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ABSTRACT
Background: Chronic pancreatitis is a risk factor for pancreatic cancer. Autoimmune pancreatitis is a unique form of chronic
pancreatitis that is primarily characterized by its immune mediate etiology, clinically resembling pancreatic cancer, yet
uniquely responsive to steroid treatment.
Objective: Early and accurate diagnosis of autoimmune pancreatitis is vital for effective treatment and patient prognosis, for
which new diagnostic tools are urgently required. Gut microbiota dysbiosis has been identified to correlate with the devel-
opment of pancreatic diseases, which provides new opportunities for the discovery of disease biomarkers.
Methods: We utilized a mass spectrometric global metabolomics investigation of patient autoimmune pancreatitis and chronic
pancreatitis fecal samples, investigating microbiome, dietary and human metabolism.
Results: We discovered a series of newly identified metabolic signatures between both patient groups including enterolactone,
4‐guanidinobutanoic acid, and methylthioadenosine sulfoxide. Additionally, the analysis revealed significant differences in
several metabolic pathways such as fatty acids, alkaloids, amino acids and peptides.
Conclusion: Our observations provide novel insights into important metabolic human pathways and microbiome‐derived
metabolites to distinguish autoimmune pancreatitis from chronic pancreatitis. These findings reveal systemic metabolic re-
sponses and the identified metabolites may be developed into potential biomarkers for future diagnosis to distinguish between
autoimmune pancreatitis and chronic pancreatitis.

1 | Introduction

Chronic pancreatitis (CP) is considered a risk factor for
pancreatic ductal adenocarcinoma (PDAC) [1, 2]. Autoimmune
pancreatitis (AIP) is a unique form of CP that is primarily
characterized by its immune mediated etiology and is classified

into two distinct types. Type 1 AIP belongs to the IgG4‐related
disease spectrum and is often associated with other organ
involvement [3, 4]. Type 2 AIP is less frequent and is associated
with inflammatory bowel disease [5, 6]. The relationship be-
tween AIP, PDAC and any other cancer remains controversial.
While AIP shares several clinical and radiological features with
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CP and pancreatic cancer (PC), it solely responds effectively
only to steroid therapy, which is one of the criteria that distin-
guish AIP from the other two conditions [3]. The diagnosis of
AIP remains challenging due to its clinical overlap with CP and
PC, the latter of which can sometimes lead to surgical treat-
ment [7].

The incidence of pancreatic cancer is notably higher in older
obese CP patients with diabetes who smoke and consume
alcohol [1]. Pancreatic tissue injury and constant fibroin-
flammatory processes observed during pancreatitis create an
environment conducive to tumorigenesis (activation of onco-
genic Kras and loss of tumor suppressor barriers) [8]. Addi-
tionally, paracrine and autocrine effects of inflammatory
molecules on both the epithelium and stroma further contribute
to that process [8]. Acinar cells, which normally produce
digestive enzymes, have been reported to play a major role in
promoting tumor growth as they can undergo ductal metaplasia
within the mentioned inflammatory environment [8].

AIP patients have a high prevalence of pancreatic exocrine
insufficiency and are at risk of diabetes, which represents an
independent risk factor for PDAC at any time during their
follow up [9]. Early and accurate diagnosis of AIP is vital for
effective treatment and patient prognosis. Misdiagnosis can lead
to unnecessary surgical interventions for this disease that can
effectively be treated with corticosteroid therapy [4, 7]. In
contrast, a delay in treatment of PDAC can be fatal.

1.1 | Connection of the Gut Microbiome With
Pancreatic Diseases

Growing evidence has been reported that alterations in the gut
microbiota can influence PDAC's onset and progression. The
gut microbiome plays an important role in tumor cachexia in
PDAC and microbiota have been found within pancreatic cystic
precursor lesions [10]. For example, long‐term PDAC survivors
possess a higher diversity in tumor microbiome compared with
short‐term survivors [11]. This suggests that the gut microbiota
composition could predict PDAC survival. Bacteria such as
Helicobacter pylori and even oral microbiota found in the in-
testine may contribute to the initiation and progression of
PDAC [12]. The bacterial composition within the pancreas,
rather than the bacterial abundance, correlates with pancreatic
carcinogenesis [13]. This suggests that the movement of
microbiota toward the pancreas and their interaction with the
pancreatic tissue is a critical aspect in the development of
PDAC.

Chronic inflammation driven by the microbiome is an addi-
tional aspect linking the gut microbiome to PC. Chronic
inflammation in the pancreatic tissue can trigger oncogenic
mutations and induce dedifferentiation of functional epithelial
cells [13]. A similar correlation was found between gut micro-
biota dysbiosis and the development of chronic pancreatitis [14].
In the context of CP, factors like pancreatic exocrine insuffi-
ciency and gut bacterial overgrowth can lead to gut dysbiosis
and an impaired gut barrier that can result in a leaky gut. This
allows proinflammatory bacteria and toxins to translocate to the
pancreas, leading to pancreatic inflammation and contributing
to the chronic nature of the disease [15]. However, limited
studies have been reported on differences in the gut microbiota
profiles of AIP and CP. The bacteria Bacteroides ovatus, Strep-
tococcus australis, Streptococcus gordonii, Clostridium lactati-
fermentans, and Clostridium lavalense were identified to be
increased in patients with CP for yet unknown reasons but may
reflect malabsorption or decreased pancreatic enzymes [15].
During the development of autoimmune diseases, consideration
of the changes in the microbiome is critical for modulating
inflammation and promoting the loss of immune tolerance [16].
While these studies have revealed important disease‐associated
bacteria, the metabolites exchanged with the host are widely
unknown.

1.2 | Metabolomics as a Comprehensive Tool for
Biomarker Discovery

Ultra‐high‐performance liquid chromatography coupled with
tandem mass spectrometry (UHPLC‐MS/MS)‐based metab-
olomics is the method of choice for the analysis of metabolites
with a high potential for identification of non‐invasive bio-
markers and therapeutic targets for diseases. However,
comprehensive studies of fecal samples collected from patients
with AIP and CP have so far been limited. Fecal sample
metabolomics analysis presents significant challenges due to
difficulties in sample collection and handling and the limited
quantity of studies. In particular, the metabolomic analysis of
fecal samples offers direct access to the gut microbiome's co‐

Summary

� Summarize the established knowledge on this subject
◦ Chronic pancreatitis (CP) and autoimmune pancre-

atitis (AIP) are both recognized as risk factors for
pancreatic ductal adenocarcinoma (PDAC), with AIP
as a unique form of CP characterized by an autoim-
mune etiology.

◦ AIP can be difficult to diagnose because of its clinical
overlap with CP and PDAC, though it uniquely re-
sponds well to steroid therapy.

◦ Alterations in gut microbiota have been linked to the
onset and progression of pancreatic diseases, influ-
encing systemic inflammation and immune re-
sponses, and represent a new strategy for the
discovery of diagnostic biomarkers through metab-
olomic analysis.

� What are the significant and/or new findings of this
study?
◦ We identified distinct fecal metabolomic profiles be-

tween AIP and CP patients, highlighting significant
differences in fatty acids, alkaloids, amino acid ana-
logs as well as shikimates and phenylpropanoids.

◦ Enterolactone, 4‐Guanidinobutanoic acid, and Stear-
idonic acid were found to be significantly altered
between AIP and CP patients, suggesting their po-
tential as novel candidate biomarkers.

◦ Our research demonstrates the application of fecal
metabolomics as a non‐invasive approach to differ-
entiate between AIP and CP, providing new insights
into the metabolic pathways associated with these
conditions.
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metabolism with the host. This new approach provides novel
opportunities in autoimmune diseases, where the gut micro-
biota plays a vital role in modulating immune responses [16].

In this study, we focused on understanding changes in the gut
metabolism in AIP patients in comparison with CP patients to
identify disease‐specific fecal metabolites (Figure 1). Metabolites
of major metabolite classes and biological origin were altered
between the two diseases. They mostly belong to four major cat-
egories: amino acids and peptides, alkaloids, fatty acids, and ter-
penoids. Almost 50% of the metabolites were predicted to be small
peptides. Most metabolites have not yet been linked to pancreatic
diseases and provide new insights to identify new biologically and
medically relevant metabolic links to distinguish between AIP
and CP diseases. Our results underscore the potential of these
metabolites as distinctive biomarkers between AIP and CP.

2 | Materials and Methods

2.1 | General Information

Information for chemicals, sample preparation, data analysis,
statistics, feature identification, and confidence levels are pro-
vided in the Supporting Information S1.

2.2 | Study Design and Participants

We conducted a single‐centre, cross sectional, matched, non‐
targeted metabolomic study that included AIP and CP patients
followed up at Karolinska University Hospital in Stockholm,
Sweden from 2001–2023. The study was approved by the Swedish
Ethical Committee (Etikprovningsmyndigheten, Dnr 2017/290‐

31 and 2021‐03879) and was conducted in accordance with the
Helsinki declaration. We followed up 159 patients in the AIP
cohort and 1055 patients in CP cohort. We selected as appropriate
for inclusion all definite AIP patients (N = 59). They were invited
to participate over the phone and N = 52 agreed to participate.
Subsequently, fecal sample collection kits were distributed ac-
cording to the Karolinska Institute Hospital routines for elastase
analysis. Participants were instructed to keep the samples in the
fridge (2°C–8°C) for a maximum of 2 days before either sending
them via express mail or directly dropping off at the hospital,
which is a sample collection procedure applied in other human
studies involving patients [17–19]. After receiving the samples,
they were stored at −80°C. For comparison, 70 patients with CP
were randomly selected and invited to participate in the study. We
excluded those younger than 18 years, those with less than
6 months follow‐up and those who did not sign the informed
consent.Ultimately, from the entire cohort, only 28AIP and25CP
patients returned signed informed consent forms and were
included in the final analysis. Clinical data were retrieved from
their medical records. We were interested in the most important
clinical consequences of both AIP and CP such as the presence of
Pancreatic exocrine insufficiency (PEI) and Diabetes mellitus
(DM) at diagnosis and at the last contact, which was the closest
date to sample collection, the use of enzyme replacement therapy,
and data on medical therapy for AIP (steroids, azathioprine, rit-
uximab) as well as whether they were on maintenance therapy at
the time of sample collection.

2.3 | Data Analysis

Upon our UHPLC‐MS and the data preprocessing, the illustra-
tion of the statistical analysis was performed through the
Metaboanalyst platform such as Principal Component analysis
(PCA), Heatmap, Welch's two‐tailed t‐test and fold change

FIGURE 1 | General workflow for the metabolomics investigation including sample collection, metabolite extraction, UHPLC‐MS/MS analysis,
and data visualization. This study included 24 fecal samples from patients with chronic pancreatitis (CP; N = 24) and 28 samples from
autoimmune pancreatitis (AIP; N = 28).
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(Volcano plot). Two‐tailed t‐tests were applied for filtered fea-
tures assuming non‐equal variance (Welch's t‐test). Details are
provided in the Supporting Information S1.

3 | Results

3.1 | Overview of Cohort Metadata

Global metabolomics analysis was performed to identify differ-
ences in gut metabolic profiles between autoimmune pancrea-
titis (AIP) and chronic pancreatitis (CP) patients. The study
cohort consisted of 52 individuals, 24 diagnosed with CP and 28
with AIP (Supporting Information Table S1). The majority of
participants were male with a prevalence of 67% in the CP group
and 64% in the AIP group. The average age at diagnosis was
56.5 years for CP patients and 59.4 years for those with AIP,
representing a middle‐aged to older cohort demographic. Both
groups were followed over a period of approximately 7.5 years,
ensuring a robust longitudinal component. Our study does not
contain healthy control samples because of difficulties in
obtaining perfectly matched samples across all factors (age, diet,
comorbidities, medical history etc.). The compliance of healthy
individuals to donate a fecal sample is lower than for other
sample types. However, the main reason is that the identifica-
tion of metabolic signatures between related diseases provides
specific information about their disease‐specific altered meta-
bolism in related patient cohorts. While healthy controls are
necessary for biomarker validation, our strategy has become
more common in metabolomics research [20].

Our cohort included only two AIP type 2 patients. Thus, a
comprehensive statistical comparison between both AIP types
can not be performed. Within the AIP cohort, the type 2
samples do not cluster separately from the type 1 patients and
we considered these samples as one group in our analysis.
DM is a known complication of CP and was present in 30%
of CP and 22% of AIP patients at diagnosis. An almost
doubling in both groups was determined at the last contact
(CP: 59%, AIP: 47%).

Around 80% of both CP and AIP patients received pancreatic
enzyme replacement therapy (PERT) treatment. Medical ther-
apy specific to AIP, including glucocorticoids, was administered
to 86% of patients and 28% received rituximab treatments.
Additionally, 54% underwent maintenance therapy, while 68%
experienced a relapse of the condition.

3.2 | Quality of Metabolomics Analysis and Data
Preprocessing

Quality of the analysis was assessed via the Data Analysis
software. We have utilized our in‐house sample preparation
protocol in order to cover a wide range of metabolite types that
includes the spiking of two different internal standards [21].
Isotopically‐labeled phenylalanine and tyrosine were spiked to
control the stability of the sequence in fecal samples. The
samples were analyzed by UHPLC‐MS/MS with a randomized
sample order. Overall, the relative standard deviation of the

internal standards for the pooled QC injections was below 4%
for the positive ionization mode analysis and below 22% for the
negative ionization mode analysis. After the normalization and
filtration steps, the number of features selected for statistical
analysis for the positive ionization mode was 9,732, and for the
negative ionization mode, it was 2300.

The majority of AIP patients in our study were not therapy‐naïve
andhad received corticosteroid treatments such asRituximab and
Azathioprine. To evaluate the potential impact of these treat-
ments on the metabolic profile, we conducted an unbiased
multivariate principal component analysis (PCA) comparing
subgroups of AIP patients based on steroid therapy with the CP
group (Supporting Information Figure S2). No distinct clustering
or significantly altered features were observed between these
subgroups. The clustering of samples within the PCA plot in-
dicates the presence of distinct metabolic signatures associated
with each class, which may correspond to different physiological
or pathological states (Figure 2a). The differences in group
localization on the coordinate axes and confidence intervals of the
CP and AIP samples along PC1 and PC2 suggest systematic dif-
ferences in the metabolic profiles. The clustering of the QC
samples confirms the technical precision of the metabolomic
analysis. Samples CP 84 and AIP 16 seemed to be outliers. How-
ever, as they belong to different sample groups and are within the
acceptable IS variation levels and our statistical method is resil-
ient against the presence of outliers, we decided to keep these two
samples in the study. The identification of metabolite differences
can lead to insights into the biochemical pathways differentially
regulated in the AIP group compared to the CP.

Figure 3a depicts the comparison of the top25 altered metabo-
lites. Enterolactone (p = 0.009) was found to be significantly
upregulated in AIP patients. The structure was validated with
co‐injection experiments at confidence level 1 based on co‐
elution, spectra similarity score, and MS/MS fragmentation
comparison (Figure 3b,c, Supporting Information Table S2). We
confirmed the stability of these altered compounds in five
different samples from a healthy individual at two different
storage conditions that included room temperature storage
before delivery to the hospital (Figure S1).

4 | Discussion

The demographic and clinical profiles detailed in the Supporting
Information Table S1 provide an overview of the subsequent
metabolomics analyses. The data suggest that CP and AIP share
several clinical features, such as the high incidence of PEI and
DM, underscoring the systemic impact of these conditions. The
similarities and differences in the clinical profiles and manage-
ment strategies between CP and AIP offer valuable insights into
how these diseasesmay influencemetabolic pathways differently.

Pancreatic damage in both AIP and CP can impair the enzyme
secretion, potentially leading to the development of PEI (38% of
CPpatients and 61% ofAIPpatients). If untreated, PEI reduces the
digestion and absorption of nutrients, which alters the gut envi-
ronment and can significantly influence the composition and
function of the gut microbiota. It has been demonstrated that

United European Gastroenterology Journal, 2025 1563
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FIGURE 2 | Overview of the metabolomics analysis. (a) Principal component analysis between the study groups is based on the metabolic profiles
(features, N = 24 for CP, N = 28 for AIP, N = 7 for QC) for the positive ionization mode (left), and negative ionization mode (right). (b) Volcano plots
of the features (two‐tailed unpaired t‐test on AIP/CP groups; p < 0.05). Significance is expressed as the negative log10 of the p‐value. Fold change
> 1.5, expressed as log2 of the fold change. The color scale (red refers to upregulation, blue refers to downregulation) represents the log2 fold
change [FC = (AIP)/(CP)] for positive ionization mode (left) and negative ionization mode (right) analysis. (c) Heatmap of the top 25 significant
features based on the p‐value from the positive ionization mode analysis with metabolite features on the y‐axis and sample identifiers on the
x‐axis. AIP: autoimmune pancreatitis; CP: chronic pancreatitis; QC: pooled quality control.

1564 United European Gastroenterology Journal, 2025

 20506414, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ueg2.70025 by U

ppsala U
niversity L

ibrary, W
iley O

nline L
ibrary on [27/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 3 | Discovery and structure elucidation of metabolites. (a) Boxplots of significantly altered features between the two study groups of
chronic pancreatitis (CP) and autoimmune pancreatitis (AIP). Positive ionization mode, normalized intensity. Welch's t‐test p‐values are displayed
above the boxplots, with the following significance coding: ** (p ≤ 0.01), * (p ≤ 0.05), and NS (not significant, p > 0.05). Feature name coded
with m/z value and chromatographic retention time. (b) Retention time comparison of the natural metabolite (top/green) and the analytical
standard of enterolactone (bottom/blue). Extracted ion chromatogram (EIC) of 299.1280 � 0.001 Da. (c) Fragmentation spectra mirror plot of the
identified feature (top/green) and the analytical standard of enterolactone (bottom/blue) with fragment annotation for the most intense signals.
Fragmentation structures are annotated with this color code: backbone structure of the fragment in green, cleaved bonds in red and neutral loss
in gray.
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reduced pancreatic elastase levels were associated with changes
in the gut microbiota composition, including a decrease in Bac-
teroides and an increase in Prevotella, indicating a shift from a
type‐1 to a type‐2 enterotype [22]. In our cohort, both CP and AIP
patients with a history of PEI received enzyme replacement
therapy,which is a typical PEImanagement strategy to restore the
nutrient digestion and absorption processes.

Structure elucidation of metabolites is the clear bottleneck of
metabolomics studies and it is of high importance to identify
metabolites that are significantly altered and differ between the
investigated groups. The metabolites falling within the set criteria
(p‐value < 0.05, fold change > 1.5) are illustrated in the volcano
plot and were further investigated (Figure 2b). This procedure
prioritizes biologically relevant metabolites for subsequent vali-
dation and pathway analysis and confirms the difference between
the CP and AIP groups at a metabolite level. The heatmap reveals
the presence of subclusters within the groups for the identifica-
tion of variations in the metabolic states (Figure 2c).

Further analysis of altered metabolites using the Sirius software
revealed metabolite profile differences (Figure 4). At the
pathway level, four major groups were identified that cover over
90% of classified features: amino acids and peptides (32%), al-
kaloids (19%), fatty acids (19%), and terpenoids (21%). Small
peptides were the major predicted superclass (48%, Figures S3–
S9). While their main role in human metabolism is in protein
synthesis and digestion, these small peptides can also be pro-
duced by the microbiome. Steroids represent 19% as the second
major superclass, which are involved in various biological
functions: such as regulation of glucose in the blood (glucagon)
and digestion of fat and protein (cholecystokinin).

At the class level, dipeptides (40%) were predominant, followed
by cholane steroids (20%) and amino acids (6%). These metab-
olites are known to play an important role in bile acid meta-
bolism and fundamental metabolic processes. This multi‐level
categorization provides a comprehensive overview of the diverse
metabolic landscape present in the investigated fecal samples.

Shikimates and phenylpropanoids account for 4% of all classified
metabolites including identified enterolactone (p‐value: 0.009, FC
AIP/CP: 4) and 4‐vinylphenol (p‐value: 0.018, FC AIP/CP: 1.6).
These two metabolites were significantly higher in AIP patient
samples. Enterolactone is a metabolite produced by gut bacteria
after metabolic conversion of plant lignans, which has been
associated with reduced risk, decreased mortality, and improved
survival in breast, prostate, colon, gastric, and lung cancers [23].
In vitro human cell culture studies also provide evidence of its
anticancer and antimetastatic properties. The involvement of
Methanobrevibacter smithii in the production of enterolactone
through the enhancement of bacterial digestion of dietary poly-
saccharides demonstrates a complex interplay between diet, gut
microbiota, and systemic health outcomes. No correlation be-
tween M. smithii levels in AIP and CP has been identified so far
[15]. Modulation of the immune response by enterolactone,
particularly through NF‐κB signaling pathways, suggests its
relevance for the oxidative stress observed in chronic pancreatic
diseases. No direct evidence exists for the impact of enterolactone
on the function of the pancreas. Our results now demonstrate a
link between AIP and CP. Further investigations into how dietary

pattern and gut microbial metabolism influence the pathogenesis
and progression of pancreatic diseases are required. 4‐
Vinylphenol has been reported in fermented foods and cereals
that was shown to positively impact gut microbiota by increasing
the microbial diversity as well as growth promotion of beneficial
microbial populations such as Bacteroides, Akkermansia, Lacto-
bacillus, and Bifidobacterium. These changes enhance gut health
and metabolic functions.

Other important significantly altered metabolites between AIP
and CP are amino acids, amino acid derivatives and peptides of
diverse length. 4‐Guanidinobutanoic acid (p‐value: 0.042, FC
AIP/CP: 3) exists in all eukaryotes, from yeast to humans, and
has been detected in foods such as apples. This metabolite is
statistically upregulated in AIP than CP patients and has been
associated with Lactobacillus metabolism. A mouse aging study
reported that Lactobacillus‐treated young mice had elevated
levels of 4‐guanidinobutanoic acid compared with the control
group. In urine, 4‐guanidinobutanoic acid has been associated
with renal cell carcinoma progression [24]. Furthermore, Pfis-
terer et al. reported downregulation of Lactobacillus with
increased levels of pathogenic Bacteroides species in a murine
gut microbiome model of acute pancreatitis (LSL‐KrasG12D/þ;
LSL‐Trp53R172H/þ; Pdx‐1‐Cre) without knowledge of the
involved metabolites [25].

The other statistically significant metabolites described below
from these compound classes were downregulated in AIP patient
samples. As reported by Sánchez‐Espirilla et al. in human serum
samples, gabaculine levels were elevated in preoperative lung
cancer patients, returning to baseline post‐surgery that was sug-
gested for its potential as an indicator of a successful surgical
intervention [26]. We found it present at reduced levels in AIP
samples (p‐value: 0.005, FC CP/AIP: 1.6). Deoxy‐fructosyl
isoleucine (p‐value: 0.022, FC CP/AIP: 2.6) is a dietary compo-
nent in certain fruits. Comparison of a high‐fat diet with high
fructose and high starch contents demonstrated no difference in a
minipig study but confirmed a stable presence of this amino acid
derivative in urine and feces [27]. Methylthioadenosine sulfoxide
(p‐value: 0.047, FC CP/AIP: 2.5) is an important organosulfur
intermediate in the methionine salvage pathway present in
mushrooms. Due to the labile chemical structure of this metab-
olite, its suitability for diagnosis may be limited. The dipeptide L‐
threonyl‐L‐tryptophan (p‐value: 0.019, FC CP/AIP: 2) is another
food‐derived metabolite that was altered between both sample
sets [28]. We have also identified a series of additional 29 com-
pounds that were altered between the two groups. Their chemical
structure remains to be elucidated in future studies.

Fatty acids made up 19% of the classified metabolites, with
stearidonic acid (SDA, p‐value: 0.048, FC CP/AIP: 1.8) of partic-
ular interest due to significantly lower levels in AIP samples.
Roussel et al. highlighted its influence on the gut microbiome
composition [29]. SDA from Buglossoides oil altered the gut
microbiota by mainly reducing the Clostridia class, that is, Blau-
tia, Coprococcus, and Ruminococcus torques, while increasing
Clostridia Lachnoclostridium. An enhanced propionate produc-
tion was identified as a result of the oil treatment [29]. SDA also
plays a role in pancreatic β‐cell survival and function by
increasing glucose‐stimulated insulin secretion (GSIS) and pro-
tects pancreatic β‐cells from palmitic acid‐induced apoptosis [30].

1566 United European Gastroenterology Journal, 2025
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The alkaloid pathway was also identified to contain different
significantly altered metabolites. Solanidine (p‐value: 0.047, FC
CP/AIP: 4.3) was downregulated in AIP patients and is a cho-
lestane alkaloid with an important role in steroidal glycoalkaloid

metabolism. This molecule was reported to be unaltered in fecal
samples of both control and CRC patients. Solanum metabolite
bioavailability and bioactivity through acetylcholinesterase in-
hibition has been reported to be altered by microbial metabolism.

FIGURE 4 | Metabolite annotation and classification. (a) The sunburst diagram of annotated metabolites. The compound classification was predicted
at 3 different levels: Pathway, Superclass, and Class. The acceptance criterium for the CANOPUS prediction is at a confidence level of 95%. (b) Identified
significantly altered metabolites between AIP and CP fecal samples belong to different metabolic pathways according to these class predictions:
Methylthioadenosine sulfoxide (Carbohydrates‐>Nucleosides‐>Purine nucleos(t)ides), Enterolactone (Shikimates and Phenylpropanoids), Threonyl‐
tryptophan (Amino acids and peptides‐>Small peptides‐>Dipeptides), 4‐Vinylphenol (Shikimates and Phenylpropanoids‐>Phenylpropanoids
(C6‐C3)), (4‐Guanidinobutanoic acid) (Amino acids and peptides‐>Small peptides), Solanidine (Alkaloids‐>Steroidal alkaloids), and Stearidonic acid
(Fatty acids‐>Fatty acids and conjugates‐>Unsaturated fatty acids).
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The chemical output of the gut microbiota community is deter-
mined by its strain‐level composition.

6‐Hydroxycoumarin (p‐value: 0.036, FC CP/AIP: 1.9) is present
in carrots and celery and is part of the terpenoid compound
class (21% of the metabolites identified). It has been reported to
have anti‐prostate cancer properties. Although the exact
mechanism of cytotoxicity has not yet been elucidated, it is
suggested that it can induce apoptosis [31].

(E)‐2‐Glucosyl‐3,4′,5‐trihydroxystilbene (p‐value: 0.032, FC AIP/
CP: 1.9) is a glucoside of resveratrol that was reported for its
protective effects against chemotherapy‐induced peripheral
neuropathy [32]. Ophthalmic acid (OPH) (p‐value: 0.036, FC AIP/
CP: 1.7), a tripeptide similar to glutathione that lacks a sulfur
atom, plays a distinct role in cellular metabolism and is a potential
biomarker for metabolic conditions involving oxidative stress
with potential applications in health and disease monitoring [33].

Despite the important insights in metabolism for CP and AIP,
our study is limited in the sample number and diversity of
ethnicities. The reasons are the collection site in Sweden and the
number of cases collected during this time. The compliance for
donating fecal samples is still low. The sample collection was
designed to integrate with routine clinical diagnostics based on
sampling at home by the patients, which followed other studies
considering patient compliance and inclusion in established
routine analysis workflows. Developments in sample collection
options should be considered for future investigations of this
disease. Currently, no consensus on standardized protocols for
fecal sample collection and storage in the field of fecal metab-
olomics has been determined. Immediate freezing of human
fecal samples is widely considered as the gold standard for
preserving the samples. However, it is impractical for studies
involving the general population. Schultze et al. demonstrated
that home‐based sample collection, followed by delivery to a
hospital, significantly improves compliance and patient
approval compared with on‐site sampling [34]. Our chosen fecal
sample collection protocol has certain limitations, though
similar home‐based collection and storage methods up to 2 days
before delivery to a hospital were successfully implemented in
other fecal metabolomics studies [17–19, 35].

A major concern is the metabolite stability during the collection
and storage process prior to analysis. Over the past decade,
numerous studies have investigated optimal conditions for fecal
sample handling. Gratton et al. and O'Sullivan et al. explored
the impact of storage conditions such as different temperature
ranges and number of freeze‐thaw cycles for NMR‐based fecal
water analysis [36, 37]. Additionally, Wang et al. and Zouiouich
et al. examined various collection methods for microbiome and
metabolome studies [38, 39]. Another critical factor is the day‐
to‐day (intra‐individual) variability of fecal samples. Although
some studies emphasize the importance of collecting samples at
multiple time points to account for this variability [40], the
general consensus is that inter‐individual variability outweighs
intra‐individual differences in stool composition [17–19, 35–40].

By conducting fecal sampling storage stability test using samples
from healthy individuals, we observed some day‐to‐day varia-
tion in metabolites of interest. However, the differences between

the minimum and maximum allowed home storage durations
were relatively small compared with immediate freezing. In
PCA of stability test samples we can observe higher level of
separation based on sampling timepoint rather than based on
variations in storage (Figure S1). These findings align with
previously reported studies on fecal metabolic stability.

Although our metabolomics analysis identified a range of
microbiome‐derived metabolites, definitive conclusions about
the relationship between these metabolites and the changes in
microbiota composition cannot be drawn without complemen-
tary microbiome analyses. Incorporating 16S rRNA or shotgun
metagenomic sequencing is crucial for validating these findings
in future studies and establishing a direct link between meta-
bolic shifts and microbial changes.

5 | Conclusion

The present study identified significant alterations of metabo-
lites between autoimmune pancreatitis (AIP) and chronic
pancreatitis (CP) in fecal samples. Our observations provide
novel insights into important metabolic human pathways and
microbiome‐derived metabolites to distinguish AIP from CP
under routine clinical sampling procedures. Our findings sug-
gest a reveal of systemic metabolic responses and the identified
metabolites may be developed into potential biomarkers for
future diagnosis to distinguish between AIP and CP.
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