship between abdominal fat phenotypes and insulin
resistance in non-obese individuals after acute pancreatitis. Nutrients 2020, 12, 2883. [CrossRef] [PubMed]

Singh, R.G.; Nguyen, N.N.; DeSouza, S.V.; Pendharkar, S.A.; Petrov, M.S. Comprehensive analysis of body composition and insulin
traits associated with intra-pancreatic fat deposition in healthy individuals and people with new-onset prediabetes/diabetes after
acute pancreatitis. Diabetes. Obes. Metab. 2019, 21, 417-423. [CrossRef] [PubMed]

Petrov, M.S. Panorama of mediators in postpancreatitis diabetes mellitus. Curr. Opin. Gastroenterol. 2020, 36, 443-451. [CrossRef]
Petrov, M.S.; Basina, M. Diagnosing and classifying diabetes in diseases of the exocrine pancreas. Eur. ]. Endocrinol.
2021, 184, R151-R163. [CrossRef]

Petrov, M.S. Diabetes of the exocrine pancreas: American Diabetes Association-compliant lexicon. Pancreatology 2017, 17, 523-526.
[CrossRef]

Mulligan, A.A.; Luben, R.N.; Bhaniani, A.; Parry-Smith, D.J.; O’Connor, L.; Khawaja, A.P; Forouhi, N.G.; Khaw, K.T. A new tool
for converting food frequency questionnaire data into nutrient and food group values: FETA research methods and availability.
BM]J Open 2014, 4, e004503. [CrossRef]

Jones, ].M. CODEX-aligned dietary fiber definitions help to bridge the “fiber gap”. Nutr. J. 2014, 13, 1-10. [CrossRef]
Pennington, J.A.T. McCance and Widdowson’s the composition of foods. J. Food Compos. Anal. 1992, 5, 264. [CrossRef]

Welch, A.A,; Luben, R.; Khaw, K.T.; Bingham, S.A. The CAFE computer program for nutritional analysis of the EPIC-Norfolk
food frequency questionnaire and identification of extreme nutrient values. J. Hum. Nutr. Diet. 2005, 18, 99-116. [CrossRef]
Feeney, E.L.; Leacy, L.; O’kelly, M.; Leacy, N.; Phelan, A.; Crowley, L.; Stynes, E.; de Casanove, A.; Horner, K. Sweet and umami
taste perception differs with habitual exercise in males. Nutrients 2019, 11, 155. [CrossRef] [PubMed]

Kimita, W.; Li, X.; Ko, J.; Bharmal, S.H.; Cameron-Smith, D.; Petrov, M.S. Association between habitual dietary iron intake and
glucose metabolism in individuals after acute pancreatitis. Nutrients 2020, 12, 3579. [CrossRef] [PubMed]

Ko, J.; Kimita, W.; Skudder-Hill, L.; Li, X,; Priya, S.; Bharmal, S.H.; Cho, ].; Petrov, M.S. Dietary carbohydrate intake and insulin
traits in individuals after acute pancreatitis: Effect modification by intra-pancreatic fat deposition. Pancreatology 2021, 21, 353-362.
[CrossRef] [PubMed]

Patel, P.S.; Sharp, S.J.; Luben, R.N.; Khaw, K.T.; Bingham, S.A.; Wareham, N.J.; Forouhi, N.G. Association between type of dietary
fish and seafood intake and the risk of incident type 2 diabetes: The European Prospective Investigation of Cancer (EPIC)-Norfolk
cohort study. Diabetes Care 2009, 32, 1857-1863. [CrossRef] [PubMed]

Dellinger, E.P,; Forsmark, C.E.; Layer, P.; Lévy, P.; Maravi-Poma, E.; Petrov, M.S.; Shimosegawa, T.; Siriwardena, A.K.; Uomo,
G.; Whitcomb, D.C.; et al. Determinant-based classification of acute pancreatitis severity: An international multidisciplinary
consultation. Ann. Surg. 2012, 256, 875-880. [CrossRef] [PubMed]

Guillon, F; Champ, M. Structural and physical properties of dietary fibres, and consequences of processing on human physiology.
Food Res. Int. 2000, 33, 233-245. [CrossRef]

Ames, N.; Blewett, H.; Storsley, J.; Thandapilly, S.J.; Zahradka, P; Taylor, C. A double-blind randomised controlled trial testing
the effect of a barley product containing varying amounts and types of fibre on the postprandial glucose response of healthy
volunteers. Br. J. Nutr. 2015, 113, 1373-1383. [CrossRef]

Yu, K.; Ke, M.Y,; Li, W.H.; Zhang, S.Q.; Fang, X.C. The impact of soluble dietary fibre on gastric emptying, postprandial blood
glucose and insulin in patients with type 2 diabetes. Asia Pac. ]. Clin. Nutr. 2014, 23, 210-218. [CrossRef]

Capuano, E. The behavior of dietary fiber in the gastrointestinal tract determines its physiological effect. Crit. Rev. Food Sci. Nutr.
2017, 57, 3543-3564. [CrossRef]

Eastwood, M.A.; Morris, E.R. Physical properties of dietary fiber that influence physiological function: A model for polymers
along the gastrointestinal tract. Am. J. Clin. Nutr. 1992, 55, 436—442. [CrossRef]


http://doi.org/10.1136/bmjopen-2014-005497
http://doi.org/10.1038/sj.ejcn.1602726
http://doi.org/10.1093/ije/dyw319
http://doi.org/10.1016/j.clnu.2017.03.015
http://doi.org/10.3945/jn.116.242552
http://doi.org/10.1093/ajcn/76.3.535
http://doi.org/10.2105/AJPH.90.9.1409
http://www.ncbi.nlm.nih.gov/pubmed/10983198
http://doi.org/10.3390/nu12092883
http://www.ncbi.nlm.nih.gov/pubmed/32967240
http://doi.org/10.1111/dom.13523
http://www.ncbi.nlm.nih.gov/pubmed/30187644
http://doi.org/10.1097/MOG.0000000000000654
http://doi.org/10.1530/EJE-20-0974
http://doi.org/10.1016/j.pan.2017.06.007
http://doi.org/10.1136/bmjopen-2013-004503
http://doi.org/10.1186/1475-2891-13-34
http://doi.org/10.1016/0889-1575(92)90046-M
http://doi.org/10.1111/j.1365-277X.2005.00593.x
http://doi.org/10.3390/nu11010155
http://www.ncbi.nlm.nih.gov/pubmed/30642050
http://doi.org/10.3390/nu12113579
http://www.ncbi.nlm.nih.gov/pubmed/33266432
http://doi.org/10.1016/j.pan.2021.01.018
http://www.ncbi.nlm.nih.gov/pubmed/33563551
http://doi.org/10.2337/dc09-0116
http://www.ncbi.nlm.nih.gov/pubmed/19592633
http://doi.org/10.1097/SLA.0b013e318256f778
http://www.ncbi.nlm.nih.gov/pubmed/22735715
http://doi.org/10.1016/S0963-9969(00)00038-7
http://doi.org/10.1017/S0007114515000367
http://doi.org/10.6133/apjcn.2014.23.2.01
http://doi.org/10.1080/10408398.2016.1180501
http://doi.org/10.1093/ajcn/55.2.436

Nutrients 2021, 13,1112 18 of 18

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bleau, C.; Karelis, A.D.; St-Pierre, D.H.; Lamontagne, L. Crosstalk between intestinal microbiota, adipose tissue and skeletal
muscle as an early event in systemic low-grade inflammation and the development of obesity and diabetes. Diabetes. Metab.
Res. Rev. 2015, 31, 545-561. [CrossRef]

Pendharkar, S.A.; Singh, R.G.; Cervantes, A.; Desouza, S.V.; Bharmal, S.H.; Petrov, M.S. Gut hormone responses to mixed meal
test in new-onset prediabetes/diabetes after acute pancreatitis. Horm. Metab. Res. 2019, 51, 191-199. [CrossRef]

Ding, W.G.; Gromada, J. Protein kinase A-dependent stimulation of exocytosis in mouse pancreatic-cells by glucose-dependent
insulinotropic polypeptide. Diabetes 1997, 46, 615-621. [CrossRef]

Liu, H.; Wang, ].; He, T.; Becker, S.; Zhang, G.; Li, D.; Ma, X. Butyrate: A double-edged sword for health? Adv. Nutr. 2018, 9, 21-29.
[CrossRef] [PubMed]

Karlsson, FH.; Tremaroli, V.; Nookaew, L.; Bergstrom, G.; Behre, C.J.; Fagerberg, B.; Nielsen, J.; Backhed, F. Gut metagenome in
European women with normal, impaired and diabetic glucose control. Nature 2013, 498, 99-103. [CrossRef]

Wang, J.; Qin, J.; Li, Y,; Cai, Z,; Li, S.; Zhu, J.; Zhang, F;; Liang, S.; Zhang, W.; Guan, Y.; et al. A metagenome-wide association
study of gut microbiota in type 2 diabetes. Nature 2012, 490, 55-60. [CrossRef]

Puddu, A; Sanguineti, R.; Montecucco, F.; Viviani, G.L. Evidence for the gut microbiota short-chain fatty acids as key pathophysi-
ological molecules improving diabetes. Mediators Inflamm. 2014, 2014, 162021. [CrossRef]

Guilloteau, P; Martin, L.; Eeckhaut, V.; Ducatelle, R.; Zabielski, R.; Van Immerseel, F. From the gut to the peripheral tissues: The
multiple effects of butyrate. Nutr. Res. Rev. 2010, 23, 366-384. [CrossRef]

Bharmal, S.H.; Cho, J.; Alarcon Ramos, G.C.; Ko, J.; Cameron-Smith, D.; Petrov, M.S. Acute nutritional ketosis and its implication
for plasma glucose and glucoregulatory peptides in adults with prediabetes: A crossover placebo-controlled randomized trial.
J. Nutr. 2021. Epub ahead of print. [CrossRef]

Ahmad, T.R.; Haeusler, R.A. Bile acids in glucose metabolism and insulin signalling—mechanisms and research needs.
Nat. Rev. Endocrinol. 2019, 15, 701-712. [CrossRef] [PubMed]

Ginos, B.N.; Navarro, S.L.; Schwarz, Y.; Gu, H.; Wang, D.; Randolph, TW.; Shojaie, A.; Hullar, M.A.; Lampe, P.D.; Kratz, M.; et al.
Circulating bile acids in healthy adults respond differently to a dietary pattern characterized by whole grains, legumes and fruits
and vegetables compared to a diet high in refined grains and added sugars: A randomized, controlled, crossover feeding stud.
Metabolism 2018, 83, 197-204. [CrossRef] [PubMed]

Beysen, C.; Murphy, E.J.; Deines, K.; Chan, M.; Tsang, E.; Glass, A.; Turner, S.M.; Protasio, J.; Riiff, T.; Hellerstein, M.K. Effect
of bile acid sequestrants on glucose metabolism, hepatic de novo lipogenesis, and cholesterol and bile acid kinetics in type 2
diabetes: A randomised controlled study. Diabetologia 2012, 55, 432-442. [CrossRef] [PubMed]

O’Neil, C.E.; Fulgoni, V.L.; Nicklas, T.A.; Keast, D.R. Nut consumption is associated with decreased health risk factors for
cardiovascular disease and metabolic syndrome in U.S. Adults: NHANES 1999-2004. J. Am. Coll. Nutr. 2011, 30, 502-510.
[CrossRef] [PubMed]

Gulati, S.; Misra, A.; Pandey, R.M. Effect of almond supplementation on glycemia and cardiovascular risk factors in Asian Indians
in North India with type 2 diabetes mellitus: A 24-week study. Metab. Syndr. Relat. Disord. 2017, 15, 98-105. [CrossRef]
Kowalkowska, J.; Slowinska, M.A.; Slowinski, D.; Dlugosz, A.; Niedzwiedzka, E.; Wadolowska, L. Comparison of a full food-
frequency questionnaire with the three-day unweighted food records in young Polish adult women: Implications for dietary
assessment. Nutrients 2013, 5, 2747-2776. [CrossRef] [PubMed]

McCleary, B.V.; DeVries, ].W.; Rader, ].I.; Cohen, G.; Prosky, L.; Mugford, D.C.; Champ, M.; Okuma, K. Determination of insoluble,
soluble, and total dietary fiber (CODEX definition) by enzymatic-gravimetric method and liquid chromatography: Collaborative
study. |. AOAC Int. 2012, 95, 824-844. [CrossRef]

Abbaspour, N.; Roberts, T.; Hooshmand, S.; Kern, M.; Hong, M.Y. Mixed nut consumption may improve cardiovascular disease
risk factors in overweight and obese adults. Nutrients 2019, 11, 1488. [CrossRef]

Wang, PY,; Fang, ].C.; Gao, Z.H.; Zhang, C.; Xie, S.Y. Higher intake of fruits, vegetables or their fiber reduces the risk of type 2
diabetes: A meta-analysis. |. Diabetes Investig. 2016, 7, 56-69. [CrossRef] [PubMed]

Barclay, A.W,; Petocz, P.; McMillan-Price, J.; Flood, V.M.; Prvan, T.; Mitchell, P.; Brand-Miller, J.C. Glycemic index, glycemic load,
and chronic disease risk—A meta-analysis of observational studies. Am. . Clin. Nutr. 2008, 87, 627-637. [CrossRef] [PubMed]
Monro, ].A.; Shaw, M. Glycemic impact, glycemic glucose equivalents, glycemic index, and glycemic load: Definitions, distinctions,
and implications. Am. J. Clin. Nutr. 2008, 87, 237-243. [CrossRef] [PubMed]

Pearce, M.; Fanidi, A.; Bishop, T.R; Sharp, S.J.; Imamura, F; Dietrich, S.; Akbaraly, T.; Bes-Rastrollo, M.; Beulens, ].W.].; Byberg, L.;
et al. Associations of total legume, pulse, and soy consumption with incident type 2 diabetes: Federated meta-analysis of 27
studies from diverse world regions. J. Nutr. 2021, nxaa447. [CrossRef] [PubMed]


http://doi.org/10.1002/dmrr.2617
http://doi.org/10.1055/a-0802-9569
http://doi.org/10.2337/diab.46.4.615
http://doi.org/10.1093/advances/nmx009
http://www.ncbi.nlm.nih.gov/pubmed/29438462
http://doi.org/10.1038/nature12198
http://doi.org/10.1038/nature11450
http://doi.org/10.1155/2014/162021
http://doi.org/10.1017/S0954422410000247
http://doi.org/10.1093/jn/nxaa417
http://doi.org/10.1038/s41574-019-0266-7
http://www.ncbi.nlm.nih.gov/pubmed/31616073
http://doi.org/10.1016/j.metabol.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29458053
http://doi.org/10.1007/s00125-011-2382-3
http://www.ncbi.nlm.nih.gov/pubmed/22134839
http://doi.org/10.1080/07315724.2011.10719996
http://www.ncbi.nlm.nih.gov/pubmed/22331685
http://doi.org/10.1089/met.2016.0066
http://doi.org/10.3390/nu5072747
http://www.ncbi.nlm.nih.gov/pubmed/23877089
http://doi.org/10.5740/jaoacint.CS2011_25
http://doi.org/10.3390/nu11071488
http://doi.org/10.1111/jdi.12376
http://www.ncbi.nlm.nih.gov/pubmed/26816602
http://doi.org/10.1093/ajcn/87.3.627
http://www.ncbi.nlm.nih.gov/pubmed/18326601
http://doi.org/10.1093/ajcn/87.1.237S
http://www.ncbi.nlm.nih.gov/pubmed/18175763
http://doi.org/10.1093/jn/nxaa447
http://www.ncbi.nlm.nih.gov/pubmed/33693815

	Introduction 
	Methods 
	Study Design 
	Study Population 
	Study Groups 
	Ascertainment of Dietary Intake 
	Laboratory Assays 
	Covariates 
	Statistical Analyses 

	Results 
	Study Characteristics 
	Fibre Intake in the Study Groups 
	Dietary Sources of Fibre in the Study Groups 

	Discussion 
	Conclusions 
	References

