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Integrative metagenomic and
metabolomic analyses reveal thepotential
of gut microbiota to exacerbate acute
pancreatitis
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Fei Luo1,2, Yue Zhang 4, Qingbo Lv4, Wenzhe Zhang3, Aiqin Zhang4, Huiyi Song1, Yi Xin7, Yufang Ma3,
Lawrence Owusu2, Xiaochi Ma8 , Peiyuan Yin1,2 & Dong Shang 1,2,6

Early dysbiosis in the gutmicrobiotamay contribute to the severity of acute pancreatitis (AP), however,
a comprehensive understanding of the gut microbiome, potential pathobionts, and host metabolome
in individuals with AP remains elusive. Hence, we employed fecal whole-metagenome shotgun
sequencing in 82 AP patients and 115matched healthy controls, complemented by untargeted serum
metabolome and lipidome profiling in a subset of participants. Analyses of the gut microbiome in AP
patients revealed reduced diversity, disrupted microbial functions, and altered abundance of 77
species, influenced by both etiology and severity. AP-enriched species, mostly potential pathobionts,
correlatedpositivelywith host liver function and serum lipid indicators. Conversely,manyAP-depleted
specieswere short-chain fatty acid producers. Gutmicroflora changeswere accompanied by shifts in
the serum metabolome and lipidome. Specifically, certain gut species, like enriched Bilophila
wadsworthia and depletedBifidobacterium spp., appeared to contribute to elevated triglyceride levels
in biliary or hyperlipidemic AP patients. Through culturing and whole-genome sequencing of bacterial
isolates, we identified virulence factors and clinically relevant antibiotic resistance in patient-derived
strains, suggesting a predisposition to opportunistic infections. Finally, our study demonstrated that
gavage of specific pathobionts could exacerbate pancreatitis in a caerulein-treated mouse model. In
conclusion, our comprehensive analysis sheds light on the gut microbiome and serummetabolome in
AP, elucidating the role of pathobionts in disease progression. These insights offer valuable
perspectives for etiologic diagnosis, prevention, and intervention in AP and related conditions.

Acute pancreatitis (AP) stands as a prevalent gastrointestinal disorder
characterized by pancreatic autodigestion. Emerging as a leading cause of
hospital admissions within gastrointestinal diseases, AP records ~300,000
emergency department visits each year in the United States alone1. The
course of AP is variable and challenging to predict early in its development;

approximately one-fifth of patients progress to severe disease with a mor-
tality rate of more than 30%2.

The early stage of AP is characterized by inflammatory cytokines-
induced inflammation3. Increased intestinal permeability and subsequent
translocation of gut-derived bacteria to pancreatic tissue may play a crucial

1Clinical Laboratory of IntegrativeMedicine, The First AffiliatedHospital of DalianMedical University, Dalian, China. 2College of IntegrativeMedicine, DalianMedical
University, Dalian, China. 3Department ofMicrobiology,College ofBasicMedical Sciences, DalianMedical University, Dalian, China. 4PuensumGenetech Institute,
Wuhan, China. 5Department of Gastrointestinal Surgery, XijingHospital, FourthMilitaryMedical University, Xi’an, China. 6Pancreaticobiliary Centre, Department of
General Surgery, The First AffiliatedHospital of DalianMedical University, Dalian, China. 7Department of Biotechnology, College of BasicMedical Sciences, Dalian
Medical University, Dalian, China. 8Second Affiliated Hospital, Dalian Medical University, Dalian, China. 9These authors contributed equally: Jianjun Liu, Qiulong
Yan, Shenghui Li. e-mail: maxc1978@163.com; yinperry@126.com; shangdong@dmu.edu.cn

npj Biofilms and Microbiomes |           (2024) 10:29 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-024-00499-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-024-00499-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-024-00499-4&domain=pdf
http://orcid.org/0000-0002-2697-4562
http://orcid.org/0000-0002-2697-4562
http://orcid.org/0000-0002-2697-4562
http://orcid.org/0000-0002-2697-4562
http://orcid.org/0000-0002-2697-4562
http://orcid.org/0000-0002-9982-7352
http://orcid.org/0000-0002-9982-7352
http://orcid.org/0000-0002-9982-7352
http://orcid.org/0000-0002-9982-7352
http://orcid.org/0000-0002-9982-7352
http://orcid.org/0000-0002-2768-5244
http://orcid.org/0000-0002-2768-5244
http://orcid.org/0000-0002-2768-5244
http://orcid.org/0000-0002-2768-5244
http://orcid.org/0000-0002-2768-5244
mailto:maxc1978@163.com
mailto:yinperry@126.com
mailto:shangdong@dmu.edu.cn


role in aggravating inflammation4. Indeed, dysbiosis of the gut microbial
community or mucosal damage in patients with AP could elevate intestinal
permeability, leading to the translocation of bacteria from the gut to the
blood or nearby tissues, such as the pancreas, thereby increasing the risk of
pancreatic infectionandexacerbating inflammation5. Studies have indicated
that most pancreatic and extra-pancreatic organ infections originate in the
gut, triggering inflammatory responses that are major contributors to
“secondary attack” and increased late mortality of patients with severe AP
(SAP)6. The underlying common causes of AP, such as biliary obstruction,
alcohol misuse, and hypertriglyceridemia, may also induce changes in the
gut microbiota7–9. Thus, it can be inferred that the gut microbiota is
implicated in the occurrence and progression of AP with varying degrees of
severity and etiologies.

Dysbiosis of the gutmicrobial community in patientswithAPhas been
reported in previous studies utilizing amplicon sequencing3,10,11. These
studies have revealed an increase in opportunistic Enterobacteriaceae
pathogens in the feces of AP patients, alongside a reduction in members of
Lachnospiraceae and Ruminococcaceae, as well as the anti-inflammatory
probiotic Bifidobacterium12,13. Evidences indicate that gut microbiota dys-
biosis could worsen the severity of acute pancreatitis. However, the exact
mechanism remains unclear, and whether the microbiota participates in
disease progression by altering metabolites is not fully understood. Thus, a
comprehensive analysis of the differences in gut microbiota among a large
sample size of AP patients with different etiologies and severity, especially
based on whole-metagenome sequencing, would provide insights into the
understanding of possible roles of gut microbiome through taxonomical
and functional profiles. Moreover, emerging evidence indicates that
microbial metabolites are implicated in the pathogenesis of pancreatic
diseases13,14. It is essential to identify some key metabolites mediating
microbial communities involved in AP exacerbation. The integration of
multi-omics data from the gut microbiome, serum metabolome, and host
physiology holds promise for unraveling mechanistic links between gut
microbiota and disease15.

In this study, we conducted whole-metagenome shotgun sequencing
and analysis of a large cohort of 82 AP patients and 115 healthy controls to
discern variations in the gut microbiota associated with AP.We performed
an integrative analysis encompassing the gut microbiome, serum metabo-
lome (encompassing small molecule metabolites and lipids), and clinical
phenotypes of AP patients, considering different etiologies and severities.
This comprehensive approach, supplemented by bacterial culture and
animal experiments, substantiated the notion that species enriched in AP
can indeed exacerbate disease progression. Our findings offer valuable
insights for the prevention and treatment of AP and related diseases.

Results
Clinical characteristics of AP patients
Between January 2018 and January 2020, a total of 325 patients diagnosed
with AP and 136 healthy subjects were recruited for this study. Following
meticulous screening according to the inclusion and exclusion criteria and
in conjunction with a random selection of a subset of mild and moderately
severe patients based on a computer-generated randomization method
(Supplementary Fig. 1), the analysis focused on 197 fecal samples from 82
AP patients (comprising 38 mild AP [MAP], 19 moderately severe AP
[MSAP], and 25 SAP) and 115 matched healthy controls. Among the
patients, 51 (62.0%) had acute biliary pancreatitis (ABP), themost prevalent
cause of AP in China, presenting elevated total bilirubin (TB) level, liver
function indices, glucose, and triglyceride levels. Additionally, there were 12
cases of acute hyperlipidemic pancreatitis (AHP)with elevated triglycerides,
7 cases of acute pancreatitis caused by neoplasm (APN), and 12 classified as
“others”, including 1 case of alcoholic pancreatitis and 11 idiopathic or
unknown etiology. Further details regarding inclusion/exclusion criteria
and the description of different etiological subtypes can be found in the
“Methods” section. The demographic and clinical characteristics of the
participants are summarized in Supplementary Table 1.

Decreased alpha-diversity and altered overall microbial com-
position and function in AP patients
To unravel the gut microbial signature of AP, we performed fecal whole-
metagenome shotgun sequencing on all participants, providing profiles for
11 phyla, 25 classes, 39 orders, 78 families, 196 genera, and 618 species.
Notably, AP patients exhibited a significant reduction in within-sample
species richness and diversity in comparison to healthy controls (Fig. 1a).
Principal coordinate analysis (PCoA) further highlighted a distinct
separation between patients and controls (Fig. 1b), indicating a considerable
effect size of 6.3% (permutational multivariate analysis of variance [PER-
MANOVA] p < 0.001) on the overall gut microbiota variation. Host
properties such as sex, age, and bodymass index showedminimal impact on
the microbiota (effect size < 0.5%, PERMANOVA p > 0.05). Additionally,
we constructed a functional profile (representing 515 metabolic pathways)
of the gutmicrobiota. Similar to species changes, the functional diversity and
composition of AP patients remarkably deviated from those in controls
(effect size = 7.1%, PERMANOVA p < 0.001; Supplementary Fig. 2), sig-
nifying substantial dysbiosis in the holistic gut community structure and
function in acute pancreatitis.

Using the false discovery rate (FDR)-corrected Wilcoxon rank-sum
test, we identified 77 species that significantly differed in relative abundance
between AP patients and healthy controls, with 31 species enriched in
patients and 46 species depleted (q < 0.05 and |fold change| > 2; Fig. 1c and
Supplementary Table 2). These species collectively constituted over 30% of
the gross microbial abundance in both patient and control groups (Fig. 1d),
underscoring their pivotal roles in the gut microbiota. Importantly, a
majority (94.8%) of these species remained significant upon the MaAsLin2
algorithm16 with adjustment for host gender, age, and body mass index
(BMI) (Supplementary Table 2). Most of these AP-enriched species,
including Escherichia coli, Parabacteroides spp. (e.g., P. distasonis, P. mer-
dae, and P. goldsteinii), Veillonella spp., and Enterococcus spp., have been
recognized as human opportunistic pathogens in previous studies (Sup-
plementary Table 2). Notably, E. coli accounted for an average relative
abundance of 8.4% in patients versus 1.2% in controls. Conversely, AP-
depleted primarily belonged to gut symbiotic or beneficial bacteria, involved
in short-chain fatty acid (SCFAs) production in the human gut (Supple-
mentary Table 2). Representative AP-depleted species included Faecali-
bacterium prausnitzii (average abundance in patients vs. controls, 1.6% vs.
7.0%), Ruminococcus (2.1% vs. 8.2%), and members of Eubacterium (1.7%
vs. 9.9%), Roseburia (1.1% vs. 6.4%), and Bifidobacterium (0.9% vs. 4.5%).

Etiology and severity of AP associated with the gut microbial
signatures
To discern the impact of AP etiology and severity on the gutmicrobiota, we
compared the structural features of gut microbial communities in patients
with different causes and severity levels. PCoAandPERMANOVAanalyses
revealed that significant effects of etiology (effect size = 3.1%, p < 0.001) and
severity (effect size = 1.9%, p = 0.006) on the overall gut microbiota in AP
patients (Fig. 2a, b), whereas other conditions, such as the time from
symptom onset to admission, the time from admission to sampling, and
usage of antibiotics, exhibited relatively modest influences (effect size <
0.5%, PERMANOVA p > 0.05 for all; Supplementary Fig. 3). Using the
linear discriminant analysis (LDA) effect size (LEfSe) method17, we identi-
fied 21 species that differed in relative abundances among different etiolo-
gies, along with 18 species associated with severity (LDA score > 2 and
q < 0.05; Supplementary Fig. 4 and Supplementary Table 3). Additionally,
this panel of microbial species exhibited significant potential for distin-
guishing different causes of AP, particularly AHP (area under the receiver
operating characteristic curve [AUC] = 0.752, 95% confidence interval [CI]:
0.592–0.913). It also demonstrated a notable differentiation effect con-
cerning severity, such as SAP (AUC= 0.750, 95% CI: 0.608–0.892, Sup-
plementary Fig. 5). These species included key members of the human gut
microbiota, suggesting disease relevance of the etiology- and severity-
associated signatures.
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Next, we examined the relative shifts in gut microbiota for each
etiology and severity group compared to healthy controls. Within-
sample diversity and PERMANOVA analyses revealed substantially
altered species diversity and composition in almost all groups (Fig.
2c). The degree of microbiota alterations was notably higher in
patients with ABP (effect size, 5.2%) but relatively low in the AHP and
APN groups (3.3% and 2.4%, respectively). Although species richness
significantly decreased in SAP patients (Wilcoxon rank-sum test
p < 0.001) compared with controls, it did not show a significant
decrease in patients withMAP andMSAP. Furthermore, an analysis of
77 AP-associated species indicated reproducibility in each group
versus healthy controls (Fig. 2d), suggesting a persistent major dis-
ruption of the microbiota across various facets of AP. In addition,
some species showed a continuous positive (n = 7 AP-enriched spe-
cies) or negative (n = 13 AP-depleted species) trend in severity from
MAP to MSAP to SAP, including typical AP-enriched pathobionts
(Escherichia coli, Parabacteroides distasonis, and Enterococcus faeca-
lis) and AP-depleted Streptococcus spp. (S. salivarius and S. thermo-
philus) (Fig. 2d and Supplementary Fig. 6). Analyses of the gross
abundances of AP-associated gut species showed a markedly higher
level of AP-enriched species in SAP patients than in MAP and MSAP

patients (Wilcoxon rank-sum test q < 0.05; Fig. 2e), suggesting a
potential relationship between the load of AP pathobionts and
severity.

Correlations of the AP-associated gut species with clinical bio-
chemical variables
Next, we explored the inter-associations between AP-associated microbial
signatures and host clinical variables using covariate-adjusted Spearman’s
correlation analysis. This analysis identified numerous correlations between
31 species and all 10 investigated clinical variables (Spearman’s |ρ| > 0.35,
q < 0.05; Fig. 3). Some AP-enriched species, such asVeillonella spp. (e.g.,V.
dispar and V. infantium), Enterococcus faecalis, and Phascolarctobacterium
succinatutens, consistently exhibited positive correlations with liver func-
tion parameters (ALT, AST, TB, DB, γGT) and serum lipid indicators (TG,
and CHOL). Conversely, several AP-depleted species, such asMonoglobus
pectinilyticus, Firmicutes bacterium CAG-94, and Roseburia sp. CAG-471,
demonstrated negative correlations with indicators of liver function. In
addition,Escherichia coliwaspositively correlatedwith fastingbloodglucose
level (Spearman’s ρ = 0.37, p = 1.7 × 10−6; Supplementary Fig. 7), while
Faecalibacterium prausnitzii, an anti-inflammatory bacterium that is
depleted in AP patients, was positively associated with several harmful
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Fig. 1 | Characteristics of the gut microbial diversity and composition in AP
patients. a Comparison of intrasample gut microbial diversity indexes between
patients and controls. Boxes represent the interquartile range between the first and
third quartiles and the median (internal line). Whiskers denote the lowest and
highest values within 1.5 times the range of the first and third quartiles, respectively;
dots represent outlier samples beyond the whiskers. Wilcoxon rank-sum test:
*p < 0.05; **p < 0.01; ***p < 0.001. b Principal coordinates analysis (PCoA) based

on the Bray–Curtis dissimilarity between microbial community composition. The
result is shown in the first two principal coordinates (PC1 and PC2), and the ratios of
variance contributed by these two PCs are shown. Colored points represent the
samples, and circles cover samples near the center of gravity for each group. cBarplot
showing the fold changes and q-values of AP-enriched and AP-depleted species.
Wilcoxon rank-sum test: *q < 0.05; **q < 0.01; ***q < 0.001. d Gross relative
abundances of AP-enriched and AP-depleted species in two groups.
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variables such as Urea, WBC, ALP, and TB; the role of these bacteria in the
pathogenicity of AP requires further investigation.

Furthermore, we calculated the correlation coefficients between the
AP-associated gut species and the serum digestive enzyme levels in AP
patients (healthy controlswere not included in this analysis) and found only
one significant correlation between Clostridium citroniae and serum lipase
(Spearman’s ρ =−0.36, q = 0.002; Fig. 3).

Serum metabolome and lipidome reveal heightened energy
metabolism expenditure in AP patients
To characterize themetabolome signatures ofAP,we performed untargeted
mass spectrometry (MS) profiling of serumpolarmetabolites and lipids in a
subset of AP patients (n = 45, including 16 MAP, 18 MSAP, and 11 SAP
patients) and healthy controls (n = 13). Themetabolome and lipidomewere
characterized based on 775 annotatedmetabolites and 705 annotated lipids
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Fig. 2 | Effect of the gut microbiome by AP etiology and severity. Principal
coordinates analysis (PCoA) based on the Bray–Curtis dissimilarity between
microbial community composition of AP patients, samples are grouped by their
etiology (a) and severity (b). The result is shown in thefirst two principal coordinates
(PC1 and PC2), and the ratios of variance contributed by these two PCs are shown.
Colored points represent the samples, and circles cover samples near the center of
gravity for each group. c Comparison of gut microbial diversity and effect size
between etiology and severity groups versus healthy controls. Left 3 panels: bar plots
showing the fold changes of microbial diversity between patient groups vs. healthy
controls. Statistical test is performed using Wilcoxon rank-sum test: *p < 0.05;
**p < 0.01; ***p < 0.001. Right panel: bar plots showing the effect sizes on gut

microbial composition for patient groups vs. healthy controls. Statistical test is
performed based on PERMANOVA analysis: *, adonis p < 0.05; **, adonis p < 0.01;
***, adonis p < 0.001. d Heatmap showing the fold changes between etiology and
severity groups versus healthy controls for each AP-associated species. Wilcoxon
rank-sum test: *q < 0.05; **q < 0.01; ***q < 0.001. e Boxplot showing the total
relative abundances of AP-enriched and AP-depleted species in patients with dif-
ferent severity. Boxes represent the interquartile range between the first and third
quartiles and the median (internal line). Whiskers denote the lowest and highest
values within 1.5 times the range of the first and third quartiles, respectively; dots
represent outlier samples beyond the whiskers. Wilcoxon rank-sum test: *p < 0.05.
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from the MS datasets, respectively. PCoA analysis illustrated significant
distinctions in both the metabolome and lipidome between patients and
controls (Fig. 4a, b), with disease status accounting for 17.7% (PERMA-
NOVA,p < 0.001) and22.9% (p < 0.001) of the variances in themetabolome
and lipidome, respectively. The FDR-corrected Wilcoxon rank-sum test
revealed that 41.7% of the metabolites and 54.8% of the lipids had sig-
nificantly different abundances between the two groups (q < 0.05), while
almost all of them (96.9% and 97.9%, respectively) were also significant in
the MaAsLin2 test (Supplementary Tables 4 and 5). AP-enriched metabo-
lites (n = 147) included a diverse array of organic acids, carbohydrates,
amino acids, and hematoporphyrin, whereas HC-enriched metabolites
(n = 176) were frequently distributed in glycerophosphocholine, carnitine,
andbile acids (Fig. 4c).As for the lipidome,AP-enriched lipids (n = 88)were
concentrated in triacylglycerols, whereas HC-enriched lipids (n = 298)
widely spanned in glycerophosphocholines, sphingolipids, and glycer-
ophosphoethanolamines (Fig. 4d). In patients, the altered metabolites
involved in some metabolic pathways, such as arginine biosynthesis,
butanoate metabolism, synthesis and degradation of ketone bodies, meta-
bolism of aromatic amino acids, and branched-chain amino acids (Sup-
plementary Fig. 8). These changes suggested increased energy metabolism
consumption and ammonia discharge in AP, ametabolic shift documented
in acute inflammation18. This finding corroborated the results of gut
microbiota functional analysis, highlighting increased aromatic amino acid
metabolism, fatty acid metabolism, ATP synthesis, and decreased carbo-
hydrate metabolism and branched-chain amino acid metabolism (Supple-
mentary Fig. 2b). Despite this, some AP-associated compounds, including
phenylpropionylglycine, indole derivatives (e.g., indoxyl sulfate, indolea-
cetic acid, indole-3-propionic acid), and benzenoids (e.g., pyrocatechol
sulfate), previously linked to gut bacterial fermentation of dietary
substances19,20, exhibited changes in serum levels, potentially influenced by
gutmicrobiota.Most of these bacteria-derived compoundswere depleted in
patients withAP, except for indole and phenylpropionylglycine (Fig. 4c and
Supplementary Table 4).

Similar to the gut microbiome, the etiology and severity of AP con-
siderably affected the serum metabolome and lipidome (PERMANOVA,
p < 0.05) withminor effect sizes (Supplementary Fig. 9a, b). Among the 323
AP-associated metabolites and 386 AP-associated lipids, 59 and 15,
respectively, differed in abundance among different AP etiologies, and 49
and 36, respectively, were associated with AP severity (LDA score > 2 and
q < 0.05; Supplementary Tables 4 and 5). Among these, several molecules
exhibited positive correlations with AP severity, encompassing 6 metabo-
lites (sorbitol, mannitol, inosine, hematoporphyrin, pyrrolidinone, ome-
prazole sulfone) and 2 lipids. Conversely, negative correlations were
observed in 14 metabolites spanning peptides, carnitine, vitamins, and
organic acids, along with 13 lipids encompassing various polyunsaturated
fatty acids (PUFAs), cholesteryl esters, glycerophosphocholines, and gly-
cerophosphoethanolamines (Supplementary Fig. 9c). The roles of these
molecules in the context of AP severity warrant further exploration in
subsequent studies.

AP-associated gut species correlate to serummetabolome and
lipidome changes
Next, we carried out an inter-omics PERMANOVA analysis to quantify the
strength of the association between the gut microbiome, serum metabo-
lome, and lipidome. Adonis-based univariate analysis identified 10 gut
species that independently influenced the serum metabolome and 12 gut
species that impacted the lipidome (Fig. 5a, b). Notably, two AP-enriched
species, Escherichia coli and Bilophila wadsworthia, exhibited significant
effect sizes on both the metabolome and lipidome, suggesting their
important role in shaping serum metabolic homeostasis. Multivariate
analysis demonstrated a substantial effect of the gut microbiome on serum
metabolic profiles, explaining 27.1% and 34.1% of the variances in the
metabolome and lipidome, respectively (Fig. 5a, b). This aligns with earlier
findings (20–40% in patients with other diseases or special situations)21,22,
emphasizing the significant influence of the gut microbiota on the host
metabolic landscape.
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To further explore the links between the gut microbiota and serum
metabolome and lipidome composition, we performed an inter-omics cor-
relation analysis involvingAP-associated gut species, serummetabolites, and
lipids. Using covariate-adjusted Spearman’s correlation analysis, we estab-
lished a comprehensive network of 473 correlations among the species and
metabolites/lipids (Spearman’s |ρ| > 0.35, q < 0.05; Fig. 5c). Bilophila wads-
worthia, Eubacterium eligens, Ruminococcus gnavus, and Enterococcus fae-
calis emerged as key players, correlating with the highest number of
metabolites and lipids (Supplementary Fig. 10). Strikingly, Bilophila wads-
worthia, recognized as a bile-tolerant bacterium linked to animal-based diet
and metabolic dysfunction23,24, exhibited associations with the largest num-
ber of serum metabolites and lipids, particularly various TGs (Supplemen-
tary Fig. 11a), suggesting a potential role for this bacterium in promoting the
enrichment of certain detrimental substances in the blood of AP patients. In
contrast, some AP-depleted bacteria, such as Eubacterium eligens and Bifi-
dobacterium spp., displayed negative correlationswith serumconcentrations
of TGs. Additionally, several AP-enriched species, including Bilophila
wadsworthias, Collinsella aerofaciens, and Enterococcus spp. (E. faecalis and
E. faecium), were positively associated with harmful microbial metabolites
like indoxyl sulfate, p-cresol sulfate, and trimethylamine n-oxide25–27. This
suggests that these species may contribute to the disease by affecting the
concentration of metabolites in the blood (Supplementary Fig. 11b).

The cultivated gut pathobionts from AP patients contain
numerous antibiotic resistance and virulence-associated genes
To ascertain the viability of pathogens within the gut microbiota of AP
patients,we culturedover 500bacterial colonies fromfresh fecal samples of a

subset of randomly selected participants (19 patients and 5 controls) and
sequenced their 16S rRNA genes for species identification. A total of 49
isolates corresponding to each species, including 34AP patient-derived and
15 healthy control-derived isolates (Supplementary Table 6), were subjected
to whole-genome shotgun sequencing and genomic characterization based
on the uniqueness of the 16S rRNA gene within each sample. Predominant
members in patient samples included Enterococcus spp. Escherichia coli,
Klebsiella spp., and Enterobacter spp., whereas Bifidobacterium spp. and
Streptococcus salivarius were uniquely isolated from healthy individuals
(Supplementary Fig. 12a). Genomic analysis of these bacteria unveiled 481
antibiotic resistance genes (ARGs) and 121 virulence-associated genes
(VAGs) (Supplementary Tables 7 and 8). Among the ARGs, 28.7% were
related to intrinsic multidrug resistance (MDR), with additional genes
conferring resistance against various types of clinically relevant antibiotics,
including aminoglycoside (17.5%), macrolide-lincosamide-streptogramin
(MLS) (11.4%), fluoroquinolone (7.1%), tetracycline (6.4%), and beta-
lactamase (6.2%). Focusing on the prevalent opportunistic pathogens in AP
patients, the members of Enterobacteriaceae (E. coli, K. pneumoniae, and
Citrobacter youngae) accounted for the majority (80%) of ARGs, encom-
passing 81.9% MDR, 100% fluoroquinolone resistance genes, 90.0% beta-
lactamase, and 91.7% sulfonamide resistance genes (Supplementary Fig.
12b). Enterococcus faecium and Enterococcus faecalis exhibited a large
number of aminoglycoside and MLS resistance genes. Moreover, the
majority (58.7%)ofVAGswere encodedbyE. coli andEnterococcus faecium
strains (Supplementary Fig. 12c), with several Enterococcus faecium strains
carrying VAGs involving fibrinogen, collagen adhesin, and cell wall-
anchored proteins.
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Fig. 4 | Difference in the serum metabolome and lipidome between AP patients
and healthy controls. Principal coordinates analysis (PCoA) based on the
Bray–Curtis dissimilarity of serum metabolome (a) and lipidome (b) between
patients and controls. The result is shown in the first two principal coordinates (PC1
and PC2), and the ratios of variance contributed by these two PCs are shown.

Colored points represent the samples, and circles cover samples near the center of
gravity for each group. Distribution of types of AP-associated metabolites (c) and
lipids (d). Statistical test is performed between AP-enriched and AP-depleted
metabolites/lipids using Fisher’s exact test: *q < 0.05; **q < 0.01; ***q < 0.001.
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AP patient-derived pathobionts exacerbate experimental acute
pancreatitis in mice
To further test the hypothesis that the presence of AP-associated species
modulates disease progression, we selected a combination of three patho-
bionts (E. coli, Enterococcus faecalis, and Enterococcus faecium) isolated
from AP patients and a combination of three AP-depleted strains (Bi®do-
bacterium longum and Streptococcus salivarius isolated from the healthy
controls of this study, and Roseburia intestinalis isolated from a healthy
subject by Zou et al.28) for gavage antibiotic-treated microbe-depleted mice
(Supplementary Fig. 13a). After 1 week following bacterial gavage, these
species were abundantly detected in the mouse intestinal tract, as shown by
16S rRNA gene sequencing of their feces and fluorescence in situ hybridi-
zation (FISH) analysis of their colonic tissues (Supplementary Fig. 13b, c).
Subsequently, mice were treated with caerulein to induce the AP model.
Histological evaluation of the pancreas showed pancreatic edema, massive
infiltration of inflammatory cells, and a higher pancreatic tissue score in
pathobiont-gavaged mice (n = 8) compared to AP-depleted recipient mice
(n = 8) and sham-gavaged mice (n = 5). Noticeably, gavage with AP-
depleted species also inducedmild pancreatic inflammation above the levels
observed in the sham-gavaged group (Fig. 6a, b). Furthermore, pathobiont-
gavagedmice exhibited significantly higher serum amylase and lipase levels
than other groups (Fig. 6c). Immunofluorescence detection of CD45, Ly6G,
and F4/80 characterized immune cells infiltrating the pancreas. Pathobiont-
gavagedmice showed increased infiltration of CD45-positive T cells, Ly6G-
positive neutrophils, and F4/80-positive macrophages in the pancreatic
tissue (Fig. 6d), andmeanfluorescence intensity calculation supported these
findings (Fig. 6e–g). ELISA results indicated elevated myeloperoxidase
activity and higher levels of proinflammatory factors TNF-α and IL-1β in
the pancreatic tissue of pathobiont-gavagedmice compared to other groups
(Fig. 6h, i).

Intestinal histopathology revealed more severe injury and inflamma-
tion of different intestinal segments in the pathobiont-gavagedmice than in
the other groups (Fig. 7a–d). Pathobiont-gavaged mice exhibited damaged
intestinal villi in the ileum, with inflammatory cell infiltration in the colon
and cecum (Fig. 7a). Increased levels of pro-inflammatory factors TNF-α
and IL-1β, along with reduced expression of intestinal barrier proteins
occludin and cadherin, indicating compromised intestinal barrier function
in the pathobiont-gavaged group (Fig. 7e, f). In summary, these findings
suggest that bacteria play a crucial role in inducing acute pancreatitis, and
AP-enriched pathobionts are associated with exacerbated pancreatitis
progression in mice.

Additionally, we conducted a targeted metabolomic profiling on fecal
samples from pathobiont-gavaged and sham-gavaged AP mice, revealing
substantial differences in the fecal metabolomes between these two groups
(Supplementary Fig. 14a). Pathway enrichment analysis indicated that
pathobiont-gavaged mice exhibited changes in metabolic pathways
resembling those observed in AP patients, including alterations in the
metabolism of arginine, ketone bodies, butanoate, phenylalanine, and tyr-
osine (Supplementary Fig. 14b). Furthermore,when comparing the changes
in fecal metabolome of pathobiont-gavagedmice with the serummetabolic
alterations observed in AP patients, we identified 9 metabolites that dis-
played consistent trends (Supplementary Fig. 14c). Among these, 7 meta-
bolites were upregulated in bothAP patients and pathobiont-gavagedmice,
including adrenal acid (a pro-inflammatory PUFA29), myristic acid
(involving fatty acid beta-oxidation), and 3 intermediate products of the
tricarboxylic acid cycle (i.e., alpha-hydrobutyric acid, oxoglutaric acid, and
citromalic acid), indicating an increase in energy consumption during the
disease. Conversely, 2 metabolites, gamma-linolenic acid (a PUFA with
anti-inflammatory effects30) and ornithine, were downregulated in both AP
patients and pathobiont-gavagedmice. These consistent metabolic changes
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Fig. 5 | The gut microbiome influences serum metabolome and lipidome. Bar
plots showing the effect size of gut species on the serum metabolome (a) and lipi-
dome (b). Species with a significant impact (adonis p < 0.05) on the serum meta-
bolome or lipidome are shown, and the combined effect sizes of all significant species
for metabolome and lipidome are calculated. c Network showing the correlations

between AP-associated gut species and serummetabolites and lipids. The Spearman
correlation coefficient was used to evaluate the correlation, and correlations with an
absolute correlation coefficient ρ > 0.35 and a correlation test q < 0.05 are shown in
the network. Blue and red lines represent negative and positive correlations,
respectively.
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suggest these AP-associated pathobionts play a synergistic role in the
deterioration of disease, possibly related to energy consumption and
inflammation regulation.

Discussion
In this study, we performed integratedmulti-omics analyses encompassing
the gut microbiome, serummetabolome, lipidome, and host phenotypes in
patients with AP.Despite certain resemblances in themicroflora and serum
metabolites amongpatientswithdifferent etiologiesand severities, our study
adeptly identified distinguishing features related to AP etiology and disease
progression. The extensive correlation observed between microbial and
metabolomic profiles, coupled with the ability of cultivated gut pathobionts
fromAP patients to exacerbate pancreatitis in mice, provides novel insights
into disease etiology (Fig. 8).

The gut microbiome of patients with AP exhibited decreased species
and functional diversity compared to healthy subjects. As one of the major
manifestations of gut dysbiosis, lowmicrobial diversity frequently occurs in
many diseases31–33 andmay lead to a high risk ofmetabolic disorders in such
individuals. Besides, the reduction in functional richness implies significant
gut microbial dysfunction in AP patients.

We identified a spectrum of species with increased abundance in AP
patients compared to healthy controls, including prominent species like
Escherichia coli, Enterococcus, Parabacteroides, Clostridium, andVeillonella
members. Notably, E. coli’s dominance suggests its potential role as a high-
risk pathogen in AP. Literature indicates its association with severe
inflammatory diseases involving the gastrointestinal tract, including
Crohn’s disease34,35, appendicitis36, and peritonitis37. Translocation of E. coli
from the gut to other body sites (e.g., bloodstream) is themain risk factor for
infectious diseases38. Notably, our previous findings underscored the
translocation of E. coli from the gut to the gallbladder, inducing acute
cholecystitis39, further supporting its candidacy as a significant pathogen in
AP and related disorders.Enterococcus spp., especiallyE. faecalis, exhibited a
higher survival fitness in pancreatic juice40 and may be involved in the
progression of chronic pancreatitis, as well as the initiation and

advancement of pancreatic cancer41. Studies have identified certain bacteria
elevated in the gut microbiota of AP patients, such as Enterococcus, Enter-
obacter, and Clostridium spp, which also show enrichment in that of CP
patients42,43. CP, in turn, poses a substantial risk for the development of
pancreatic cancer (PC), which established close associations with the
composition of oral, fecal, and organ-specific microbiota44. Moreover, E.
faecalis andE. faeciumhave been implicated asmajor gram-positive bacteria
causing peripancreatic infections in necrotizing pancreatitis45. Veillonella, a
proinflammatory gut commensal that correlates with Crohn’s disease35 and
primary sclerosing cholangitis46, displayed increased abundant in AP
patients. Similarly,AP-enrichedClostridiummembers, such asC. aldenense,
C. asparagiforme, andC. symbiosum, have reported involvements in various
diseases, as shown in Supplementary Table 2. Furthermore, some AP-
enriched species, such as Veillonella spp. (e.g., V. dispar and V. infantium)
and Enterococcus faecalis, consistently exhibited positive correlations with
liver functionparameters and serum lipid indicators.Other studieshave also
confirmed thatVeillonella is positively correlatedwithALT,AST, andTB in
patients with primary sclerosing cholangitis46. Similarly, Duan et al. iden-
tified Enterococcus faecalis secreting exotoxin as a cause of hepatocyte death
and liver injury47. Together, AP patients show significant dysbiosis of gut
microbiota, likely representing the destruction of the gut-liver axis home-
ostasis and worsening liver function. In addition, Escherichia coli was
positively correlated with fasting blood glucose level, in agreement with
previous studies showing that gutE. coli abundance is a risk factor for type 2
diabetes48,49. Altogether, our study delineates specific species contributing to
the dysbiotic gut microbiota observed in AP patients, laying the foundation
for future mechanistic investigations.

Given the prevalence of opportunistic pathogens in the gut of patients
with AP, we conducted bacterial cultivation research to further validated
their pathogenicity. Numerous ARGs and VAGs, including extended-
spectrum β-lactamases (blaTEM-1, blaSHV-2, and blaOXA-1)50 and
plasmid-mediated quinolone resistance genes, were identified in patient-
derived strains (e.g., E. coli, Enterococcus, Klebsiella, and Parabacteroides
spp.), suggesting their potential contribution to disease pathogenesis in AP.

Fig. 6 | Histopathology, enzymology, and inflammatory level of the pancreas in
mice after receiving AP-enriched and AP-depleted species. a Histological eva-
luation of the pancreas revealed that the pathobionts-gavaged mice had more
pancreatic edema, inflammatory infiltration, and acinar cell necrosis as compared
with the sham-gavaged and AP-depleted species mice groups. b The pancreatic
histological score among the three groups. c The serum level of amylase (left) and
lipase (right) in mice after receiving the AP-enriched and AP-depleted species.

d Immune cells infiltrating the pancreas were characterized by immunofluorescence
detection of CD45, Ly6G, and F4/80. e–g The mean fluorescence intensity (MFI) of
CD45, Ly6G, and F4/80 among the three groups. h, i The myeloperoxidase (MPO)
activity and the levels of proinflammatory factors TNF-α and IL-1β of the pancreas
in each group. For (b, c) and (e–i), data are shown as mean ± SD. One-way ANOVA
analysis: *p < 0.05; **p < 0.01.
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Arecent studyhas reported the involvement of gutmicroflora in the process
of AP through fecal microbiota transformation inmice12. Here, we used gut
bacterial isolates from AP patients to colonize antibiotic-treated mice.
Histopathology analysis of the pancreas and serum enzymological results
showed that AP-enriched pathobionts significantly exacerbated AP, while
AP-depleted species recipient mice exhibited mild pancreatic injury.
Inflammation in sham-gavagedmicewas themildest, indicating that the gut
microbiota might serve as a stimulating factor for AP severity.

In terms of etiology and severity impact, we observed that almost all
AP-enriched species accumulated in ABP, except for V. dispar and Chris-
tensenella minuta, while Streptococcus infantis was uniquely enriched in
ABP patients but not in other etiologies. Furthermore, Bilophila wads-
worthiawas enriched in bothAHPandABPbut not in others.Metabolomic
analysis indicated a strong positive correlation between this bacterium and
various TG. Previous studies have shown that B. wadsworthia is a major

member of sulfidogenic bacteria in the human gut, and dietary lipids favor
the growth of this pathobiont51. B. wadsworthia has been impacted in
exacerbating high-fat diet-induced intestinal barrier dysfunction and bile
acid dysmetabolism, leading to systemic inflammation inmice24. Hence, we
hypothesized that B. wadsworthia may play a role in the pathogenesis of
AHPandABP. In addition, someAP-depleted species, such as Eubacterium
eligens, presented a negative correlation with severity and were negatively
correlated with a variety of TGs in serum, indicating that these bacteriamay
be involved in AP progression by regulating TG metabolism.

Limitations of this study
Despite the robustness of our findings, there are limitations to be addressed
in this study. In the process of selecting patient samples, due to the much
higher incidence rates of MAP andMSAP compared to SAP, we randomly
selected a portion of MAP and MSAP patients and combined all SAP

Fig. 7 | Intestinal histopathology, inflammatory factors, and intestinal barrier
protein expression in mice after receiving AP-enriched and AP-depleted species.
a Histopathology of different intestinal segments (ileum, cecum, colon) in
pathobionts-gavaged mice showed that there were more inflammatory cells infil-
trating the lamina propria and submucosa (as shown by the arrow), especially in the

cecum, as compared with the other two groups. b–d Histopathological scores of
different intestinal segments in each group. e The levels of proinflammatory factors
TNF-α and IL-1β in the intestine among the three groups. f The expression of
intestinal barrier proteins occludin and cadherin in the intestinal tissue. For (b–f),
data are shown as mean ± SD. One-way ANOVA analysis: *p < 0.05; **p < 0.01.
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individuals for subsequent multi-omics analyses. This approach may
introduce a certain bias to our results regarding the microbial composition
in AP patients. Future studies aiming for a more comprehensive investi-
gation of the “natural queue” involving all patients are deemed necessary.
Although the feces were collected from patients within 48 h of admission,
some patients receiving intravenous antibiotic therapy (e.g., cefoperazone
sulbactam) for infection on admission may experience an impact on the
composition and diversity of the gut microbial community. However, the
effect size was found to be < 0.5% (PERMANOVA p > 0.05), indicating that
this short-term antibiotic exposure is unlikely to undermine our main
conclusions. Additionally, the criterion of collecting fecal samples within
48 hmay introduce a certain selection bias, particularly for APpatients with
an ileus. Furthermore, although our patients were stratified into different
severity groups, longitudinal sampling could provide valuable insights into
the associations between the gut microbiome and the clinical course of the
disease, particularly the onset of infected necrosis, which is a critical com-
plication of AP likely to result from gut dysbiosis.

Methods
Subjects and sample collection
This study received approval from the Ethics Committee of the First
Affiliated Hospital of Dalian Medical University (YJ-KS-KY-2019-93), and
all participants provided written informed consent to participate in
the study.

Patients aged 18–85 were recruited at an early stage (within 3 days
after the onset of symptoms) of AP from the First Affiliated Hospital of
Dalian Medical University and the Xijing Hospital of Airforce Medical
University, China. All patients met the criteria for AP according to the
revised Atlanta classification and were stratified into three groups
according to clinical severity: mild (MAP, has no organ failure, local or
systemic complications), moderately severe (MSAP, presence of tran-
sient organ failure, local complications, or exacerbation of co-morbid
disease), and severe (SAP, organ failure lasting >48 h)52. Patients were
excluded if they had medical histories of gastrointestinal disorders,
immune deficiency, and cancers. To minimize the impact of antibiotic
or other drug treatment on the gut microbiota, patients who did not
provide fecal samples within 48 h after admission were excluded from
the analysis. A computer-generated randomization sampling method,

facilitated by the Rv.Uniform function in SPSS platform, was used to
randomly select a subset of MAP and MSAP patients, as well as all SAP
patients for further experiments (Supplementary Fig. 1). Furthermore,
patients were divided into acute biliary pancreatitis (ABP), acute
hyperlipidemic pancreatitis (AHP), acute alcoholic pancreatitis, acute
pancreatitis caused by neoplasm (APN), and others (including idio-
pathic or unknown etiology) according to the etiology of the disease.
The specific classification criteria were adapted from Zheng et al.’s
article with slight modification7. Briefly, ABP was defined as the diag-
nosis of gallstones, cholecystitis, or alanine aminotransferase level
greater than 100 U/l or total bilirubin level greater than 2.3 mg/dl. AHP
was considered when the serum triglyceride level was more than
11.3 μmol/l. APN referred to AP caused by benign and malignant
tumors of the pancreas. Alcoholic AP was considered in patients with
confirmed alcohol consumption and a history of alcoholism, with a
daily alcohol intake ofmore than 80 mlwithin 24 h before disease onset.
Other AP included patients with less known causes or without any
identifiable cause, such as trauma, drug use, endoscopic retrograde
cholangiopancreatography, operation, sphincter of Oddi dysfunction,
hypercalcemia, and autoimmune causes. Healthy controls were
recruited during routine physical examinations at the Health Exam-
ination Center of the hospitals. The subjects were excluded if they had a
previous medical history of gastrointestinal disorders, severe chronic
metabolic diseases, cardio-cerebrovascular diseases, and cancers.
Subjects who had received antibiotics or probiotics within 4 weeks prior
to admission were also excluded in both patients and healthy
volunteers.

All participants were provided instructions for fecal sample col-
lection using sterile sampling tubes. Freshly collected stool samples
were promptly placed in a foam box containing ice bags and trans-
ported to the laboratory within 30 min. Upon arrival, fecal samples
were meticulously divided into 3–5 tubes, rapidly frozen, and stored at
−80 °C until subsequent metagenomic sequencing analyses. For a
subset of participants designated for bacterial cultivation, fresh fecal
samples (one tube per participant) were temporarily stored at 4 °C for
1–4 h before being transferred to the culture chamber. Blood samples
were collected within 24 h after admission under an 8-h fasting con-
dition, and serum was separated by centrifugation.

Fig. 8 | Proposed mechanism of AP exacerbation by the altered gut microbiome
and serum metabolome. Flowchart depicting the integrated analyses of fecal
metagenome, serum metabolome and lipidome, and bacterial cultivation and
transplantation experiments employed in this study. The proposed mechanism of

AP exacerbation by the altered gutmicrobiome and serummetabolome, as well as in
bacterial transplantation mice, is shown. SCFA short-chain fatty acids, TCA cycle
tricarboxylic acid cycle, PUFA polyunsaturated fatty acid, ARG antibiotic resistance
gene, VAG virulence-associated gene.
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Fecal DNA extraction and whole-metagenome shotgun
sequencing
Genomic DNA was extracted from fecal samples using the HiPure Stool
DNA Kit (Magen, No. D3141), following the manufacturer’s guidelines.
Briefly, 1ml STL buffer was added to 50mg of the sample in a 2-ml screw-
cap tube (Axygen).Add50mgof zirconiumoxidebeads (diameter 0.5mm).
Homogenize the fecal sample in a bead-beatingmachine for 5min to break
up the bacteria in the feces (at 6M/S, with 30 s of operation followed by 30 s
of rest). The mixture was incubated at 65 °C for 10min. After vortexing for
15 s and centrifuging at 13,000 × g for 10min, 600 μl of the supernatant was
transferred to a new 2.0-ml tube. PS buffer (150 µl) and 150 µl of absorber
solution were added. Following a second centrifugation (13,000 × g, 5 min),
the supernatants were transferred to fresh 2.0-ml tubes, and 700 µl of GDP
buffer was added. A HiPure DNA Mini Column was used to absorb the
products, which were eluted with sterile water. Fecal samples from all
participants were subjected to whole-metagenome shotgun sequencing
based on the HiSeq X platform (Illumina, USA). We constructed a 150 bp
paired-end library with an insert size of ~350 bp for each sample. The initial
base calling of the sequencing data was executed using the default system
parameters of the sequencing platform.

Gut metagenome analyses
The raw sequencing reads for each sample were processed for quality
control using fastp53. Human genomic DNA reads were removed via
mapping to the human reference sequences (GRCh38) with Bowtie 254. The
gut microbiomes were compositionally and functionally quantified using
the MetaPhlAn3 and HUMAnN3 algorithms55, respectively. The Shannon
and Simpson diversity indices, calculated using the R vegan package56, were
used to represent the within-sample diversity (alpha diversity) of the
microbiota in the samples. Additionally, profiles of antibiotic resistance
genes were generated for each metagenomic sample by blasting the trans-
lated read sequences against the Comprehensive Antibiotic Resistance
Database (CARD)57 using stringent cutoffs (>95% identity and >95%
overlap with the query sequence).

Serum metabolome and lipidome analyses
The serum samples were obtained from blood specimens after being cen-
trifuged at 1500 × g for 10min (4 °C), sub-packed, and stored at−80 °C for
later analysis. The sample pretreatment process is as follows: first,Methanol
(Fisher Scientific, Fair Lawn, USA) was added to 100 μl of the serum and
vortexed for 180 s. In total, 900 μl ofmethyl tert-butyl ether (Sigma-Aldrich,
St. Louis, USA) and 250 μl ofMilli-Q (Merck KGaA, Darmstadt, Germany)
purified water was then added to the solution and vortexed for 180 s. The
mixture was then incubated on a rollingmixer for 10min and kept at room
temperature for 10min, followed by centrifugation at 13,000 × g for 10min
(4 °C). In total, 700 μl of the lipid extract was transferred from the upper
layer and 400 μl of the polar metabolite extract from the lower layer was
transferred to two EP tubes, which were concentrated and dried by vacuum
centrifugation. The remaining samples were mixed and centrifuged, and
similarly distributed upper and lower layers were used as quality control
samples. Three different analytical methods were used for polar metabolite
analysis, and polar metabolite extracts were separated by reverse-phase
chromatography to detect positive and negative ionization, respectively.
Chromatographic separation of lipids was also carried out in positive and
negative ionization modes.

Untargetedmetabolome and lipidome quantificationswere performed
onanUltimate 3000ultra-high-performance liquid chromatographand aQ
Exactive quadrupole-Orbitrap high-resolutionmass spectrometer (Thermo
Scientific, USA). The details of chromatographic separation and mass
spectrometry detection conditions for polar metabolites and lipids were
described in our previous article58. Polar metabolites were structurally
annotated by searching acquired MS2 against a local proprietary MS/MS
spectrum library created using known standards, NIST 17 TandemMS/MS
library (National Institute of Standards and Technology), local version
MoNA (MassBank of North America), and mzCloud library (Thermo

Scientific, USA). Untargeted lipidomics data were processed using the
LipidSearch software, including peak picking and lipid identification. The
mass accuracies for precursor and MS/MS production searches were ±5
ppm and 5 mDa, respectively. The MS/MS similarity score threshold was
set at 5.

Bacterial cultivation and whole-genome sequencing and
analyses
To isolate as many bacteria as possible from the subjects’ feces, we used 11
types of media (BHI agar, BBE agar, Bacteroides agar with 1% bile salt,
YCFA, PYG, LBB, CBA agar, and BAB agar with 5% sheep blood) and
aerobic/anaerobic conditions. Fresh fecal samples (200mg) were serially
diluted using physiological saline, and 200 μl suspension was plated onto
Petri dishes with different solid media. These samples were then cultivated
in aerobic and anaerobic incubators at 37 °C for 2–5 days. Each colony was
selected and purified three times under the same conditions using a new
solid medium plate. Subsequently, the liquid medium was used to conduct
the purified bacterial proliferation at 37 °C for 1 day. Bacterial isolates were
clarified by polymerase chain reaction via the full-length 16S rRNA gene
analysis (forward primer 7F:5′-AGAGTTTGATYMTGGCTCAG-3′;
reverse primer 1510R:5′-ACGGYTACCTTGTTACGACTT-3′)59. The
centrifuged bacterial pellet was collected, and the bacterial DNA was
extracted from the liquid samples, and thenused forwhole-genome shotgun
sequencing under the HiSeq X platform (150 bp paired-end).

Short reads for each bacterial isolate were de novo assembled using the
SPAdes assembler60 with parameters “--isolate -k 21,33,55,77”. The quality
of assembled genomes was evaluated using Quast61. The taxonomic
assignment of the genomeswas generated using SpecI62 and whole-genome
alignment against the available bacterial genomes from theNational Center
for Biotechnology Information (NCBI) RefSeq database (downloaded in
April 2021, comprising 15,665 genomes). Gene identification was per-
formed for all assembled genomes using Prodigal63. The phylogenetic tree
was generatedusing PhyloPhlAn264 and visualizedusing interactive TreeOf
Life (iTOL)65. Antibiotic resistance genes and virulence-associated genes
were identified using ABRicate (https://github.com/tseemann/abricate)66.
ABRicate searched the NCBI Bacterial Antimicrobial Resistance Reference
Gene Database, CARD57, ARG-ANNOT67, and ResFinder68 for predicting
antibiotic resistance genes (ARGs), and VFDB69 for predicting virulence-
associated genes (VAGs).

Animal experiment
All animal experiments were performed in accordance with the recom-
mendations of the Guide for the Care andUse of Laboratory Animals of the
National Institute of Health. The animal protocols were approved by the
Committee on the Ethics of Animal Experiments of Dalian Medical Uni-
versity (No. AEE19001). Six-week-old male C57BL/6 mice obtained from
the Specific Pathogen Free Animal Center of Dalian Medical University
were randomly divided into three groups: AP-enriched pathobionts (n = 8),
AP-depleted species (n = 8), and sham-gavaged (n = 5). Before bacterial
transplantation, we treated mice with broad-spectrum antibiotics (ampi-
cillin 1 g/l, neomycin 1 g/l, metronidazole 1 g/l, and vancomycin 0.5 g/l) in
their drinkingwater for 4weeks, a regimen previously used to achieve bowel
sterilization70. After antibiotic treatment, mice from each experimental
group were housed in separate cages. AP-enriched pathobionts (E. coli,
Enterococcus faecalis, and Enterococcus faecium) and AP-depleted species
(Bifidobacterium longum, Streptococcus salivarius, and Roseburia intesti-
nalis)were administered intragastrically oncea day for 1week, suspended in
200 µl saline with 107 colony-forming units (CFU) of each species. Sham-
gavaged mice were administered saline only and then challenged with
repeated hourly intraperitoneal (i.p.) injections of high doses of caerulein
(50mg/kg, Sigma) seven times to induce AP models71,72. At 24 h after the
first injection of caerulein, the mice were anesthetized with inhaled iso-
flurane using a gas anesthesiamachine, sera, pancreatic tissue, and different
intestinal segments (ileum, cecum, and colon) were obtained and sacrificed
animals after sampling.
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Serum detection. Serum was obtained by centrifuging whole blood
samples. Serum level of Amylase (AMY) and Lipase (LPS) was measured
using Mouse Amylase and Lipase enzyme-linked immunosorbent assay
(ELISA) kit (Mlbio, Shanghai, China) according to manufacturer’s
instructions. The levels of AMY and LPS in serumwere determined using
Microplate Reader (BioTek, USA).

Histological analysis. Formaldehyde-fixed pancreas and different
intestinal segments were embedded in paraffin, sectioned into slices, and
stained with hematoxylin-eosin (HE). Pancreatic histological score was
evaluated according to Rongione’s standard73; Ileal mucosal injury was
assessed according to Chiu’s score74; Geboes score (GS) was employed for
histological assessment of inflammation in cecum and colon75. All tissue
sections were determined under a light microscope (Olympus, Tokyo,
Japan) by a pathologist whowas blinded to the sample identity to evaluate
the damage and inflammation from five random fields of each sample.

ELISA assay. Pancreas were homogenized in liquid nitrogen for detec-
tion of myeloperoxidase (MPO) activity and the levels of proin-
flammatory factors TNF-α and IL-1β with commercial ELISA kits
(Mouse MPO, TNF-α and IL-1β ELISA Kit, Jiangsu Meibiao Bio-
technology Co., Ltd, China) according to the manufacturer’s guidelines.

Immunofluorescence. In order to evaluate the infiltration of inflam-
matory cells in pancreas, we detected CD45, Ly6G and F4/80 by
immunofluorescence. Briefly, Frozen slides are baked in a 37 °C oven for
10–20 min and fix in paraformaldehyde for 30 min. Afterward, the slides
were heated in an autoclave within EDTA antigen retrieval buffer (pH
8.0) for antigen repairing, followed by 3% BSA to block non-specific
binding. Slides were then incubated with primary antibody including
CD45 (GB11066, Servicebio, China, 1:1000), Ly6G (GB11229, Servicebio,
China, 1:500) and F4/80 (GB113373, Servicebio, China, 1:500) at 4 °C
overnight, and with Cy3 conjugated secondary antibody (GB21303,
Servicebio, China, 1:500) at room temperature for 50 min in dark con-
dition. After DAPI counterstain in nucleus, the sections were observed
and images collected under the fluorescence microscope. The mean
fluorescence intensity (MFI) was analyzed by ImageJ (V1.8.0.112). Five
visual fields were randomly selected on each slide for MFI analysis.

Quantification RT-PCR. Total RNA of intestinal tissue was extracted
using the TRIzol Reagent (Invitrogen, USA). RNA quality was deter-
mined by a nanodrop (Thermo, USA) and reverse transcribed using an
Evo M-MLV Mix Kit with gDNA Clean for qPCR (Accurate Biology;
Hunan, China), whichwas performed using SYBRGreen Premix ProTaq
HS qPCR Kit (Accurate Biology; Hunan, China) in the ABI 7500 Real-
Time PCR System (Applied Biosystems; CA, USA). Primers for PCR
included the following: β-actin 5’-CTACCTCATGAAGATCCTGACC-
3’ and 5’-CACAGCTTCTCTTTGATGTCAC-3’; TNF-α 5’-ATGTCT-
CAGCCTCTTCTCATTC-3’ and 5’-GCTTGTCACTCGAATTTT-
GAGA-3’13; IL-1β 5’-CACTACAGGCTCCGAGATGAACAAC-3’ and
5’-TGTCGTTGCTTGGTTCTCCTTGTAC-3’; occludin 5’-CTCTCAG
CCAGCGTACTCTT-3’ and 5’-CTCCATAGCCACCTCCGTAG-3’13;
cadherin 5’-CCTGTCTTCAACCCAAGCAC-3’ and 5’-CAACAACGA
ACTGCTGGTCA-3’. The PCR procedure involved two-stage standard
amplification, including 1 cycle of predenaturation at 95 °C for 30 s and
40 cycles of denaturation, annealing and extension at 95 °C for 5 s and
60 °C for 34 s. The cycle threshold (CT) values were used to calculate the
relative mRNA expression through the 2−ΔΔCT method.

Fluorescence in situ hybridization (FISH). Colonic tissue sections
underwent processing to optimize conditions for FISH. Initially, sections
were baked at 70 °C for 1 h to ensure proper adhesion. A paraffin
deparaffinization step was performed by immersing sections into a pre-
heated dewaxing agent at 68 °C for 15 min. Subsequent washing at room
temperature in 100% ethanol for 5 min removed residual paraffin.

Permeabilization was achieved by immersing sections into a EDTA
solution at 90 °C for 20 min to enhance the penetration of probes. Further
washing at 37 °C in deionized water for 3 min followed permeabilization.
For enzymatic digestion, sections were submerged in a preheated pepsin
working solution at 37 °C for 10 min. Post-digestion, sections were
washed twice in wash solution (2 × SSC) for 5 min each. Dehydration
involved sequential immersion in 70%, 85%, and 100% ethanol for 2 min
each, concluding with air-drying at room temperature. The probe
sequences used in the FISH experiments were as follows: FAM-
conjugated EUB338 universal bacterial probe (GCTGCCTCCCGT
AGGAGT)76, and Cy3-conjugated specific probes targeting Streptococcus
salivarius (GATGACGAATAGGTGTTAG), Roseburia intestinalis
(ATTAGAGGCGGTCAAGAA), Bifidobacterium longum (CATCAT-
CAACACTGAATCG), E. coli (ACGTCAATGAGCAAAGG) and
Enterococcus sp. (GTTCTCTGCGTCTACCTC)77. Probes (6 μl) were
evenly applied to the hybridization region, sealed, and subjected to
denaturation at 85 °C for 5 min, followed by hybridization at 42 °C for
2–4 h. Post-hybridization, cover slips were removed, and sections were
sequentially immersed in 2 × SSC for 1 min, hybridization post-wash
solution at 68 °C for 2 min, deionized water at 37 °C for 1 min, and air-
dried in darkness. The hybridization region was counterstained with
DAPI staining solution, covered with a glass coverslip, and left undis-
turbed in darkness for 10 min. Prepared slides were observed using a
fluorescence microscope.

Statistical analyses
Statistical analyses were performed using the R v3.3.2. Permutational
multivariate analysis of variance (PERMANOVA) was performed with the
adonis functionof theR veganpackage, and theadonis pvaluewas generated
based on 1000 permutations. The effect size (R2) was calculated from the
adonis analysis. The adonis-based univariate and multivariate analyses on
themicrobiota datasetwere performed following themethods developed by
Wang et al.’s study21. Principal coordinate analysis (PCoA) and distance-
based redundancy analysis (dbRDA) were performed based on the
Bray–Curtis dissimilarity of the gut microbial composition and functional
profile using capscale function (vegan package). For comparison analyses,
the p values were calculated using the Wilcoxon rank-sum test, the linear
discriminant analysis (LDA) effect size (LEfSe) method17, and the MaA-
sLin2 algorithm16with adjustment for host gender, age, andBMI. qwas used
to evaluate the false discovery rate (FDR) for correction of multiple com-
parisons andwas calculatedusing theR fdrtoolpackage. Statistical scripts are
available at https://github.com/lish2/ap_microbiome.

Data availability
The raw whole-metagenomic shotgun sequencing dataset acquired in this
study has been deposited in the European Bioinformatics Institute (EBI)
database under the accession code PRJEB36300. The assembled bacterial
genome sequences reported in this article were deposited in the NCBI
BioProject PRJNA612981. Themetabolome datasets reported in this article
were available at the MetaboLights database (https://www.ebi.ac.uk/
metabolights/) with accession number MTBLS9696. Other data related to
the current article are available from the corresponding author on reason-
able request.
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