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Abstract Chronic pancreatitis (CP) is a progressive and irreversible fibroinflammatory disorder,

accompanied by pancreatic exocrine insufficiency and dysregulated gut microbiota. Recently, accumu-

lating evidence has supported a correlation between gut dysbiosis and CP development. However,

whether gut microbiota dysbiosis contributes to CP pathogenesis remains unclear. Herein, an experi-

mental CP was induced by repeated high-dose caerulein injections. The broad-spectrum antibiotics

(ABX) and ABX targeting Gram-positive (Gþ) or Gram-negative bacteria (Ge) were applied to explore

the specific roles of these bacteria. Gut dysbiosis was observed in both mice and in CP patients, which

was accompanied by a sharply reduced abundance for short-chain fatty acids (SCFAs)-producers, espe-

cially Gþ bacteria. Broad-spectrum ABX exacerbated the severity of CP, as evidenced by aggravated
cn (Jia Sun).

s to this work.
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 pancreatic fibrosis and gut dysbiosis, especially the depletion of SCFAs-producing Gþ bacteria. Addition-

ally, depletion of SCFAs-producing Gþ bacteria rather than Ge bacteria intensified CP progression inde-

pendent of TLR4, which was attenuated by supplementation with exogenous SCFAs. Finally, SCFAs

modulated pancreatic fibrosis through inhibition of macrophage infiltration and M2 phenotype switching.

The study supports a critical role for SCFAs-producing Gþ bacteria in CP. Therefore, modulation of

dietary-derived SCFAs or Gþ SCFAs-producing bacteria may be considered a novel interventive approach

for the management of CP.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chronic pancreatitis (CP) is a progressive inflammatory and
fibrotic disease of the pancreas with no satisfactory cure1. CP is
characterized by persistent inflammation and progressive fibrosis,
leading to irreversible morphological changes of the gland, most
notably parenchymal atrophy, along with gradual impairment of
exocrine and endocrine functions2. To date, the incidence and
prevalence of CP have been rising and no effective therapy is
available to limit or reverse the inflammatory damage or pancre-
atic fibrosis associated with CP2. CP reduces patients’ quality of
life and is also a significant risk factor for developing pancreatic
cancer3. Further understanding of the disease pathogenesis and
identification of novel player(s) that contribute to it are required
for the development of novel therapeutic strategies for CP.

Accumulating evidence has supported the association of gut
dysbiosis with the development of CP. A large number of CP
patients have intestinal bacterial overgrowth4, which is closely
associated with exocrine insufficiency5. Moreover, small intestinal
bacterial overgrowth complicates CP and interferes with the
therapy, which is supportive for the involvement of gut dysbiosis
in CP4,6,7. An altered intestinal microbiota has been demonstrated
in CP patients and experimental CP models8,9. At the genus level,
the abundances of Faecalibacterium and Subdoligranulum are
reduced, which have been demonstrated to have anti-inflammatory
and barrier-protective effects10,11. In contrast, the pro-
inflammatory Escherichia-Shigella are the dominant genera in
the fecal microbiomes of CP patients12. Alterations in the gut
microbiota composition were also observed in experimental CP
mice, as evidenced by decreased abundances of Lachnospir-
aceae_NK4A136, Ruminiclostridium and Roseburia and increased
abundance of Bacteroides8. Despite a rather established close
association, few studies have looked into specific roles of different
gut microbes in the pathogenesis of CP.

Pancreatic fibrosis is a major histological feature of CP, caused
by uncontrolled activation and proliferation of pancreatic stellate
cells (PSCs)13,14 and dysregulated overproduction of extracellular
matrix (ECM) proteins. Under steady-state, PSCs maintain the
normal architecture of the pancreas by regulating the synthesis
and degradation of ECM proteins14. Macrophages, particularly the
alternatively activated or M2 macrophages, are thought to play an
important role in regulating PSCs-mediated fibrogenesis. During
CP pathogenesis, M2 macrophages secrete massive transforming
growth factor-b and platelet-derived growth factor, resulting in
aberrant activation of PSCs and massive synthesis of ECMs,
eventually causing pancreatic fibrosis15. Thus, inhibition of M2-
fibrogenesis represents a promising therapeutic approach for CP.
In the current study, we applied broad-spectrum antibiotics
(ABX) and ABX targeting Gram-positive (Gþ) or Gram-negative
(Ge) bacteria to explore the specific roles of gut bacteria in CP.
Our data reveal a vital role of short-chain fatty acids (SCFAs)-
producing Gþ bacteria in the modulation of CP and the inter-
vention strategy targeting commensal bacteria for the management
of CP.

2. Materials and methods

2.1. Reagents

Caerulein was purchased from Ji Tai Peptide (Yancheng, China).
Pentobarbital sodium, acetate, butyrate, propionate and fluorescein
isothiocyanate (FITC)-dextran 4000 were purchased from
SigmaeAldrich (Shanghai, China). Vancomycin, neomycin,
ampicillin and metronidazole were purchased from Sangon
Biotech Co., Ltd. (Shanghai, China). RIPA Lysis Buffer was
purchased from Beyotime (Shanghai, China). For immunofluo-
rescence assay, the primary antibody for a-smooth muscle actin
(a-SMA, 48938S) was purchased from Cell Signaling Technology
(Danvers, MN, USA). Rabbit anti-mouse IgG (H þ L) cross-
adsorbed secondary antibody (A11059) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). TRIzol reagent
was purchased from Life Technologies (Waltham, MA, USA).
40,6-Diamidino-2-phenylindole (DAPI) was purchased from
Solarbio (Beijing, China). Collagenase-P was purchased from
Roche (Basel, Basel-City, Switzerland). The following antibodies
were used for flow cytometry: PE/Cyanine7 anti-mouse CD45
Antibody (103114), Brilliant Violet 605 anti-mouse/human
CD11b Antibody (101257), Brilliant Violet 421 anti-mouse F4/
80 antibody (123137), APC anti-mouse CD206 (MMR) antibody
(141708), Alexa Fluor 488 anti-mouse Ly-6C antibody (128021)
and PE anti-mouse CD192 CeC motif chemokine receptor 2
(CCR2) antibody (150609) from Biolegend (San Diego, CA,
USA) and inducible nitric oxide synthase (iNOS) monoclonal
antibody (CXNFT), PE from eBioscience (12-5920-80; Waltham,
MA, USA).

2.2. Bacterial strains

Roseburia intestinalis DSM 14610 (R. intestinalis) was purchased
from Mingzhou Biotechnology Co., Ltd. (Ningbo, China). R.
intestinalis was cultured in Modified Reinforced Clostridial Broth
for 48e72 h at 37 �C under anaerobic conditions. For further use,
bacteria were subsequently collected by centrifugation at 8000�g
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for 10 min (Centrifuge 5810R; Eppendorf, Hamburg, Germany)
and resuspended in 200 mL phosphate buffer saline (PBS).

2.3. Animals and treatments

Male C57BL/6J mice (7e8 weeks old weighing 20 � 2 g; JOINN
Laboratories; Suzhou, China), Tlr4�/� C57BL/6J mice and
littermate control wild-type mice (7e8 weeks old weighing
20 � 2 g; Gempharmatech Co., Ltd.; Nanjing, China) were
maintained in a specific pathogen-free environment at the
Experimental Animal Center of Jiangnan University (Wuxi,
China) with controlled temperature (24 � 1 �C) and 12 h light/
dark cycle and had free access to standard chow (Xietong Phar-
maceutical Bio-engineering Co., Ltd.; Nanjing, China). All mice
were adjusted to laboratory conditions 1 week before the experi-
ments. All animal care and experimental protocols complied with
the guidelines of and were approved by the Animal Ethics Com-
mittee of Jiangnan University (Approval Nos.: JN.
No20180615c0500930 [97], JN. No20190915c0501208 [202], JN.
No20191230c0900331 [375] and JN. No20221015c0501213
[438]).

CP was induced by repetitive caerulein injections. In brief,
mice were given 6 intraperitoneal injections of caerulein (50 mg/kg
body weight) per day at hourly intervals, 3 days per week, for a
total of 4 weeks. Control mice were injected with vehicle saline.
Mice were then sacrificed and analyzed on Day 3 after the last
caerulein injection by a lethal dose of pentobarbital sodium. For
the differentially targeted commensal bacterial disruption experi-
ment, the mice were treated with broad-spectrum ABX (0.5 g/L
vancomycin, 1 g/L neomycin, 1 g/L ampicillin, and 1 g/L
metronidazole)16, Gþ ABX (0.5 g/L vancomycin)17 or Ge ABX
(1 g/L neomycin)18. The mice were given antibiotics (200 mL/
mouse) daily by gavage from a week before the caerulein injection
to the sacrificed day. For the SCFA supplementation experiment,
mice were treated with SCFA mix (67.5 mmol/L acetate,
40 mmol/L butyrate and 25.9 mmol/L propionate) in the drinking
water and water solutions were changed daily19. For bacterial
supplementation experiment, mice were orally administrated with
R. intestinalis at a dose of 1010 colony forming units in 200 mL
PBS/mice daily for 5 weeks. The experimental design of CP mice
with different treatments was illustrated in Supporting Information
Fig. S1.

2.4. Human samples

The recruitment of human subjects was approved by the ethics
committee of Changhai Hospital Affiliated with The Second
Military Medical University (CHEC2018-132). All subjects pro-
vided informed consent before participation and the experiments
conformed to the principles set out in the WMA Declaration of
Helsinki and the Department of Health and Human Services
Belmont Report. CP patients presented with one of the conditions,
including pancreatic calcification, moderate or severe pancreatic
ductal changes, abnormal pancreatic function test, endoscopic
ultrasound with signs of CP or histological change of CP as
described by the AsiaePacific consensus20.

2.5. Histological analysis

Fresh pancreatic and colonic samples were fixed in 4% para-
formaldehyde overnight, washed with running water for 2 h,
rehydrated with gradient ethanol and then embedded in paraffin.
The skiving machine slicer (Leica; Wetzlar, Hessen, Germany)
diced 5 mm sections were stained with hematoxylin and eosin
(H&E) or Masson’s Trichrome (Sbjbio; Nanjing, China) following
the standard procedures. The morphology evaluation was recorded
by a digital slice scanner (3DHISTCH Ltd.; Budapest, Hungary).
Pancreatic parenchymal rate is the area ratio of pancreas to the
visual field, which represents the atrophic degree of the pancreas.
Histological scoring of the colon according to the degree of
shortening of the villi, 0: none, 1: mild, 2: moderate, 3: marked.
2.6. SCFA measurement

The SCFAs (acetate, propionate and butyrate), present in the colon
content, were analyzed by gas chromatography-mass spectrometry
as our previous reports21. Freeze-dried colon content (50 mg) was
homogenized in 500 mL of saturated NaCl solution and then
acidified with 40 mL 10% sulfuric acid. Diethyl ether of 0.8 mL
was added to the sample to extract SCFAs. Samples were then
centrifuged at 14,000 rpm for 15 min at 4 �C (Centrifuge 5810R;
Eppendorf) and the supernatants were used for the analysis of the
SCFAs. Supernatants were injected into Rtx-WAX capillary col-
umn (30 m � 0.25 mm � 0.25 mm; Shimadzu; Kyoto, Japan)
installed on the GC and coupled to the MS detector of GCMS-
QP2010 (Shimadzu). The initial oven temperature was 100 �C
and increased to 140 �C at a rate of 7.5 �C/min. The temperature
was further increased to 200 �C at a rate of 60 �C/min and
remained for 3 min. Helium was utilized as the carrier gas at a
flow rate of 0.89 mL/min and the column head pressure was
62.7 kPa. The injector was set at 240 �C. The injection mode was
split and the ratio was 10:1. For the mass spectrometer, the ion
source temperature was 220 �C, the interface temperature was
250 �C and the scan range was from m/z 2 to 100. Real-time
analysis software GCMS Postrun (GCMS solution Version 2.72;
Shimadzu) was employed to compare the relative concentrations
of SCFAs.
2.7. Microbiota composition analysis

Total DNA was extracted from mouse colon content and human
feces using the Fast DNA Spin Kit for Feces (MP Biomedicals;
Shanghai, China) according to the manufacturer’s instructions.
The PCR amplification products were separated by 1% agarose
gel electrophoresis and the Gel/PCR Extraction Kit (BIOMIGA;
San Diego, CA, USA) was used to recover the target fragments.
DNA was extracted from samples and the V3eV4 hypervariable
region of the 16S rRNA gene was amplified and sequenced
using the Illumina MiSeq platform. Taxonomies that were
significantly enriched among different groups were identified by
LEfSe using default settings. Other analyses including heatmaps
and principal coordinates analysis plots were performed with
internal scripts.
2.8. Gut permeability assay

For gut permeability assessment, 4 h fasted mice received 400mg/kg
FITC-dextran 4000 by gavage and blood was collected 4 h later.
The serum concentration of FITC-dextran was determined by
fluorometry (excitation 485 nm, emission 520 nm) on a micro-
plate reader (FLUOstar Optima; BMG Labtech; Offenburg,
Baden-Württemberg, Germany).
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2.9. Enzyme-linked immunosorbent assays

Pancreatic monocyte chemoattractant protein-1 (MCP-1) level
was measured with the Mouse CCL2/JE/MCP-1 Quantikine
ELISA Kit from R&D System (Minneapolis, MN, USA) accord-
ing to the protocols of the manufacturer. Absorbance was
measured at 450 nm with a microplate reader Multiclan GO
(Thermo Fisher Scientific). Pancreatic samples were homogenized
in a saline solution (1:19, w/v). Samples were centrifuged at 4 �C,
10,000�g for 10 min (Centrifuge 5810R; Eppendorf). Protein
concentrations were determined by a BCA Protein Assay Kit
(Beyotime) during sample preparation to ensure that an equal
amount of total protein was applied for cytokine measurements.

2.10. Quantification of mRNA by real-time quantitative PCR
(RT-qPCR)

The mRNA levels for Tgfb1, Col1, Acta2, Fn1, Camp, Defb1,
Defb2, Reg1 and Reg4 were analyzed by RT-qPCR. Total RNA
was extracted from pancreatic tissues using TRIzol Reagent and
was subjected to reverse transcription using a PrimeScript RT
reagent Kit (TaKaRa Bio; Kyoto, Japan) following the instructions
of the manufacturer. SYBR Green RT-qPCR was performed using
the RT-qPCR system (Bio-Rad; Berkeley, CA, USA). The relative
mRNA levels were normalized to mRNA levels of Actb (house-
keeping control) and calculations for fold change of each mRNA
were made on the comparative cycle threshold method (2�DDCt).
The primers used in this study were provided in Table 1.

2.11. Immunofluorescence

The 5-mm thick tissue sections were cut from paraffin-embedded
blocks. Antigen retrieval was performed for 30 min. Incubation
with the anti-a-SMA antibody (1:200) was performed overnight at
4 �C. Secondary antibody incubation was performed for 1 h at
room temperature. The DAPI staining was conducted according to
the protocol provided by the manufacturer. Carl Zeiss microscope
(Axio Vert A1; Jena, Thuringia, Germany) was used for the
evaluation of immunofluorescence staining.

2.12. Flow cytometry

Freshly harvested pancreatic tissue samples were digested in
0.75 mg/mL collagenase-P solution at 37 �C for 15 min. Subse-
quently, tissue was homogenized in gentleMACS Dissociators
(Miltenyi Biotec; Cologne, Bergisch Gladbach, Germany) and
filtered through a 75-mm filter screen with PBS. Single-cell
Table 1 Specific primers for RT-qPCR.

Gene Forward

Tgfb1 50-CCCTATATTTGGAGCCTGGA-30

Col1 50-GCTCCTCTTAGGGGCCACT-30

Acta2 50-GTCCCAGACATCAGGGAGTAA-30

Fn1 50-ATGTGGACCCCTCCTGATAGT-30

Camp 50-GCTGTGGCGGTCACTATCA-30

Defb1 50-AGGTGTTGGCATTCTCACAAG-30

Defb2 50-CTGCTGCTGATATGCTGCCTC-30

Reg1 50-ATGGCTAGGAACGCCTACTTC-30

Reg4 50-GGCGTGCGGCTACTCTTAC-30

Actb 50-AATCCCATCACCATCTTCCA-30
suspensions were incubated for 15 min at room temperature in
PBS with the following antibodies: PE/Cyanine7 anti-mouse
CD45, Brilliant Violet 605™ anti-mouse CD11b, Brilliant Violet
421™ anti-mouse F4/80, APC anti-mouse CD206 (MMR), Alexa
Fluor� 488 anti-mouse Ly-6C, PE anti-mouse CCR2 and PE anti-
mouse iNOS. Gating methods of fluorescence-activated cell sort-
ing were programmed as CD45þCD11bþLy6ChiCCR2þ for
CCR2þ monocytes (Supporting Information Fig. S2A),
CD45þCD11bþF4/80þ for macrophages, CD45þCD11bþF4/
80þiNOSþ for M1 macrophages, CD45þCD11bþF4/80þCD206þ

for M2 macrophages and CD45þCD11bþF4/80þCD206þCCR2þ

for CCR2þ M2 macrophages (Fig. S2B). Stained cells were
analyzed on an Attune NxT Flow Cytometer (Thermo Fisher
Scientific) and data were analyzed using FlowJo software (BD
Bioscience; Bergen County, NJ, USA).

2.13. Statistical analysis

The sample size declared in the different experimental groups was
the number of independent mice in each group and statistical
analysis was performed using these independent values. Data are
expressed as mean with standard deviation (SD). For flow
cytometry statistical analysis, data were expressed as median with
interquartile range. P < 0.05 was considered statistically signifi-
cant. Differences among three or more groups were determined
using analysis of variance (ANOVA) followed by Tukey’s post hoc
test. All data were analyzed using GraphPad Prism 8 software
(San Diego, CA, USA).

3. Results

3.1. Broad-spectrum ABX intensifies gut dysbiosis with
decreased SCFAs-producing bacteria in CP

Several studies have demonstrated the association between gut
dysbiosis and CP development. Patients and mice with CP both
exhibit gut dysbiosis with decreased diversity and richness and
taxa-composition changes8,22e24. Firstly, we examined how gut
microbiota depletion by broad-spectrum ABX affected CP path-
ogenesis. As expected, the Shannon index revealed that the di-
versity of the intestinal microbiota was markedly decreased in
mice with CP (Fig. 1A). Broad-spectrum ABX treatment further
reduced the microbiota diversity (Fig. 1A). Moreover, the
microbiota communities were remarkably different among con-
trol, CP and broad-spectrum ABX-treated CP mice (Fig. 1B).
LEfSe analyses of the predominant microbial taxa confirmed
altered microbial compositions among the three groups. CP mice
Reverse

50-CTTGCGACCCACGTAGTAGA-30

50-CCACGTCTCACCATTGGGG-30

50-TCGGATACTTCAGCGTCAGGA-30

50-GCCCAGTGATTTCAGCAAAGG-30

50-TGTCTAGGGACTGCTGGTTGA-30

50-GCTTATCTGGTTTACAGGTTCCC-30

50-TAAACTTCCAACAGCTGGAGTGG-30

50-CCCAAGTTAAACGGTCTTCAGT-30

50-GGAAGTATCCATAGCAGTGGGA-30

50-TGGACTCCACGACGTACTCA-30



Figure 1 A broad-spectrum antibiotic (ABX) cocktail intensifies gut dysbiosis and reduction of short-chain fatty acids (SCFAs)-producing

bacteria in chronic pancreatitis (CP). (A) The diversity shown by Shannon’s index (Con, n Z 8; CAE, n Z 10; ABX þ CAE, n Z 10). (B)

Principal coordinates analysis comparing the microbiome composition in colon content of mice (Con, n Z 8; CAE, n Z 10; ABX þ CAE,

nZ 10; left: unweighted, right: weighted). (C) The LEfSe analyses of microbiome composition (based on abundance) distribution of three groups

of mice, histogram of the LDA scores reveals the most differentially abundant taxa among different treatments (Con, n Z 8; CAE, n Z 10;

ABX þ CAE, n Z 10). (D) Heatmap representation of SCFAs-producing bacteria (based on absolute count) in three groups of mice (Con, n Z 8;

CAE, n Z 10; ABX þ CAE, n Z 10). (E) The LEfSe analyses of microbiome composition distribution of healthy participants and CP patients

(healthy participants, nZ 69; CP patients, nZ 71). (F) The levels of SCFAs (acetate, propionate and butyrate) in colon content (nZ 6). Data (A)

were representative and were the min to the max from three independent experiments. Data (F) are representative and were the mean � standard

deviation (SD) from three independent experiments. P values were calculated by one-way analysis of variance (ANOVA) followed by Tukey’s

post hoc test for multiple comparisons.
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and broad-spectrum ABX-treated CP mice exhibited remarkably
reduced compositions of the preferential microbial taxa, compared
with the control group (Fig. 1C). Interestingly, the predominant
microbial taxa in control mice were mostly SCFAs-producers,
which were significantly reduced in CP mice and broad-
spectrum ABX-treated CP mice (Fig. 1C and Supporting Infor-
mation Fig. S3, Tables S1 and S2). These results were further
evidenced by heatmap analysis of SCFAs-producers in the three
groups of mice (Fig. 1D). Compared with control mice, CP mice
and broad-spectrum ABX-treated CP mice displayed reduced
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abundances of predominant SCFAs-producers, especially SCFAs-
producing Gþ bacteria, including Ruminococcus 1, Rumino-
coccaceae UCG-009, Peptococcaceae, Lachnospiraceae UCG-
001, Lactobacillus, Roseburia and Lachnoclostridium, with a
more pronounced effect observed in ABX-treated CP mice
(Fig. 1D). LEfSe analyses of the fecal microbiota of 69 healthy
participants and 71 CP patients showed that the abundance of
SCFAs-producing bacteria was significantly decreased in CP pa-
tients compared with healthy participants, especially SCFAs-
producing Gþ bacteria, including Faecalibacterium, Sub-
doligranulum, Peptococcaceae and Lachnospiraceae (Fig. 1E and
Supporting Information Table S3). These changes were consistent
with what was observed in CP mice. Given that SCFAs-producing
bacteria were primarily affected during disease progression, we
next examined the levels of colonic SCFAs in different groups.
Not surprisingly, depletion of predominant SCFAs-producing
bacteria in broad-spectrum ABX-treated CP mice was accompa-
nied by decreased levels of colonic SCFAs (acetate, propionate
and butyrate) (Fig. 1F). Collectively, broad-spectrum ABX treat-
ment aggravates gut dysbiosis and importantly decreases
the abundance of SCFAs-producing commensal bacteria in mice
with CP.

3.2. Broad-spectrum ABX treatment aggravates the severity
of CP

Next, we examined how microbiota depletion by broad-spectrum
ABX affected the development of CP. Broad-spectrum ABX
worsened pancreatic atrophy and weight loss, which are symp-
tomatic characteristics of CP (Fig. 2A and B). Histological ex-
amination of pancreatic sections also confirmed an overall
aggravated index of disease severity after broad-spectrum ABX
treatment (Fig. 2C). Pancreatic atrophy and/or fibrosis cause the
irreversible destruction of pancreatic parenchyma25. CP induction
significantly decreased pancreatic parenchyma rate and broad-
spectrum ABX further exacerbated the condition (Fig. 2C).
Pancreatic fibrosis is a hallmark of CP and contributes to gradual
pancreatic insufficiency and is majorly associated with the acti-
vation of PSCs25,26. Next, we demonstrated that the mRNA
expression of profibrotic growth factors Tgfb1, Col1, Acta2 and
Fn1 in the pancreas was highly induced by broad-spectrum ABX
treatment compared with the untreated CP group (Fig. 2D). To
determine the extent of fibrosis, sections were evaluated by
Masson’s Trichrome staining, which preferentially labels collagen
fibrils with blue color27. Depletion of commensal bacteria
aggravated the deposition of collagen fibers in CP (Fig. 2E), which
was accompanied by upregulation of a-SMA in the pancreas
(Fig. 2F). Together, these results show that microbiota depletion
caused by broad-spectrum ABX exacerbates the severity of CP.

3.3. Depletion of Gþ bacteria but not Ge bacteria diminishes
SCFAs-producing Gþ bacteria and aggravates the severity of CP

To further reveal the effect of different commensal bacteria on the
development of CP, we further applied vancomycin to deplete Gþ

bacteria and neomycin to eliminate Ge bacteria. LEfSe analyses
of microbiome composition revealed that both Gþ ABX and Ge

ABX impacted the relative abundances of SCFAs-producing
bacteria (Supporting Information Fig. S4 and Table S4). Heat-
map representation of distributions of SCFAs-producers in four
different groups further showed that Ge ABX significantly
decreased the relative abundances of SCFAs-producing Ge
bacteria Bacteroides28 and Rhodospirillales29 (Fig. 3A). Gþ ABX
significantly reduced the abundances of SCFAs-producing Gþ

bacteria including Ruminococcus 1, Ruminococcaceae UCG-009,
Peptococcaceae, Lachnospiraceae UCG-001, Lactobacillus,
Roseburia and Lachnoclostridium (Fig. 3A). Both Ge ABX and
Gþ ABX caused significant decreases in SCFA levels, with a more
pronounced effect observed for Gþ ABX (Fig. 3B). However, only
Gþ ABX further aggravated CP-associated intestinal barrier
damage (Supporting Information Fig. S5).

Gþ ABX but not Ge ABX further aggravated pancreatic at-
rophy (Fig. 3C) and pancreatic weight loss (Fig. 3D). Addition-
ally, depletion of Gþ, but not Ge bacteria exaggerated typical
features of CP, as evidenced by an increased index of disease
severity (Fig. 3E), pancreatic fibrosis (Fig. 3F and G) and the
activation of PSCs (Fig. 3H). Collectively, these results show that
disruption of Gþ bacteria accelerates the severity of CP, pointing
to a critical role of SCFAs-producing Gþ bacteria.

3.4. Toll-like receptor 4 (TLR4) signaling is not involved in Gþ

ABX-induced exacerbation of CP

TLR4 is the receptor of lipopolysaccharide and plays a vital role
in mediating the effects of Ge bacteria30. We therefore investi-
gated whether TLR4 is involved in Gþ ABX-induced exacerbation
of CP by using TLR4 knockout mice (TLR4�/� mice). The results
showed no difference in intestinal permeability (Fig. 4A),
pancreatic atrophy (Fig. 4B), pancreatic weight loss (Fig. 4C),
pancreatic histology (Fig. 4D) and pancreatic fibrosis (Fig. 4E and
F) in TLR4�/� mice following CP induction compared with their
wild type (WT) controls. Activated PSCs exacerbate CP by
secreting large amounts of MCP-1 to recruit its CeC Motif che-
mokine receptor 2 (CCR2)-positive inflammatory monocytes from
peripheral blood to the pancreas31,32. Therefore, next, we exam-
ined the expression of MCP-1 and proportions of plasma mono-
cytes and pancreatic macrophages. Compared with control mice,
the expression of pancreatic MCP-1 and the populations of
CCR2þ monocytes were significantly increased in Gþ ABX-
treated TLR4�/� and WT with CP (Fig. 4G and Supporting In-
formation Fig. S6A). As a key cell type involved in pancreatic
fibrosis, the activation of PSCs facilitates the activation of M2
macrophage polarization and CP progression15. Herein, we found
significantly enhanced frequencies of pancreatic macrophages, M1
macrophages, M2 macrophages and CCR2þ M2 macrophages
both in ABX-treated TLR4�/� and WT mice with CP (Fig.
S6BeS6E). Meanwhile, the deletion of TLR4 had no effect on
Gþ ABX-exacerbated immune disorders in CP. Collectively, the
data suggest that TLR4 is not involved in mediating the worsening
of CP caused by Gþ ABX.

3.5. SCFAs rebuild the barrier function and protect CP

Altered gut microbiota composition has been reported to be
associated with alterations in gut barrier integrity in patients with
CP33. As inducers of intestinal antimicrobial peptides, SCFAs
have been shown to indirectly regulate gut barrier34. Thus, we next
explored whether SCFA supplementation could improve intestinal
barrier function and protect CP.

Our data show that SCFAs improved the colonic damage
caused by CP (Supporting Information Fig. S7A). Importantly,
compared with CP mice, SCFA supplementation enhanced the
expression of Camp, Defb1 and Defb2, while decreasing the
expression of Reg1 and Reg4 (Fig. S7B). These antimicrobial



Figure 2 A ABX cocktail aggravates CP. (A) The representative macrographic images of the pancreas. (B) The ratio of pancreatic weight and

body weight (n Z 6). (C) The representative images and parenchyma rates of the pancreas by hematoxylin and eosin (H&E) staining (n Z 6).

Scale bar: 100 mm. (D) The fibrosis-associated gene (Tgfb1, Col1, Acta2 and Fn1) expression in the pancreas (n Z 6). (E) The representative

images and fibrosis rates of the pancreas by Masson’s Trichrome staining (n Z 6). Scale bar: 100 mm. (F) Localization and expression of a-

smooth muscle actin (a-SMA) (green) in the pancreas by immunofluorescent staining (nZ 6). Representative photomicrographs of individual and

merged staining were shown. Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar: 20 mm. Data (BeF) are

representative and were the mean � SD from three independent experiments. P values were calculated by one-way ANOVA followed by Tukey’s

post hoc test for multiple comparisons.
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peptides have been proved to regulate gut barrier function and host
immune responses16,35. Meanwhile, the severity of CP was
inhibited by SCFA supplementation as evidenced by increased
pancreas weight and alleviated pancreatic fibrosis (Fig.
S7CeS7E). Notably, the depletion of Gþ bacteria intensified CP,
accompanied by gut barrier dysfunction (Fig. 5AeC). SCFA
supplementation relived gut barrier damage caused by Gþ ABX
treatment (Fig. 5AeC). Besides, pancreatic atrophy and pancreas
weight loss caused by the depletion of Gþ bacteria were attenu-
ated by exogenous SCFA supplementation (Fig. 5DeF). Not only
pancreatic fibrosis, but also the activation of PSCs was alleviated
by SCFA supplementation (Fig. 5G and H). Together, SCFA
supplementation improves gut barrier dysfunction in CP mice and
has a protective effect on CP.



Figure 3 Depletion of Gram-positive bacteria causes decreased abundances of SCFAs-producing Gram-positive bacteria and intensifies CP. (A)

Heatmap representation of SCFAs-producing bacteria in four groups of mice. (Con, n Z 8; CAE, n Z 10; Gþ ABXþCAE, n Z 10; Ge

ABX þ CAE, n Z 10). (B) SCFA concentrations (acetate, propionate and butyrate) in colon content (n Z 6). (C) The representative macro-

graphic images of the pancreas. (D) The ratio of pancreatic weight and body weight (n Z 6). (E) The representative images and parenchyma rates

of the pancreas by H&E staining (n Z 6). Scale bar: 100 mm. (F) The fibrosis-associated gene (Tgfb1, Col1, Acta2 and Fn1) expression in the

pancreas (n Z 6). (G) The representative images and fibrosis rates of the pancreas by Masson’s Trichrome staining (n Z 6). Scale bar: 100 mm.

(H) Localization and expression of a-SMA (green) in the pancreas by immunofluorescent staining (n Z 6). Representative photomicrographs of

individual and merged staining were shown. Nuclei were stained with DAPI (blue). Scale bar: 20 mm. Data (B, DeH) were representative and

were the mean � SD from three independent experiments. P values were calculated by one-way ANOVA followed by Tukey’s post hoc test for

multiple comparisons.
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3.6. SCFAs alleviate monocyte recruitment and pancreatic
macrophage deregulation in mice with CP

Accumulating studies have reported the crucial roles of SCFAs in
regulating immune cell responses36,37. We previously confirmed
that exogenous SCFAs could alleviate the symptoms of CP in
mice (Fig. 5). However, the mechanisms underlying the protective
effects of SCFAs on CP mice remain unclear. In this context, we
examined how SCFAs regulate the recruitment of monocytes and
the infiltration and polarization of pancreatic macrophages of CP



Figure 4 Toll-like receptor 4 (TLR4) deficiency does not influence the severity of CP. (A) Intestinal permeability was assessed by measuring

fluorescein isothiocyanate (FITC)-dextran (n Z 6). (B) The representative macrographic images of the pancreas. (C) The ratio of pancreatic

weight and body weight (n Z 6). (D) The representative images and parenchyma rates of the pancreas by H&E staining (n Z 6). Scale bar:

100 mm. (E) The representative images and fibrosis rates of the pancreas by Masson’s Trichrome staining as indicated by collagen-rich scars (blue

color) (n Z 6). Scale bar: 100 mm. (F) The fibrosis-associated gene (Tgfb1, Col1, Acta2 and Fn1) expression in the pancreas (n Z 6). (G) The

monocyte chemoattractant protein-1 (MCP-1) levels in the pancreas (n Z 6). Data (A, CeG) are representative and were the mean � SD from

three independent experiments. P values were calculated by one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons.
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mice treated with Gþ ABX. The expression of MCP-1, the pop-
ulations of CCR2þ monocytes, macrophages, M1 macrophages,
M2 macrophages and CCR2þ M2 macrophages were all enhanced
in CP mice (Fig. 6AeF). Moreover, the expression of pancreatic
MCP-1, the recruitment of monocytes and macrophage infiltration
and polarization in CP were potentiated by Gþ ABX treatment,
but alleviated by SCFA supplementation (Fig. 6AeF). Collec-
tively, the recruitment of CCR2þ monocytes, the infiltration of
inflammation-associated M1 macrophages, fibrosis-associated M2
macrophages and CCR2þ M2 macrophages are accumulated in
mice with CP and Gþ ABX-treated CP mice and exogenous
SCFAs treatment significantly alleviates the condition.

3.7. Supplementation of SCFAs-producing Gþ bacteria
alleviates CP

Our previous results indicate an essential role of Gþ SCFAs-
producing bacteria in the prevention or treatment of CP. Finally,
we performed an in vivo experiment to verify their effects in CP
mice. Herein, the available isolated strain Roseburia intestinalis
DSM 14610 (R. intestinalis) of the Gþ SCFAs-producer Roseburia
that were significantly decreased in CP mice, broad-spectrum ABX-
treated CP mice and Gþ ABX-treated CP mice was chosen38. Not
surprisingly, R. intestinalis treatment significantly enhanced the
colonic SCFA content and alleviated CP-associated intestinal bar-
rier dysfunction (Fig. 7AeC). Accordingly, the expression levels of
colonic antimicrobial peptides including Camp, Defb1, Defb2 were
increased and Reg1 and Reg4 were decreased after treatment with
R. intestinalis (Fig. 7D). In addition, R. intestinalis treated CP mice
exhibited alleviated pancreatic atrophy and weight loss (Fig. 7E and
F). Importantly, R. intestinalis attenuated pancreatic injury and
fibrosis caused by CP, as marked by improved pancreatic histo-
logical damage, and reduced the extent of fibrosis of pancreatic
sections and mRNA expression of fibrosis markers (Fig. 7GeI).
Together, our results support that treatment with SCFAs-producing
Gþ bacteria can relieve the severity of CP.



Figure 5 SCFAs mitigate the intensified effects of the depletion of Gram-positive bacteria on CP. (A) The representative images and histo-

logical scores of the colon by H&E staining (n Z 6). Scale bar: 200 mm. (B) Intestinal permeability assessment by measuring FITC-dextran

(n Z 6). (C) The mRNA expression of antimicrobial peptides (Camp, Defb1, Defb2, Reg1 and Reg4, n Z 6). (D, E) The representative

macroscopic images of the pancreas (D) and the ratio of pancreatic weight and body weight (E) (n Z 6). (F) The representative images and

parenchyma rates of the pancreas by H&E staining (nZ 6). Scale bar: 100 mm. (G) The representative images and fibrosis rates of the pancreas by

Masson’s Trichrome staining (n Z 6). Scale bar: 100 mm. (H) Localization and expression of a-SMA (green) in the pancreas by immunoflu-

orescent staining (nZ 6). Representative photomicrographs of individual and merged staining were shown. Nuclei were stained with DAPI (blue).

Scale bar: 20 mm. Data are representative and were the mean � SD from three independent experiments. P values were calculated by one-way

ANOVA followed by Tukey’s post hoc test for multiple comparisons.
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Figure 6 SCFAs alleviate monocyte recruitment and pancreatic macrophage deregulation in mice with CP. (A) The MCP-1 levels in the

pancreas (n Z 6). (B) The frequency of Ly6Chi CeC Motif chemokine receptor 2 (CCR2)þ monocytes among CD45þCD11bþ population

(n Z 6). (C) The frequency of CD11bþF4/80þ macrophages among CD45þ population (n Z 6). (D) The frequency of inducible nitric oxide

synthase (iNOS)þ M1 macrophages among CD45þCD11bþF4/80þ population (n Z 6). (E) The frequency of F4/80þCD206þ M2 macrophages

among CD45þCD11bþ population (n Z 6). (F) The frequency of CCR2þ M2 macrophages among CD45þCD11bþ F4/80þCD206þ population

(n Z 6). Data (A) are representative and were the mean � SD from three independent experiments. Data (BeF) were representative and were the

median � interquartile range from three independent experiments. P values were calculated by one-way ANOVA followed by Tukey’s post hoc

test for multiple comparisons.
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4. Discussion

Our study demonstrates that gut dysbiosis in particular depletion
of SCFAs-producing bacteria promotes the progression of CP.
Disruption of Gþ bacteria decreases the levels of SCFAs and
compromises gut barrier function, which results in aggravated
pancreatic fibrosis, monocyte recruitment and M2 macrophage
polarization. SCFA supplementation improves intestinal barrier
dysfunction and alleviates monocyte recruitment and pancreatic
macrophage deregulation, thereby protecting against the devel-
opment of CP.
A healthy and stable gut microbiota community is vital in
maintaining homeostatic balance and metabolism39. The imbalance
of gut microbiota or called gut dysbiosis has recently been found to
be associated with pathogenesis of many diseases including CP8. A
potential role of gut dysbiosis in progression of CP has, however, not
been clearly demonstrated. To establish a causal role of alterations to
the gut microbial community composition in the development of CP,
we applied a broad-spectrum antibiotic cocktail to disturb the mi-
crobial community in mice with CP. Notably, broad-spectrum ABX
treatment intensified gut dysbiosis, in particular decreased abun-
dances of SCFAs-producing bacteria, including Ruminococcus 1,



Figure 7 Oral treatment with a specific Gþ SCFAs-producer Roseburia intestinalis (R. intestinalis) attenuates the severity of CP. (A) The levels of

SCFAs (acetate, propionate and butyrate) in colon content (nZ 6). (B) The representative images and histological scores of the colon byH&E staining

(nZ 6). Scale bar: 200 mm. (C) Intestinal permeability assessment by measuring FITC-dextran (nZ 6). (D) The mRNA expression of antimicrobial

peptides (Camp, Defb1, Defb2, Reg1 and Reg4, nZ 6). (E, F) The representative macroscopic images of the pancreas (E) and the ratio of pancreatic

weight and bodyweight (F) (nZ 6). (G) The representative images and parenchyma rates of the pancreas byH&E staining (nZ 6). Scale bar: 100mm.

(H) The representative images and fibrosis rates of the pancreas byMasson’s Trichrome staining (nZ 6). Scale bar: 100 mm. (I) ThemRNA expression

of markers relevant to pancreatic fibrosis (n Z 6). Data (AeD and FeI) are representative and were the mean � SD from three independent ex-

periments. P values were calculated by one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons.
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Ruminococcaceae UCG-009, Peptococcaceae, Lachnospiraceae
UCG-001, Lactobacillus, Roseburia and Lachnoclostridium. These
bacteria have demonstrated beneficial effects on human health and
immune system40. All these findings suggest that SCFAs-producing
bacteria may play a critical role in the progression of CP. To further
specify these SCFAs-producing bacteria, we next used ABX tar-
geting the disruption of Gþ or Ge bacteria. We observed that Gþ

ABX treatment exacerbated the CP development, as evidenced by
aggravated pancreatic fibrosis, monocyte recruitment, pancreatic
macrophage deregulation, gut dysbiosis and the depletion of SCFAs-
producing Gþ bacteria. Importantly, Gþ ABX diminished major
SCFAs-producing Gþ bacteria including Ruminococcus 1, Rumino-
coccaceae UCG-009, Peptococcaceae, Lachnospiraceae UCG-001,
Lactobacillus, Roseburia and Lachnoclostridium, resulting in
significantly decreased SCFA production and disruption of barrier
integrity, contributing to the overall worsening effect on CP devel-
opment. In contrast, although Ge ABX caused depletion of SCFAs-
producing Ge bacteria Bacteroides and Rhodospirillales, its effects
on gut barrier dysfunction were insignificant, which was in agree-
ment with its overall non-effect on CP progression.

CP is a disease characterized by malabsorption and impaired
exocrine pancreatic function, accompanied by altered intestinal
microbiota composition, as marked by depletion of anaerobes and
significant enrichment of Ge and opportunistic pathogenic bac-
teria (such as Bacteroides and Prevotella)41. Intriguingly, as the
receptor of lipopolysaccharide, TLR4 deficiency in Gþ ABX-
treated mice did not influence CP, suggesting that mechanisms
other than via TLR4 may play a part in the pathogenesis of CP. In
addition, among Ge SCFAs-producers, both barrier-protective
species (Bacteroides fragilis, Bacteroides vulgatus and Bacter-
oides dorei) from genera Bacteroides and barrier-damaging spe-
cies (Prevotella intestinalis, Prevotella histicola and Prevotella
copri) from genera Prevotella have been reported42e46, which
explained the end outcome of G� ABX treatment on CP.

Given that SCFAs-producing Gþ bacteria were critically
involved in the development of CP, we next addressed whether
SCFAs could alleviate CP. Indeed, SCFA supplementation pro-
tected intestinal barrier integrity, attenuated CP-associated
monocyte recruitment, pancreatic macrophage deregulation and
pancreatic fibrosis, thus protecting the development of CP. The
protective effects of SCFAs are associated with upregulated ex-
pressions of Camp and Defb2 and downregulated expressions of
Reg1 and Reg4. The antimicrobial peptides cathelicidin-related
antimicrobial peptide and defensin beta-2 contribute to the
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antimicrobial barrier function of the intestinal mucosa47,48. In
contrast, REG proteins are constitutively synthesized by pancre-
atic acinar cells and upregulated dramatically during acute
pancreatic inflammation49. Accordantly, we observed that down-
regulated expressions of Reg1 and Reg4 were associated with
alleviated inflammation caused by SCFA supplementation. SCFAs
are microbially produced metabolites, as crucial executors of diet-
based microbial influence on the host. By binding to the G-pro-
tein-coupled receptors, they exert profound effects on inflamma-
tory responses50,51. Also, SCFAs have been reported with multiple
functions including regulating gut microbiota composition and
inducing the production of antimicrobial peptides34,52. Previous
reports showed that phytochemicals such as curcumin targeting
PSCs as potential anti-fibrotic agents for CP53. Intriguingly, sup-
plementation with curcumin could also enhance the abundance of
SCFAs-producing bacteria and SCFA content in the mouse
colon54. These findings imply that targeting SCFAs maybe a po-
tential solution for CP therapy.

Accordingly, herein, our study found that administration of
SCFAs not only improved CP-associated gut barrier dysfunction,
but also alleviated the infiltration and polarization of macrophages
by decreasing the recruitment of CCR2þ monocytes in Gþ ABX-
treated CP mice.

Macrophages can be divided into two spectra of major types:
M1, which are correlated with inflammation; and M2, which are
dominant in mouse and human CP15. M2 macrophages have been
observed in close proximity to PSCs and promote pancreatic fibrosis
in CP15. Activated PSCs can secreteMCP-1, which further promotes
the recruitment of monocytes and the infiltration and polarization of
macrophages into pancreatic microenvironment31. Macrophages
enter the pancreas in response to an upregulated level of the che-
mokine MCP-1 acting on the macrophage receptor CCR255. Thus,
CCR2/MCP-1 axis-mediated monocyte migration and M2 macro-
phage polarization in the pancreas are critically involved in CP56.
These responses were exacerbated by Gþ ABX-treatment and were
significantly alleviated by SCFA supplementation. Similar to SCFA
supplementation, specific SCFAs-producing Gþ bacteria (i.e., R.
intestinalis) treatment also significantly attenuated the severity of
CP. These intriguing findings further indicated a critical role of
SCFAs-producing Gþ bacteria and SCFAs in CP development.
Consequently, our data support the supplementation of a combined
SCFAs-producing Gþ bacteria or SCFAs in the management of CP.

5. Conclusions

Our study demonstrates, for the first time, a critical role of SCFAs-
producing Gþ bacteria in maintaining intestinal barrier, regulating
monocyte/macrophage homeostasis and pancreatic fibrosis.
Depletion of Gþ bacteria contributes to decreased levels of
SCFAs, intensified intestinal barrier dysfunction and monocyte/
macrophage deregulation, thereby aggravating the progression of
CP. In summary, our study points to the potential therapeutic in-
terventions of dietary-derived SCFAs or targeting SCFAs-
producing Gþ bacteria in the prevention or treatment of CP.
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