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The Gut Microbiome in Patients With Chronic
Pancreatitis Is Characterized by Significant Dysbiosis
and Overgrowth by Opportunistic Pathogens

Fabian Frost, MD!, Frank U. Weiss, PhD?, Matthias Sendler, PhD?, Tim Kacprowski, PhD?3, Malte Riihlemann, PhD*, Corinna Bang, PhD4,
Andre Franke, PhD*, Uwe Volker, PhD?, Henry Volzke, MDS, Georg Lamprecht, MD®, Julia Mayerle, MD’, Ali A. Aghdassi, MD!,
Georg Homuth, PhD? and Markus M. Lerch, MD*

INTRODUCTION: Exocrine pancreatic function is a critical host factor in determining the intestinal microbiota
composition. Diseases affecting the exocrine pancreas could therefore influence the gut microbiome.
We investigated the changes in gut microbiota of patients with chronic pancreatitis (CP).

METHODS: Patients with clinical and imaging evidence of CP (n = 51) were prospectively recruited and compared
with twice the number of nonpancreatic disease controls matched for distribution in age, sex, body mass
index, smoking, diabetes mellitus, and exocrine pancreatic function (stool elastase). From stool
samples of these 153 subjects, DNA was extracted, and intestinal microbiota composition was
determined by bacterial 16S ribosomal RNA gene sequencing.

RESULTS: Patients with CP exhibited severely reduced microbial diversity (Shannon diversity index and Simpson
diversity number, P < 0.001) with an increased abundance of facultative pathogenic organisms (P <
0.001) such as Enterococcus (q < 0.001), Streptococcus (q < 0.001), and Escherichia.Shigella (q =
0.002). The CP-associated changes were independent of exocrine pancreatic insufficiency. Short-
chain fatty acid producers, considered protective for epithelia such as Faecalibacterium (g < 0.001),
showed reduced abundance in patients with CP. Of 4 additional patients with CP previously treated with
antibiotics (ceftriaxone and metronidazole), 3 patients were characterized by distinct Enterococcus
overgrowth.

DISCUSSION: CP is associated with marked gut microbiota dysbiosis, greatly reduced diversity, and increased
abundance of opportunistic pathogens, specifically those previously isolated from infected pancreatic
necrosis. Taxa with a potentially beneficial role in intestinal barrier function are depleted. These
changes can increase the probability of complications from pancreatitis such as infected fluid
collections or small intestinal bacterial overgrowth (see Graphical Abstract, Supplementary Digital
Content 1, http://links.lww.com/CTG/A383).

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A380
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INTRODUCTION (6,7), and less common mechanisms (8,9). In a significant pro-
Chronic pancreatitis (CP) distinctly reduces patients” quality of ~ portion of CP cases, the underlying cause remains obscure, and
life and is associated with early death (1). Known causes of CP they are labelled as idiopathic or sporadic (3). In addition to the
include long time exposure to alcohol (2) and smoking, metabolic ~ signs of exocrine pancreatic insufficiency, patients with CP fre-
(3) and vascular diseases (4), autoimmune (5) or genetic disorders quently suffer from unspecific symptoms such as abdominal
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distension, bloating, or flatulence, which can be the result of small
intestinal bacterial overgrowth (10), a condition that describes a
state of microbial dysbiosis in the small bowel. Recently, we have
shown that the exocrine pancreas represents one of the most
important host factors regulating the gut microbiota composition
in healthy individuals free of pancreatic disease (11). Whether
this is because of an altered availability of substrates for microbial
metabolism or a reduced secretion of pancreatic antimicrobial
peptides, as suggested by a rodent model (12), is currently un-
clear. It seems plausible that the gut microbial dysbiosis in CP
would not only affect the small bowel but also be reflected by a
changed microbiota composition in the colon, the body’s largest
microbial reservoir (13). Data on the role of gut microbiota and its
composition in patients with CP are still scarce and inconclusive
(14,15). In the present study, we analyzed fecal microbiota pro-
files generated by 16S ribosomal RNA (rRNA) gene sequencing of
patients with CP (n = 51) and compared them with a group of
control individuals with a matched phenotype distribution (n =
102). This allowed us to determine whether intestinal microbiota
changes occur and to what degree they depend on either the
presence of CP or, alternatively, on the impairment of exocrine
pancreatic function.

METHODS

Study participants

Patients with CP were prospectively recruited at the University
Medicine Greifswald (Germany) in the period of November 2010
October 2017. Diagnosis was based on both, clinical symptoms
consistent with CP (recurrent epigastric abdominal pain, endocrine
and/or exocrine insufficiency) in combination with signs of CP on
transsectional imaging (computed tomography, magnetic resonance
imaging, and abdominal or endoscopic ultrasound) and required
unequivocal evidence of calcifications, definitive ductal or paren-
chymal changes (Cambridge), pseudocysts, or pancreatic duct cal-
culi. All participants provided written informed consent, and the
study was approved by the ethics committee of the University
Medicine Greifswald (III UV 91/03b). The etiology of CP was al-
cohol related (n = 35) in most cases, followed by idiopathic (n = 13)
and CP associated with pancreatic secretory trypsin inhibitor
(SPINK1) (16) mutation (n = 3). One patient who was suffering
from CP associated with SPINK1 mutation also had pancreas divi-
sum. None of the CP cases included had pancreatic carcinoma or
intraductal papillary mucinous neoplasm. As controls, we selected
control individuals with neither a history of nor evidence for pan-
creatic disease from a volunteer cohort who participated in the
population-based Study of Health in Pomerania (11,17,18). These
cases were selected to create a control group with a matched distri-
bution for age, sex, body mass index (BMI), smoking, diabetes
mellitus, and exocrine pancreatic function, as determined by stool
elastase measurements. None of the included cases or controls was
under antibiotic therapy at the time of sample collection.

Determination of fecal pancreatic elastase levels

Pancreatic elastase levels were determined in fecal samples using a
monospecific pancreatic elastase ELISA (BIOSERV Diagnostics
GmbH, Germany) that has a lower detection limit of 5.5 ug/g
stool. All steps were performed according to the manufacturer’s
protocol. Pancreatic elastase concentrations (jg/g stool) were
calculated photometrically (optical density 450 nm). A standard
solution was also tested for comparison.
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16S rRNA gene sequencing and taxonomic annotation
Sequencing was performed, as described before in detail (11). In brief,
fecal samples were collected in a tube containing a stabilizing EDTA
buffer, and DNA was isolated using the PSP Spin Stool DNA Kit
(Stratec Biomedical AG, Birkenfeld, Germany). After amplification of
the V1-V2 region of bacterial 16S rRNA genes, sequencing was per-
formed on a MiSeq platform (Illumina, San Diego, CA). MiSeq Fast-Q
files were created using CASAVA 1.8.2 (https://support.illumina.com/
sequencing/sequencing_software/casava). The open-source software
package DADA2 (v.1.10) (19) was used for amplicon-data processing.
This software enables single-nucleotide resolution of amplicons
(amplicon sequence variants). Data processing was performed
according to the recommended procedure for large data sets (https://
benjjneb.github.io/dada2/bigdata.html), adapted to the targeted V1-
V2 region. In brief, 5 bases were truncated from the 5" end of the
sequence of both reads. Forward and reverse reads were truncated to a
length of 200 and 150 bases, respectively. Read pairs were excluded if
they contained ambiguous bases, had expected errors higher than 2, or
when originating from PhiX spike-in. Error profiles were inferred
based on 1 million reads of the respective sequencing run. Sub-
sequently dereplication, error correction, and merging of forward and
reverse reads were performed. A combination of amplicon sequence
variant abundance of tables of all samples and identification and re-
moval of chimeric amplicon sequences were conducted using the
removeBimeraDenovo() function in a consensus mode. Taxonomic
annotation was performed with a Bayesian classifier and the Ribo-
somal Database Project training set version 16.

Data analysis

All statistical analyses were performed using the software envi-
ronment “R” (20). The alpha diversity scores—“Shannon diversity
index” (H) and “Simpson diversity number” (N2)—were calcu-
lated using the diversity function of the R package “vegan” (21). For
analysis of beta diversity, the Bray-Curtis dissimilarity using the
“vegan” function vegdist was computed. Principal coordinate
analysis was performed with the cmdscale function (“vegan”). To
determine the contribution of the trait CP to the Bray-Curtis dis-
similarity, permutational analysis of variance (PERMANOVA)
was carried out (“vegan” function adonis; 10,000 permutations).
For matching of controls, the function “matchit” (package
“Matchlt”) was used to assign controls for CP cases (2:1 ratio) using
the method = “optimal” (22). This procedure included calculation
of a propensity score based on a logistic regression model (distance
= “logit”). Matches were then selected by the algorithm, reducing
the average distance across all matched pairs. The 2-tailed Mann-
Whitney test (MW) was performed for the assessment of signifi-
cance in case of continuous data. The Fisher exact test was used for
categorical data. To identify differentially abundant taxa between
CP patients and their controls, we analyzed all genera that were
present in at least 25% of either CP cases or control samples and
with a mean abundance of at least 0.1% (total group) using the MW
test. P values for comparisons between different genera were ad-
justed for multiple testing after the Benjamini-Hochberg procedure
and called “g-values.” P values and g values <0.05 were considered
significant. All P and q values were rounded to 3 significant digits.

RESULTS

Patients with CP and controls exhibited similar distributions of
age, sex, BMI, smoking, diabetes mellitus, and pancreatic elastase
concentrations that are all known to be associated with changes in
the gut microbiome (11,23), as shown in Table 1.
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Table 1. Phenotype variables of patients with CP and their controls

Gut Microbiome in Patients With Chronic Pancreatitis

CP (n = 51) Controls (n = 102) P

Age (yr) 54.0 (50.0-60.5) 54.0 (43.2-65.0) 0.709
Female sex (%) 21.6 255 0.690
BMI (kg/m?) 23.4 (22.0-25.5) 23.5(21.4-26.8) 0.806
Current smokers (%) 68.6 63.7 0.592
Diabetes mellitus (%) 314 26.5 0.569
Pancreatic elastase (ng/g) 154.0 (54.0-299.0) 157.0(97.8-254.2) 0.579
PERT usage (%) 45.1 0 <0.001
PPl usage (%) 54.9 7.8 <0.001
Opioid usage (%) 9.8 0 <0.001
Etiology of CP (%):

Alcohol related (active alcoholism at study 68.6 (19.6) —

inclusion)

Idiopathic 255 —

Associated with SPINK1 mutation® 519 —
Acute pancreatitis episode within the last 6 333 —
mo (%)
History of major abdominal surgery (%)P 15.7 —
History of CP associated complications (%)

Pseudocysts 58.8 —

Pancreatic duct calculi 29.4 —

Endoscopic intervention® 314 —

Continuous variables are expressed as median (first-third quartile). Binary variables are given as percentages. The statistical significance was assessed using the Mann-

Whitney test for continuous variables and the Fisher exact test for binary variables.

BMI, body mass index; CP, chronic pancreatitis; n, number; PERT, pancreatic enzyme replacement therapy; PPI, proton-pump inhibitor; SPINK1, pancreatic secretory

trypsin inhibitor.
?0ne patient carrying SPINK1 mutation also suffered from pancreas divisum.

®Major abdominal surgery was defined as (partial) resection of small or large bowel, stomach, or pancreas.
‘Indications for endoscopic interventions were infected or large pseudocysts, infected pancreatic necrosis, pancreatic duct calculi or stenosis associated with severe pain,

or mechanic cholestasis because of CP.

Beta diversity analysis of CP cases compared with controls

To explore structural differences in the gut microbiota community
structure, we calculated the Bray-Curtis dissimilarity, which esti-
mates the difference between the samples (beta diversity), and
performed a principal coordinate analysis. Figure 1a shows a spatial
segregation of CP cases compared with their control samples
confirmed by a significant PERMANOVA (r* = 0.05, P < 0.001).
Including the aforementioned possible confounding factors, age,
sex, BMI, smoking, diabetes mellitus, and pancreatic elastase as
covariates into PERMANOVA neither reduced the explained
variation nor the significance of the association of CP (> = 0.05, P
< 0.001). This underlines the equal distribution of these pheno-
typic factors in CP cases and controls. Exploring the mean relative
abundance at the genus level revealed Bacteroides to be the most
abundant genus in both groups (Figure 1b).

Alpha diversity analysis of CP cases compared with controls

To evaluate the within-sample variation of the gut microbial
communities, we determined the alpha diversity scores—
Simpson diversity number (N2) and Shannon diversity index (H).
CP cases had median N2 and H scores of 26.4 (20.0-38.5, first-
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third quartile) and 4.1 (3.7-4.3) that were distinctly lower than in
control samples with 40.1 (28.0-57.9, P < 0.001, MW) and 4.4
(4.1-4.7, P < 0.001, MW), respectively (Figure 2).

Intestinal microbiota alterations in CP
Comparison of relative abundance data between CP and controls
using the MW test revealed 23 genera with differential abun-
dance. These taxa accounted for 51.6% of the total microbial
abundance in the group of CP. Fifteen of these taxa exhibited a
negative association with CP, whereas only 8 increased in abun-
dance (Table 2, Figure 3a, and Supplementary Digital Content 1,
http://links.lww.com/CTG/A380) in line with the observation of
decreased microbial alpha diversity in CP. The most distinct in-
crease in abundance, percentagewise, was found for Enterococcus
(g < 0.001). In absolute terms, Bacteroides showed the largest
increase (mean 27.3% in CP compared with 16.7% in controls, g
< 0.001). The largest absolute reduction in CP cases was found
for Faecalibacterium (3.8% in CP and 6.1% in controls, ¢ < 0.001)
and Prevotella (7.0% in CP and 11.7% in controls, g = 0.008).
Analysis of important facultative pathogenic bacteria that has
previously been found in isolates of pancreatic necrosis or
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Figure 1. Gut microbiota structure in CP cases and controls. (a) Principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity. Orange and cyan
dots representsamples from CP cases (CP, n = 51) and control individuals (n = 102), respectively. CP cases are clearly shifted from controls. (b) Average gut
microbiota composition. Stacked bar plots show the mean relative abundances for CP cases and their controls. CP, chronic pancreatitis.

peripancreatic fluid collections in patients with acute pancreatitis or
CP (24,25), namely Citrobacter, Enterobacter, Enterococcus, Enter-
obacteriaceae, Escherichia.Shigella, Klebsiella, Pseudomonas, Proteus,
Staphylococcus, and Streptococcus revealed a distinct 2.8-fold and
5.0-fold increase of the mean and median, respectively, in CP sam-
ples when compared with controls (P < 0.001, MW) (Figure 3b).
Next, we calculated a linear regression model of log-transformed
abundance values (zeros treated as not available, n = 13) of im-
portant facultative pathogenic bacteria within the combined group
of CP cases and controls. As covariates, we included age, sex, BMI,
smoking, diabetes mellitus, pancreatic elastase levels, and CP status
(present or absent). Within this model, there was no significant
contribution of sex, BMI, smoking, diabetes mellitus, or pancreatic
elastase. Positive associations were found for age (estimate = 0.03, P
= 0.022) and particularly for CP disease status (estimate = 1.06, P =
0.002) with the amount of facultative pathogens.

When investigating the factors contributing to the level of
facultative pathogens only within the group of CP cases, we found a
higher median facultative pathogen abundance of 2.1% (0.6-11.1,
first-third quartiles) in smokers compared with non-smokers with
0.6% (0.3-2.3) (P = 0.040, MW). Other phenotypic factors such as
age, sex, BMI, diabetes mellitus, or pancreatic elastase levels did not
exhibit a significant correlation with the amount of facultative
pathogenic bacteria in patients with CP (Figure 4a).

CP cases and controls differed in medication usage such as
pancreatic enzyme replacement therapy, proton-pump inhibitor,
and opioid usage. To investigate, whether these factors may have
affected the findings of increased facultative pathogens in CP, we
compared those CP patients with or without intake of the
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respective medication. Levels of facultative pathogens for pan-
creatic enzyme replacement therapy, proton-pump inhibitor, and
opioid users were 1.1% (0.3-9.7), 2.0% (0.5-6.2), and 1.4%
(0.2-12.5), respectively, that were not significantly different than
the corresponding groups without medication with 1.7%
(0.6-5.7), 1.1% (0.5-10.4), and 1.5% (0.5-8.1). As comparison,
the levels of facultative pathogens in control individuals without
CP were 0.3% (0.1-1.9).

Gut microbiota in CP under antibiotic therapy

A commonly used antibiotic regimen to treat infections of sus-
pected abdominal origin is the combination of ceftriaxone and
metronidazole. Ceftriaxone, however, has no relevant activity
against Enterococcus (26). This may lead to Enterococcus over-
growth in patients who already have a high abundance of this
bacterium in their microbiome, as shown above for CP. We
therefore evaluated the proportion of Enterococcus in 4 patients
who were excluded from the main data set because of the intake of
ceftriaxone and metronidazole at the time of sample collection.
This additional data set comprised 2 men and 2 women aged from
41 to 70 years (mean 52.5). The etiology of CP was alcohol related
in 3 and idiopathic in 1 case. Indications for antibiotic treatment
were cholangitis, pancreatic abscess or suspected infection of
pancreatic pseudocyst, or necrosis. In this data set, we found a
very high abundance of Enterococcus in 3 of 4 patients (Figure 4b).

DISCUSSION
We investigated changes in the intestinal microbial community
structure of individuals suffering from CP. It was characterized by a
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Figure 2. Alpha diversity analysis of CP cases and controls. Box plots show
the distribution of the alpha diversity scores Simpson diversity number (N2)
and the Shannon diversity index (H). Whiskers are drawn up to 1.5 times
the interquartile range (Tukey). Outliers are not shown. * Indicates a
significant result (P < 0.05) according to the Mann-Whitney test. CP,
chronic pancreatitis.

distinct decrease in gut microbiota diversity, which was in-
dependent of exocrine pancreatic function, as far as can be de-
termined by matching for stool pancreatic elastase concentrations.
Low diversity is generally considered an indicator of an un-
healthy gut microbiome because it is assumed that low diversity
reduces the resilience of an ecosystem against introduction of
foreign species by exposing uncovered niches (27). These
niches can subsequently be occupied by microbial pathogens.
In line with these assumptions, reduced gut microbiota di-
versity was previously reported in a range of intestinal disorders
such as Crohn’s disease, ulcerative colitis, or recurrent Clos-
tridium difficile-associated diarrhea (28-30). The latter is
characterized by overgrowth of the normal gut flora by C. dif-
ficile, which is facilitated by a reduction of gut microbial di-
versity and perturbation of the resident flora after antibiotic
therapy (30). The reduced microbial diversity found in patients
with CP is therefore likely to increase the susceptibility toward
overgrowth by microbial pathogens. Accordingly, we found a
marked increase of the opportunistic pathogen Enterococcus in
CP in comparison to controls. In a recent rodent model, in-
testinal overgrowth of Enterococcus was triggered by antibiotic
therapy that resulted in systemic dissemination of the bacteria
(31). Therefore, the finding of increased Enterococcus abun-
dance in the gut lumen of patients with CP may increase the risk
of systemic infections with these facultative pathogens. This
may also explain the high rate of Enterococci found in aspirates
of pancreatic pseudocysts (24). Interestingly, in an additional
data set comprising 4 patients with CP who were under treat-
ment with ceftriaxone and metronidazole at the time of sample
collection, we found extremely high rates of Enterococcus in the
gut microbiome. The combination of the aforementioned an-
tibiotics offers a broad-spectrum antimicrobial coverage
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including Gram-negative organisms and anaerobic bacteria.
However, ceftriaxone is inherently nonactive against Entero-
coccus as a monotherapy (26). Therefore, the anaerobic growth
suppression mediated by metronidazole in combination with
the Gram-negative activity of ceftriaxone seems to have created
an open niche for intestinal Enterococcus overgrowth in 3 of the
4 individuals. This, again, may substantially increase the risk
for subsequent Enterococcus septicemia. An investigation in
immunocompromised patients undergoing stem cell trans-
plantation showed that gut microbiota domination by Entero-
coccus, which could be triggered by administration of
metronidazole, increased the risk for subsequent Vancomycin-
resistant Enterococcus bacteremia 9-fold (32). Whether the
bacterial overgrowth in patients with CP also translates into
increased rates of subsequent Enterococcus-related infections
cannot be answered at this point and warrants further
investigations.

In the present study, we also found a gut microbiota enrich-
ment of other facultative pathogens such as Streptococcus and
Escherichia.Shigella in patients with CP. These bacteria have also
been detected in infected pancreatic pseudocysts or pancreatic
necrotic tissue (24,25). When comparing the combined relative
abundance of only those bacteria previously isolated from pan-
creatic necrosis or fluid collections between patients and controls,
we found a 2.8-fold increase of these pathogens in patients with
CP. This represents a significant amplification of the bacterial
pathogenic reservoir in the intestine and one with specific rele-
vance to pancreatitis because the source of pathogens in infected
pancreatic necrosis has long been suspected to be the gut. Of note,
CP cases who were smokers exhibited higher levels of facultative
pathogens compared with non-smokers, underlining the need for
smoking cessation in patients suffering from CP. We can only
speculate about the explanation for this observation. However,
smoking can induce inflammation and fibrosis, as previously
shown in an animal model (33), leading to progressive de-
struction of the pancreas and impairment of its important
physiological role in regulating the gut microbiome.

Another group has recently published data from a CP cohort
finding similarly reduced microbial diversity and an increase in
the facultative pathogen Escherichia.Shigella (15). In that study,
however, control samples were not matched regarding the pres-
ence of impaired exocrine pancreatic function, which distinctly
alters the gut microbiome even in the absence of CP (11). Our
study shows that the dysbiotic microbiome in patients with CP
cannot merely be explained by impaired exocrine pancreatic
function but rather represents an additional burden of the disease.

In accordance with another previous study (34), we also found
areduction of Faecalibacterium in patients with CP. These groups
are considered to have positive health effects because they par-
ticipate in the production of short-chain fatty acids (SCFAs) such
as butyrate (35). SCFAs are an energy source for colonic epithelia
(36) and modulate the immune response through affecting co-
lonic regulatory T-cell function that has been reported to alleviate
experimental colitis in a rodent model (37). Another potentially
beneficial taxon that was reduced in patients with CP was Fusi-
catenibacter that also participates in the production of SCFA and
produces lactic acid (38). As a result, Fusicatenibacter may exhibit
anti-inflammatory properties, as shown for other lactic acid
producing bacteria (39). It should be noted that the anti-
inflammatory effect of lactate has experimentally been shown to
be clearly beneficial in pancreatitis (40). Because an intact
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Table 2. Microbiota statistics for CP cases and controls

Bacteroides
Prevotella
Faecalibacterium
Parasutterella
Holdemanella
Clostridium XIVa
Escherichia.Shigella
Alloprevotella
Coprococcus
Clostridium IV
Anaerotruncus
Paraprevotella
Fusicatenibacter
Butyricimonas
Catenibacterium
Streptococcus
Flavonifractor
Catabacter
Desulfovibrio
Coprobacter
Olsenella
Clostridium XVIII

Enterococcus

Controls (%), mean = SEM
16.678 = 1.145
11.677 = 1.359

6.127 = 0.421
2.238 £0.334
1.288 £ 0.183
1.274 £ 0.205
1.157 £ 0.316
0.978 = 0.205
0.869 = 0.093
0.687 = 0.100
0.609 = 0.099
0.603 = 0.119
0.544 + 0.081
0.520 * 0.077
0.457 = 0.119
0.424 = 0.151
0.315 + 0.035
0.268 = 0.075
0.262 + 0.059
0.162 = 0.027
0.146 = 0.029
0.146 + 0.047
0.031 * 0.026

CP (%), mean = SEM

27.304 £ 1.818
7.020 + 1.733
3.795 £ 0.672
1.860 = 0.580
0.309 * 0.096
2.983 £ 0.510
2.709 = 0.815
0.254 + 0.208
0.347 = 0.070
0.384 = 0.092
0.291 + 0.124
0.363 £ 0.111
0.122 £ 0.035
0.650 * 0.187
0.082 + 0.055
0.849 = 0.277
0.718 £ 0.135
0.132 + 0.049
0.103 + 0.070
0.105 = 0.041
0.058 + 0.025
0.183 £ 0.077
0.999 * 0.842

Controls (%), median (first-third quartile)
16.125 (6.270-24.365)

7.135 (0.260-18.898)
5.335 (3.305-8.337)
0.800 (0.232-2.660)
0.405 (0.000-1.905)
0.400 (0.213-1.305)
0.000 (0.000-0.327)
0.000 (0.000-0.348)
0.570 (0.112-1.330)
0.310 (0.103-0.725)
0.205 (0.060-0.668)
0.125 (0.000-0.662)
0.270 (0.070-0.643)
0.265 (0.002-0.700)
0.000 (0.000-0.318)
0.050 (0.000-0.198)
0.200 (0.072-0.422)
0.050 (0.000-0.210)
0.000 (0.000-0.178)
0.040 (0.000-0.167)
0.025 (0.000-0.140)
0.000 (0.000-0.050)
0.000 (0.000-0.000)

CP (%), median (first-third quartile)
29.430 (19.130-34.615)

0.150 (0.000-8.960)
1.680 (0.425-5.200)
0.120 (0.000-1.475)
0.000 (0.000-0.165)
1.540 (0.575-3.965)
0.320 (0.005-2.490)
0.000 (0.000-0.000)
0.190 (0.055-0.390)
0.160 (0.030-0.390)
0.060 (0.000-0.285)
0.000 (0.000-0.190)
0.030 (0.000-0.095)
0.000 (0.000-0.565)
0.000 (0.000-0.000)
0.270 (0.085-0.495)
0.360 (0.140-0.920)
0.000 (0.000-0.085)
0.000 (0.000-0.000)
0.000 (0.000-0.005)
0.000 (0.000-0.005)
0.050 (0.000-0.125)
0.000 (0.000-0.035)

log(Ratio)

0.49
—0.51
—0.48
-0.18
—-1.43

0.85

0.85
-1.35
-0.92
—0.58
-0.74
—0.51
—1.50

0.22
-1.72

0.70

0.83
-0.71
—-0.93
—0.44
—-0.93

0.23

3.48

P
2.91E-06
2.75E-03
3.75E-05
6.77E-04
4.61E-05
4.94E-05
3.67E-04
1.79E-04
1.33E-04
1.17E-02
3.42E-04
1.22E-02
1.53E-07
1.30E-02
1.69E-03
2.81E-05
7.46E-03
1.98E-02
5.22E-04
9.35E-04
3.50E-04
5.23E-04
8.33E-05

q
7.56E-05

7.95E-03
4.28E-04
2.35E-03
4.28E-04
4.28E-04
1.59E-03
1.03E-03
8.64E-04
3.02E-02
1.59E-03
3.02E-02
7.97E-06
3.08E-02
5.16E-03
4.28E-04
2.04E-02
4.47E-02
1.94E-03
3.04E-03
1.59E-03
1.94E-03
6.19E-04

Microbial abundances of all 23 genera with significant differences (q < 0.05, Mann-Whitney test) between CP cases (n = 51) and controls (n = 102). The order of the taxa corresponds to their mean relative abundance in
controls. Abundances were rounded to 3 digits. Ratio was calculated as log(CP-mean/Controls-mean). The results for nonsignificant associations are given in Supplementary Digital Content 1 (http://links.lww.com/CTG/

A380).
CP, chronic pancreatitis.
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Figure 3. Intestinal microbiota alterations in CP cases. (a) Shown are all genera with significant differential abundance between CP cases and controls
according to the Mann-Whitney test (g < 0.05). Abundance changes are depicted as log-fold change of mean abundance ratio (CP/controls). (b)
Boxplot shows the distribution of important facultative pathogenic bacteria (summarized Citrobacter, Enterobacter, Enterococcus, Enterobacteriaceae,
Escherichia. Shigella, Klebsiella, Pseudomonas, Proteus, Staphylococcus, and Streptococcus counts) in CP cases compared with controls. * Indicates a

significant difference (P < 0.05). CP, chronic pancreatitis.

intestinal barrier is a critical component for the defense against
the translocation of gut-borne pathogens into areas of pancreatic
necrosis or fluid collections, a depletion of these species would
facilitate the development of the most feared complications of
pancreatitis.

We hypothesize that the changes seen in the gut microbiota of
patients with CP are largely the result, rather than the cause, of the
disease and probably mediated via pathways of chronic in-
flammation or an altered composition of the intestinal chyme
with resulting changes in the availability of substrates for mi-
crobial metabolism. Because this is the first study to correct for
exocrine pancreatic function (stool elastase), the changes in in-
testinal microbiota composition and diversity are more likely to
be directly related to CP and its complications rather than merely
to the impaired secretion of digestive enzymes.

However, because here we report an association without
specific intervention, we cannot prove or rule out that the gut
microbiota composition, in turn, has direct effects on the pro-
gression and severity of CP. In another pancreatic disease, namely
pancreatic cancer, recent evidence from rodent models points
toward a contribution of gut microbiota to the oncogenesis and
progression of pancreatic cancer by affecting the tumor micro-
environment (41,42). Ablation of the microbiota by broad-
spectrum therapy with multiple antibiotics resulted in reduced
tumor growth. This indicates a causal contribution of microbiota
to the pathogenesis or progression of pancreatic cancer. There
may be similar mechanisms in CP promoting inflammation and
subsequent fibrosis of the pancreas. Because most of the mech-
anistic work that proposes an effect of microbiota on pancreatic
disease progression has relied on rodent models, there remains a
need for validation in human studies. Because we used 16S rRNA

American College of Gastroenterology

gene sequencing to characterize changes in gut microbiota
composition, we cannot accurately determine at this point
whether every strain among the facultative pathogenic bacteria
detected has clear pathogenic capabilities. However, the overall
increase in opportunistic, potential pathogens, and the simulta-
neous depletion of potentially protective taxa make it likely that
the observed changes in gut microbiota have a negative effect on
disease progression and complications of pancreatitis.

In the present study, we accounted for the confounding fac-
tors, such as age, sex, BMI, smoking, diabetes mellitus, and, most
importantly, exocrine pancreatic function. Because we did not
collect comparable data on dietary habits for CP cases and con-
trols, we cannot rule out that differences in food preference
partially contributed to the presented findings. Similarly, no
comparable data for the possible confounder alcohol consump-
tion (11) were available. However, because only 10 CP cases were
active alcoholics, differences in alcohol consumption are unlikely
to explain the distinct microbiota changes observed in patients
with CP.

In summary, we have studied the intestinal microbiota com-
position and diversity in patients with CP and found a significant
microbiota dysbiosis, overgrowth by opportunistic, facultative
pathogens such as Enterococcus, and depletion of short-chain
fatty acid and lactate producers such as Faecalibacterium or
Fusicatenibacter. These changes can facilitate the translocation of
pathogens into areas of necrosis, if and when CP recurs with an
acute episode, or allow the development of small intestinal bac-
terial overgrowth when pancreatitis remains chronic. Certain
antibiotic regimens such as the combination of ceftriaxone and
metronidazole may further amplify the unfavorable microbiota
composition of patients with CP.
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Figure 4. Factors contributing to increase in facultative pathogens in patients with CP. (a) Boxplots display the level of facultative pathogenic bacteria
depending on smoking status, sex, or presence of diabetes mellitus. Whiskers are drawn up to 1.5 times the interquartile range (Tukey). Outliers are not
shown. Scatter plots show the association of age, BMI, and pancreatic elastase with facultative pathogens (displayed as loglabundance]). Only smoking
status exhibited a significant correlation. * Indicates a significant result (P < 0.05). (b) Enterococcus overgrowth under antibiotic therapy. Pie charts show
the proportion of Enterococcus reads (brown) in fecal samples of 4 patients with CP (CP1-4). All patients were under treatment with ceftriaxone and
metronidazole at the time of sample collection. BMI, body mass index; CP, chronic pancreatitis.
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Study Highlights
WHAT IS KNOWN

/ CP severely affects patients’ quality of life and survival.

/ Exocrine pancreatic function is one of the mostimportant host
regulators of intestinal microbiome composition in adults.

WHAT IS NEW HERE

/ CP is associated with a high degree of gut microbial dysbiosis,
the degree of which is independent of exocrine pancreatic
insufficiency.

Abundance of epithelial-protective short-chain fatty acid and
lactate producers is reduced in CP.

Opportunistic pathogens, previously identified in infected
pancreatic necrosis, such as Enterococcus are greatly
increased.

TRANSLATIONAL IMPACT

/ Gut microbiota changes in CP may, if and when pancreatitis
recurs with an acute episode, facilitate the translocation of
pathogens into necrotic collections or, when it remains
chronic, permit the development of small intestinal bacterial
overgrowth.
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