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Clostridium scindens promotes gallstone formation
by inducing intrahepatic neutrophil extracellular
traps through CXCL1 produced by colonic epithelial
cells
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ABSTRACT Cholelithiasis is one of the most common diseases of the biliary
system. Neutrophil extracellular traps (NETSs) in the liver play an important
role in accelerating the formation of gallstones. The upstream mechanism of
NETSs formation remains unclear. In this study, 16S rRNA sequencing was
used to screen the differential gut microbiota in mice with gallstones. Tran-
scriptome sequencing was used to screen the differentially expressed core
genes and signalling pathways of Clostridium scindens that acted on human
colonic epithelial cells. Western blotting was used to verify the protein ex-
pression of TLR2 and the NF-aB pathway. RT-PCR was used to verify the
mRNA expression of TLR2, CXCL 1 and the NF-aB pathway. ELISA was used

Keywords: cholelithiasis, Clostridium
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Abbreviations:
LD - lithogenic diet,

to verify CXCL 1 expression in the supernatant or portal vein blood of mice.
Immunofluorescence was used to detect NETs formation in cocultured neu-
trophils in vitro or in mouse livers. Clostridium scindens was the key differen-

NET - neutrophil extracellular trap,
PAMP - pathogen-associated molecular
pattem.

tial strain in the formation of gallstones in mice. After treatment with Clostrid-
ium scindens, both in vitro and in vivo, the expression of TL.R2 was upregu-
lated, the secretion of CXCL 7 was increased by regulating the NF-aB path-
way. Finally, the formation of NETs and stones was significantly increased.
This study reveals a new mechanism of the gut-liver immune axis in the for-
mation of gallstones. Clostridium scindens acts on colonic epithelial cells
through TLRZ2 to regulate the NF-aB pathway and increase the secretion of
CXCL1.CXCL1 enters the liver via the portal vein and increases the for-
mation of NETs in the liver, thereby accelerating gallstone formation.

INTRODUCTION

Cholelithiasis is one of the most common diseases of the
digestive system, with approximately one in five adults
affected, making it one of the gastrointestinal diseases

with the highest socioeconomic costs [1, 2]. Gallstones
are also a significant risk factor for acute pancreatitis,
cholangitis, and gallbladder cancer [2, 3], making investi-
gating the pathogenesis of gallstones and their prevention
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an important research focus. The exact cause of gall-
stones is not fully understood, with cholesterol stones
being the primary component. The main mechanisms of
cholesterol stone formation include genetic susceptibility,
increased hepatic cholesterol secretion, impaired
gallbladder motility, rapid cholesterol crystallization, and
intestinal factors [2]. Among these, intestinal factors main-
ly refer to the influence of intestinal microbiota and their
metabolites on gallstone formation through gut-liver me-
tabolism, impacting hepatic bile acid secretion, metabo-
lism, or composition [4, 5]. Notably, inflammation has also
garnered increasing attention in gallstone formation. Stud-
ies have indicated that inflammation alters hepatic choles-
terol and bile salt metabolism, increasing cholesterol syn-
thesis and raising the risk of gallstone formation [6]. Ex-
ploring the relationship between intestinal microbiota or
their metabolites and inflammation to understand the
causes of gallstone formation has become crucial.
Intestinal microbiota and their metabolites are consid-
ered triggers for various metabolic diseases such as dia-
betes, fatty liver disease, and obesity. Patients with gall-
stones often exhibit significant alterations in intestinal
microbiota composition, and dysbiosis of the intestinal
microbiota may be closely related to gallstone formation
through its impact on bile acid and cholesterol metabo-
lism [4]. The gut-liver immune axis refers to the regulatory
pathway in which gut microorganisms or their pathogenic
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cytokines induce an immune response in the liver, leading
to disease [7]. The gut-liver axis has been proven to be
associated with most liver diseases [8, 9]. Previous re-
search has pointed out that the gut bacterium Desulfovib-
rio can act as an environmental regulator, with its metabo-
lite H2S inducing FXR expression in the liver and increas-
ing the expression of cholesterol transporters Abcgb/g8,
thereby affecting bile acid and cholesterol metabolism,
which is associated with the formation of gallstones [4].

In inflammation research, neutrophil extracellular traps
(NETs), as a highly specific structure of neutrophils, influ-
ence the pathological processes of various acute and
chronic inflammatory diseases through their formation
and degradation [10]. During the formation of NETS,
chromatin externalizes into a web-like structure modified
by granular proteins, which act like glue, aggregating bile
calcium and cholesterol crystals, which may accelerate
the formation of gallstones [11]. This has been identified
as a novel immune factor promoting gallstone formation
[12]. Chen et al's research demonstrated that inhibiting
neutrophil migration and NETs formation can alleviate
gallbladder inflammation and reduce gallstone formation
(13].

However, whether intestinal microbiota can interact
with the liver to promote NETs formation and induce gall-
stone formation remains unclear. In this study, from the
perspective of the gut-liver immune axis, we used 16S
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16S rRNA sequencing was used to detect the difference of microbiota in mice with gallstones. (A) Mouse model construction

process (Group_C, n=10; Group_T, n=10). (B) Anatomical pictures of mouse gallbladder; (C) Polarized light microscopy images of mouse bile. (D)
Differences in Udiversity of intestinal microbiota between the two groups (Group_C, n=10; Group_T, n=10). (E) Differences in b diversity of intes-
tinal microbiota between the two groups (Group_C, n=10; Group_T, n=10). (Group_C: Control group, Group_T: Test group (with gallstone)).
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rRNA sequencing and transcriptome sequencing to identi-
fy key upstream gut bacteria involved in NETs formation,
including Clostridium scindens, as well as immune regula-
tory molecules TLR2, CXCL1, and the NF-aB signaling
pathway. Through in vivo and in vitro experiments, we
validated the reliability of C. scindens stimulating colonic
epithelial cells to produce TLRZ2, activating the NF-aB sig-
naling pathway, promoting CXCL 1 expression, and induc-
ing intrahepatic neutrophil NETosis, which may be associ-
ated with gallstone formation.

RESULTS

Abnormal intestinal microbiota distribution in gallstone
mice

To explore the intestinal microbiota distribution in gall-
stone mice, we constructed a gallstone mouse model us-
ing a lithogenic diet, with a gallstone formation rate of
8/10 in the lithogenic diet (LD) group (Fig. 1A). As shown
in Fig. 1B and C, the gallbladder dissection images and
polarized light microscopy images of bile confirm signifi-
cant gallstone formation in the mice, indicating successful
construction of the gallstone model. We then performed
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FIGURE 2
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16S rRNA sequencing on fecal samples from both groups
of mice to analyze their intestinal microbiota composition
and distribution. The sequencing results showed a signifi-
cant reduction in intestinal microbiota abundance and U-
diversity in gallstone mice (Fig.1D), with significant differ-
ences in b-diversity between the two groups (Fig. 1E).
These findings indicate a notable abnormality in the intes-
tinal microbiota distribution in gallstone mice.

C. scindens is the key bacterial species in gallstone
formation in mice

To further identify the key intestinal microbiota responsi-
ble for gallstone formation, we performed random forest
analysis on the top 30 bacterial genera by relative abun-
dance. The results indicated that the genus Clostridium is
a key bacterial genus involved in gallstone formation (Fig.
2A). We then conducted Mendelian randomization analy-
sis on 213 intestinal microbiota species to investigate their
association with gallstone disease. The results showed
that intestinal microbiota specifically belonging to the
genus Clostridium was associated with gallstone disease
and had the smallest p-value among all the screened gen-
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Clostridium scindens is the key bacterial species in gallstone formation in mice. (A) Dot plot of species importance from random

forest analysis. The abscissa is the importance measure, and the ordinate is the species names ranked by importance. (B) At the species level, the top 10
species with the most significant differences between groups were identified. (C) At species level, there were significant differences between gallstone
model mice and control mice. (D) Anatomical pictures of mouse gallbladder and polarized light microscopy images of mouse bile. Granular stones
appeared after LD + C. scindens bacteria. Mice gavaged with C. scindens bacteria had more crystalline bile stones.
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TABLE 1 Mendelian randomization analysis of intestinal microbiota associated with cholelithiasis.
Outcome Exposure genus ID pvalue
Cholelithiasis genus.Clostridiumsensustricto1.id. 1873 0.012089887
Cholelithiasis genus.Victivallis.id.2256 0.021153263
Cholelithiasis genus.LachnospiraceaeUCG010.id.11330 0.039587904
Cholelithiasis genus.Anaerostipes.id. 1991 0.04619011
Cholelithiasis genus.RuminococcaceaeUCG005.id. 11363 0.047021384
Cholelithiasis genus.FamilyXIIIAD3011group.id.11293 0.047667741

era (P=0.012) (Table 1). Further species-level analysis
identified the top 10 most significantly different species
between the two groups, with the most significantly en-
riched species in the Clostridium genus being C. scindens
(Fig. 2B-C). To explore the role of C. scindens in gallstone
formation, we performed C. scindens gavage experiments
in mice. Both polarized light microscopy and surface-
enhanced Raman spectroscopy consistently indicated
that mice gavaged with C. scindens had higher bile crys-
tallinity and more cholesterol crystals (Fig. 2D). These
results confirm that C. scindens promote gallstone crystal-
lization and is a key bacterial species in gallstone for-
mation in mice.

The key mechanism by which C. scindens promotes
gallstone formation is through inducing an increase in
TLR2 in colonic epithelial cells, activating the NF-aB
signaling pathway, thereby promoting CXCL1 expres-
sion

KEGG functional analysis of the 16S rRNA sequencing
data from feces of gallstone mice showed that both inter-
group analysis and mean analysis (Group_T vs. Group_C)
revealed a high enrichment of intercellular signal trans-
duction and cell communication in gallstone mice (Fig.
3A-B). There may be a specific mode of communication
between the dysbiotic intestinal microbiota and stone
formation that warrants further exploration. We used the
comprehensive database Amadis (http://gift2disease.net/
GIFTED) to screen for intestinal microbiota related to bili-
ary diseases (Fig. 3C) and genes associated with Clostrid-
ium stridiales (Fig. 3D) and performed network analysis.
According to the studies included in this database, Clos-
tridium is associated with biliary diseases, with key down-
stream molecules of Clostridium including the CXC family
and TLR family. We speculate that the mechanism of ac-
tion of C. scindens may be related to the genes of these
two families.
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Colonic epithelial cells are a crucial component of the
intestinal barrier and the gut-liver axis, and they are also
the cell type most closely associated with the intestinal
microbiota [14-16]. To verify our hypothesis, we co-
cultured C. scindens with HCoEpiC cells to observe the
bacterium's impact on the transcriptome of colonic epithe-
lial cells. mMRNA-seq analysis revealed that 339 genes were
significantly upregulated and 24 genes were significantly
downregulated in cells co-cultured with C. scindens (Fig.
4A-B, Supplementary Table 1). To explore the functions of
these differentially expressed genes, we first performed
GO enrichment analysis. The results showed that the
genes enriched in biological processes (GO-BP), cellular
components (GO-CC), and molecular functions (GO-MF)
were predominantly TLR2, which may be a key gene (Fig.
4C-D). Further, KEGG enrichment analysis of the differen-
tially expressed genes indicated significant enrichment in
the NF-aB signaling pathway, which includes the cytokine
CXCL1 (Fig. 4E). We next examined the expression of
TLR2 and CXCLT1 in colonic epithelial cells co-cultured
with C. scindens. The results of Western blotting showed
that the expression of TLR2 (p=0.041), p65 (p=0.049), and
P-p65 (p<0.001) proteins in HCoEpiC cells significantly
increased (Fig. 4F-1). RT-PCR results indicated that
C. scindens significantly upregulated TLR2 (p<0.001) and
CXCL1 (p=0.027) mRNA levels (Fig. 4J). In addition, ELISA
results confirmed that the content of CXCL1 in the co-
culture medium significantly increased (p<0.001) (Fig. 4K).
We further hypothesize that TLR2, NF-aB, and CXCL 1 may
be key nodes downstream of the action of C. scindens.

It is worth noting that the membrane surface receptor
upstream of the NF-aB signaling pathway is TLR2. There-
fore, we hypothesized that C. scindens might activate the
NF-aB signaling pathway through TLR2, promoting
CXCL1 expression. We then established a gallstone
mouse model by gavaging C. scindens and subsequently
used Robinin to inhibit TLR2 and Reparixin to inhibit
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FIGURE 3 Functional enrichment analysis based on 16S rRNA sequencing, and exploration of the Amadis database. (A-B) Multi-group (A) and
two-group (B) KEGG function prediction based on 16S rRNA sequencing. (Group_C, n=10; Group_T, n=10). (C) Intestinal microbiota associated with bili-
ary tract diseases screened from Amadis database. (D) Amadis database to screen Clostridiales related diseases and genes.

CXCL1 (Fig. 5H). Gallbladder dissection and polarized and P-p65 (p=0.001) were significantly increased in the
light microscopy images of bile confirmed that the C. scindens group. Compared to the C. scindens group,
C. scindens gavaged mice had the highest number of the Robinin group showed significantly lower protein ex-
stones (Fig. 5A-B). At the same time, both inhibitors re- pressions of TLR2 (p=0.001), p65 (p=0.037), and P-p65
duced stone and cholesterol crystal formation. Analysis of (p=0.007), while the Reparixin group showed no statisti-
colonic tissue revealed that compared to the LD group, cally significant differences (Fig. 5D-G). Relative mRNA
the protein expressions of TLR2 (p=0.049), p65 (p=0.016), expression levels indicated that compared to the LD
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group, the relative expressions of TLR2 (p=0.017) and
CXCL1 (p=0.021) were significantly higher in the
C. scindens group. After Robinin treatment, the relative
expression levels of TLR2 (p=0.023) and CXCL1 (p=0.014)
were significantly downregulated; after Reparixin treat-
ment, only CXCL1T (p=0.024) expression was downregu-
lated (Fig. 5I-J). ELISA results confirmed that the CXCL1
content in the portal vein blood was significantly higher in
the C. scindens group (p=0.038), while it was significantly
lower in the Robinin group (p=0.030) and the Reparixin
group (p=0.010) (Fig. 5K).

A
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Clostridium scindens and cholelithiasis

At the same time, testing of colonic epithelial cells re-
vealed that, compared to the control group, the
C. scindens group showed significantly increased protein
expression levels of TLR2 (p=0.013), p65 (p=0.029), and P-
p65 (p=0.008) (Fig. 6A-D). After TLR2 knockdown, the
expression levels of TLR2 (p=0.034), p65 (p=0.015), and P-
p65 (p=0.083) proteins were significantly downregulated
compared to the vector group. However, after CXCL1
knockdown, there were no significant differences in TLR2,
p65, and P-p65 expression (Fig. 6A-D). RT-PCR results
showed that C. scindens significantly upregulated TLR2
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(p=0.003) and CXCL1 (p<0.001) mRNA levels; after TLR2
knockdown, TLR2 (p=0.009) and CXCL1 (p=0.025) were
significantly downregulated compared to the vector
group; after CXCL1 knockdown, CXCL1 was significantly
downregulated (p=0.004), but there was no significant
difference in TLR2 relative expression (p=0.888) (Fig. 6E-
F). ELISA results confirmed that the content of CXCL1 in
the C. scindens co-culture medium significantly increased
(p=0.036), and after TLR2 (p=0.008) or CXCL1 (p<0.001)
knockdown, the content of CXCL 17 significantly decreased
(Fig. 6G).

The above study clarified and confirmed that the key
mechanism by which C. scindens induces stone formation
is through the increased expression of TLRZ2 in colonic
epithelial cells, which activates the NF-aB signaling path-
way and promotes the expression of CXCL1.

CXCL1 entering the liver promotes the recruitment of
neutrophils and initiates gallstone formation in the form
of NETosis

Munoz LE et al. found that NETs are the latest discovered
immune factor promoting gallstone formation, NETosIs is
central to gallstone formation, as it initiates the formation
of gallstones, while CXCL1 is a well-known chemokine

Clostridium scindens and cholelithiasis

that induces neutrophils to produce NETs [12, 17]. The
increased CXCL1 from colonic epithelial cells can enter
the liver through the portal vein, leading us to connect the
two processes.

Furthermore, to verify the lithogenic mechanism of the
gut-liver immune axis, we established a mouse gallstone
model by gavaging C. scindens. The relative expression
levels of NETs in the bile of mice gavaged with
C. scindens were detected using a mouse CitH3 assay Kit,
and the results confirmed that the relative expression of
NETs in the C. scindens group was significantly higher
than that in the LD group (p=0.028) (Fig. 5L). Building on
the use of previous inhibitors, DNase | was applied to in-
hibit NETs. Anatomical images of the mouse gallbladder
and polarized microscopy images of bile confirmed that
both inhibitors reduced the formation of stones and cho-
lesterol crystals (Fig. 5A-B). The formation of NETs was
compared by analyzing the staining intensity of citH3 and
MPO in mouse liver tissues, with the C. scindens group
showing the highest NETs formation, which was signifi-
cantly reduced after using inhibitors (Fig. 5C). This trend
was consistent with gallstone formation. Additionally,
gallbladder anatomical images, polarized microscopy of
bile, PCR, WB, and ELISA results all indicated that DNase |
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FIGURE 6 In vitro experiment to verify the molecular mechanism of TLR2-NF-aB-CXCL 1. (A-D) Western blot and bar graph analysis were used to

detect the protein expression of p65, P-p65 and TLR2 in the five groups. (E-F) RT-PCR was used to verify the relative expression differences of TLR2 and
CXCL1among the five groups. (G) ELISA was used to verify the CXCL 7 level in the cell supernatant, *P<0.05 *P<0.01 *xxP<0.001; Control group, n=3;
C. scindens group, n=3; vector group, n=3; si-TLR2 group, n=3; si-CXCL1 group, n=3.
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Immunofluorescence for in vitro validation of the TLR2-NF-aB-CXCL1-NETs molecular mechanism. (A-B) The expression levels

of MPO in each group were verified by immunofluorescence, which reflected the production of NETs. The results of 20x magnification (A) and 40x
magnification (B) were consistent. Blue indicates DAPI and green indicates MPO. Scale bars = 20e m. (C) The expression levels of citH3 in each
group were verified by immunofluorescence, which reflected the production of NETSs.

inhibition only reduced NETs formation and stone for-
mation, without affecting the expression of TLR2, p65, P-
p65, and CXCL1. Subsequently, based on co-culturing
C. scindens and HCoEpIC cells, neutrophils were cultured
in the upper chamber of a transwell to simulate the stone-
forming environment of the gut-liver axis, and DNase | was
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used to inhibit NETs formation. Immunofluorescence re-
sults of neutrophils showed that, at both 20x (Fig. 7A) and
40x magnifications (Fig. 7B), NETs formation was most
evident in the co-culture and vector groups. After down
regulating TLR2 and CXCL1, NETs formation was signifi-
cantly reduced; the control and DNase | groups had the
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lowest levels of NETs formation. As a key marker of NETs
generation, histone H3 (citH3) staining results were con-
sistent with MPO staining results (Fig. 7C).

The above results confirm that CXCL7 promotes the
increased recruitment of neutrophils in mice with gall-
stones and initiates gallstone formation through NEToSIs.
Combined with previous findings, this establishes a novel
lithogenic mechanism of the gut-liver axis: C. scindens
activates the NF-aB signaling pathway via TLR2, promot-
ing the secretion of CXCL1, which enters the liver and
stimulating neutrophils to form NETSs, ultimately leading to
gallstone formation.

DISCUSSION
As a disease closely related to inflammatory responses,
the etiology of gallbladder stones is a scientific issue de-
serving thorough investigation. This study innovatively
connects the intestinal microbiota with gallbladder stones,
focusing on the gut-liver immune axis. By using various
sequencing methods combined with in vivo and in vitro
experiments, it proposes and verifies that C. scindens in-
duces the production of CXCL1 by colonic epithelial cells,
which in turn stimulates an increase in NETs in liver neu-
trophils, promoting the formation of gallbladder stones.
Changes in the intestinal microbiota and imbalances in
gut microbiome homeostasis are closely related to the
formation of gallbladder stones [18]. In this study, through
16S rRNA sequencing, we found that the abundance of
C. scindens in the intestinal microbiota of mice with gall-
stones increased. It has emerged as a key bacterium in-
volved in the formation of gallbladder stones in mice. Se-
quencing and KEGG enrichment analysis also confirmed
that this bacterium is involved in signal transduction and
cell communication. C. scindens is an anaerobic bacte-
rium belonging to the Bacillaceae family. Although it is
usually present in low abundance in the gut, its presence
is crucial for maintaining gut microbial balance and bile
acid metabolism. It has 7U-dehydroxylase activity, and
when its abundance increases, secondary bile acid syn-
thesis also rises. This increase suppresses other intestinal
microbiota and triggers feedback regulation in the liver,
leading to increased cholesterol secretion [19, 20]. Previ-
ous studies have shown that increased C. scindens in the
gut alters bile acid metabolism through its bai operon-
encoded genes and promotes primary sclerosing cholan-
gitis associated with inflammatory bowel disease [21].
Moreover, C. scindens has been found to activate down-
stream inflammatory and immune responses. This bacte-
rium can promote the antiviral effects of type | interferons
through the TLR7/MyD88 signaling pathway in dendritic
cells [22]. In a mouse model colonized by C. scindens, the
expression of monocytes in the bone marrow is signifi-
cantly elevated, and a strong neutrophil response is gen-
erated when the gut receives external stimuli [23].
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As the first checkpoint for regulating the gut-liver axis,
the role of colonic epithelial cells is crucial. In our study,
transcriptomic differential gene enrichment analysis of
C. scindens co-cultured with HCoEpiC cells pointed to
TLR2. Further KEGG functional analysis of differential
genes highlighted the NF-aB signaling pathway, a classic
inflammatory pathway. We validated the expression levels
of TLR2, the NF-aB signaling pathway, and CXCL1 in co-
lonic epithelial cells after co-culture through in vitro exper-
iments. Western blot, PCR, and ELISA experiments showed
that the mRNA and protein levels of TLR2, p65, P-p65, and
CXCL1 were significantly upregulated. Thus, we estab-
lished the theoretical foundation that C. scindens stimu-
lates colonic epithelial cells' TLR2 to activate the NF-aB
pathway, leading to increased levels of the inflammatory
chemokine CXCL1 in the gut-liver axis.

Colonic epithelial cells possess immune functions and
can participate in local immune responses by secreting
cytokines and chemokines [24]. A dysregulated gut mi-
croenvironment can alter the function of colonic epithelial
cells. Previous studies indicated that Fusobacterium nu-
cleatum and Haemophilus parainfluenzae can induce tu-
mor formation in the gut by modulating DNA methylation
in colonic epithelial cells [25]. An increase in anaerobic
bacteria interacts with TLR2 and TLR4 on colonic cells,
raising reactive oxygen species levels and promoting cho-
lesterol synthesis and cell proliferation [26]. As a mem-
brane receptor, TLR2 recognizes and binds to a variety of
pathogen-associated molecular patterns (PAMPS), activat-
ing downstream signaling pathways and triggering the
production of inflammatory mediators to initiate the im-
mune response [27]. TLR2, a key member of the Toll-like
receptor family, recognizes PAMPs such as peptidogly-
cans or lipoproteins from intestinal microbiota, activating
the NF-aB signaling pathway and inducing downstream
pro-inflammatory cytokines and chemokines [28]. Robinin
has been shown to ameliorate oxidized low-density lipo-
protein-induced inflammatory insult through the TLR/NF-
8B pathway [29], which is why it was chosen as the inter-
vention in this study.

The activation of TLR2 by the NF-aB pathway, leading
to the production of downstream pro-inflammatory cyto-
kines and chemokines, has been well established [30]. Liu
et al. pointed out that Lactobacillus reuteri and Escherichia
coli activate the NF-aB signaling pathway via TLR2, pro-
moting arylalkylamine N-acetyltransferase, revealing a
specific mechanism by which the intestinal microbiota
regulates host melatonin production [31]. CXCLT is a
chemokine downstream of the NF-aB signaling pathway
[32, 33]. Research has shown that the NF-aB pathway can
upregulate the pro-inflammatory chemokine CXCL1, lead-
ing to mitochondrial dysfunction, inflammation, and cell
migration, thereby promoting disease progression [34],
consistent with our findings. Besides, reparixin is a non-
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competitive allosteric inhibitor of the chemokine receptors
CXCR1 and CXCR2 activation with IC50 values of 1 and
100 nM, respectively. It has been shown to inhibit CXCL1
expression in a variety of mouse models, thereby reducing
inflammatory responses [35, 36].

Activated neutrophils can release a net-like DNA struc-
ture encased with various intracellular substances, includ-
ing elastase, cathepsin G, and myeloperoxidase, known as
neutrophil extracellular traps (NETs). As a highly specific
structure of neutrophils, the generation and degradation
of NETs can influence the pathological processes of vari-
ous acute and chronic inflammatory diseases [10]. NETs
are a recent immune factor promoting gallbladder stone
formation. The chromatin externalizes into a network
structure modified by granular proteins, which act like
"glue" to aggregate bile calcium and cholesterol crystals,
thereby accelerating gallstone formation [11]. Luis E
Munoz et al. reaffirmed in Immunity that NETs are a new
immune factor promoting gallbladder stone formation,
and inhibiting NETs formation or depleting neutrophils
can effectively reduce gallstone growth [12].

Furthermore, CXCL1 is well-recognized for its role in
recruiting large numbers of neutrophils, leading to NETs
formation that exacerbates inflammatory processes and
promotes disease progression [37]. We hypothesize that
increased CXCL1 secretion by colonic epithelial cells,
upon entering the liver through the portal vein, recruits
and stimulates neutrophils to produce NETSs, thereby pro-
moting stone formation. To further investigate this, we co-
cultured C. scindens with colonic epithelial cells and used
a transwell chamber to culture neutrophils in the upper
chamber, simulating the environment of distal organs.

Immunofluorescence experiments first confirmed that
the highest amount of NETs was produced in the co-
culture group, with a reduction in NETs production ob-
served after down regulating TLR2 or CXCL1. The expres-
sion levels of TLR2, CXCL1, p65, and P-p65 were signifi-
cantly upregulated at both protein and mRNA levels in the
co-culture group. Additionally, down regulating TLR2 and
CXCL1 confirmed that TLR2, as an upstream core gene,
regulates the NF-aB signaling pathway and the expression
of CXCL1. Subsequent in vivo experiments also confirmed
increased NETs and gallstone formation in mice gavaged
with C. scindens, consistent with the in vitro findings.

Previous research has shown that in the liver, CXCL1
derived from hepatic sinusoidal endothelial cells can re-
cruit and generate NETs, promoting microthrombus for-
mation in the liver sinusoids and exacerbating portal hy-
pertension [38]. CXCL1, as a chemokine, not only induces
inflammation in surrounding tissues but can also reach
distal organs to recruit neutrophils and trigger inflammato-
ry responses [34]. Antipenko S et al. reported that in-
creased expression of the chemokine CXCL1T promotes
neutrophil chemotaxis and increases NETs in circulation,
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thereby exacerbating heart failure [39]. Additionally, a
recent study found that upregulation of CXCLT gene ex-
pression significantly recruits tumor-associated neutro-
phils, leading to NETs formation and promoting liver can-
cer metastasis [40].

This study also has certain limitations. We have only
verified the role of a single bacterium in gallstone for-
mation. However, other microbiota may also play a similar
role in promoting NETs formation, thereby facilitating
stone formation. Therefore, our study only provides one
aspect of the mechanism, and further comprehensive ex-
ploration of the formation mechanisms of gallstones is still
urgently needed.

In  conclusion, this study demonstrates that
C. scindens activates the NF-aB signaling pathway by
acting on the pattern recognition receptor (TLR2) in co-
lonic epithelial cells, leading to an upregulation of down-
stream CXCL1 expression. CXCL1 enters the liver tissue
via the portal vein, recruiting neutrophils and generating
excessive NETs. These NETSs serve as scaffolds for choles-
terol crystals, accelerating stone formation.

MATERIAL AND METHODS

Cell and bacterial culture

C. scindens strain ATCC 35704, which was purchased
from American Type Culture Collection (ATCC, Manassas,
VA, USA), was cultured in enhanced Clostridium culture
medium at 37°C under anaerobic conditions.

Cultured human normal colon epithelial HCoEpiC cells
(C1228, WHELAB, Shanghai, China), and C. scindens and
cells were cocultured under anaerobic conditions (5% CO»,
5% O,), the ratio of cells to bacteria was 1:10, the coculture
used complete medium, and the cells of each group were
collected after 2 h of anaerobic coculture. The C. scindens
cells in the 2 h anaerobic culture were aspirated and then
cocultured with neutrophils in a transwell chamber under
conventional conditions. The medium used for coculture
was complete medium. Neutrophils were cultured in the
upper chamber, and C. scindens and HCoEpiC cells were
cultured in the lower chamber (the ratio of cells to colo-
nies was 1:10). The upper cell volume was 5*10%/well, and
the lower cell volume was 4.5« 10%/well. After culturing for
24 h, HCoEpiC cells and neutrophils were collected for
subsequent experiments.

Mice

All experimental protocols were approved by the Ethics
Committee of Harbin Medical University. Adult male
C57BL/6J mice (3 weeks old, Liaoning Changsheng Bio-
technology Co., Ltd, China) were housed in a controlled
environment (12 h light-dark cycle) in terms of tempera-
ture (18-24°C) and humidity (50-60%). Each group was fed
the indicated diet and water ad libitum. The mice were
given 1 week to adapt to the new environment, followed
by 8 weeks of dietary intervention.
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Sixty mice were randomly divided into a negative con-
trol group (NC group), lithogenic diet group (LD group),
lithogenic diet + bacteria irrigation group (C. scindens
group), lithogenic diet + bacteria irrigation + robinin group
(Robinin group), lithogenic diet + bacteria irrigation +
reparixin group (Reparixin group), and lithogenic diet +
bacteria irrigation + DNase | group (DNase | group). The
NC group was fed a normal diet, and the other five groups
were fed a lithogenic diet (LD, containing 1.25% choles-
terol and 0.5% cholic acid). Robinin (301-19-9, MCE, Chi-
na) is present in the flavonoid fraction of Vigna unguicula-
ta leaves. Robinin was used to inhibit the upregulated ex-
pression of TLR2. Robinin ameliorates oxidized low-
density lipoprotein-induced inflammatory insult through
the TLR/NF-aB pathway [29]. Reparixin was purchased
from Yuanye Biotechnology Company (266359-83-5,
Yuanye, Shanghai, China) to inhibit the upregulated ex-
pression of CXCL 1. Reparixin is a noncompetitive alloster-
ic inhibitor of the chemokine receptors CXCR1 and CXCR2
activation with 1Cso values of 1 and 100 nM, respectively. It
has been shown to inhibit CXCL 1 expression in a variety
of mouse models, thereby reducing inflammatory re-
sponses [35, 36]. DNase | (11284932001, Roche, Germa-
ny) is a double-stranded specific endonuclease that de-
grades DNA. The protein is composed of two central
b-folds, each consisting of six b-strands. It has been wide-
ly used in in vivo and in vitro studies of NETs [41, 42]. In-
traperitoneal injection of DNase | effectively inhibited the
production of NETs in mice [43, 44].

Microflora intervention: Gavage was carefully adminis-
tered to animals immobilized using a gavage needle suit-
able for mice. C. scindens at 1 x 10+ CFU was adminis-
tered by gavage every day until sacrifice, and the mice in
the negative control group were gavaged with PBS only.

Drug intervention: The NC group was not adminis-
tered; the LD group received intraperitoneal injection of
the same amount of PBS; the Robinin group received in-
traperitoneal injection of Robinin twice a week, each time
each mouse was administered 6 mg/kg; the Reparixin
group was given an intraperitoneal injection of Reparixin
twice a week, each time each mouse was given 25 mg/kg;
and the DNase | group was given a daily intraperitoneal
injection of DNase |, each time each mouse was given 5
mg/kg.

After 8 weeks of dietary, microbiota, and drug interven-
tions, stools were collected every day at 7 am. We stimu-
lated the end of the mouse rectum with a cotton swab to
facilitate defecation, collected mouse faeces with a sterile
tube, and immediately refrigerated it in a -80°C freezer.
Mice were euthanized after an 8-hour fast. Liver and colon
tissue samples and portal blood were collected from mice
and frozen at -80°C for 10 minutes. Meanwhile, to observe
the effect of LD-induced gallstone phenotype, gallstone
formation was evaluated macroscopically, and gallbladder
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bile was examined using a cover-free polarized light mi-
croscope.

Intestinal microbiota 16S rRNA sequencing and data
analysis

The total genomic DNA of samples was extracted using
the MagPure Soil DNA LQ Kit (Magen, Guangzhou, China).
The concentration of DNA was verified with a NanoDrop
(Thermo Fisher, United States) and agarose gel electro-
phoresis. Bacterial DNA was amplified with primers target-
ing the V3-V4 regions (50-TACGGRAGGCAGCAG-30, 50-
AGGGTATCTAATCCT-30). Amplicon quality was visual-
ized using gel electrophoresis, purified with AMPure XP
beads (Agencourt), and amplified for another round of
PCR (Bio-Rad, United States). After purification with AM-
Pure XP beads again, the final amplicon was quantified
using a Qubit dsDNA assay kit. Equal amounts of purified
amplicons were pooled for subsequent sequencing by the
Illumina MiSeq platform by OE Biotech.

Data analysis Operational taxonomic unit (OTU) analy-
sis clustered sequences at the 97% similarity level
(USEARCH, version 10.0), and 0.005% of all sequences
was used as the threshold to filter OTUs. Species annota-
tion and taxonomic analysis: The 16S rRNA:Silva rRNA
gene database was selected (Release128, http://www.arb-
silva.de) [45]. Alpha index analysis: Shannon diversity
curves and rank species abundance (RSA) curves (rank
abundance curves) were used [46]. The software for these
tasks was Mothur version v.1.30 (http://www.mothur.org/).
Beta diversity: The species diversity matrix was calculated
by a variety of algorithms, such as binary Jaccard, Bray
Curtis, and unweighted UniFrac (only for bacteria). The
principal coordinate analysis (PCoA) results were plotted
using R software. Line discriminant analysis (LDA) effect
size (LEfSe) analysis (http://huttenhower.sph.harvard.
edu/lefse/), the analysis of significant differences between
groups (which can be called biomarker analysis), used
LDA to estimate the impact of the abundance of each
component (species) on the differences, and a logarithm
of LDA score of 4.0 was set as the cut-off for significant
differences. KEGG pathways and COG (clusters of orthol-
ogous groups) functions were analysed using PICRUSt
software [47, 48]. To determine if taxonomic differences in
the microbiota could be used to classify samples into dif-
ferent cohorts and a machine learning algorithm named
random forest (RF) was applied to analyse the genus-level
abundances of gut bacteria by the R package random-
Forest [49].

Amadis database

Amadis (http://gift2disease.net/GIFTED) is a database that
provides experimentally supported microbiota-disease
associations [50]. With the aid of Amadis's network analy-
sis tools, we found that there could be an association be-
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tween the CXCL/TLR family, Clostridiales and biliary tract
disease.

Mendelian randomization analysis

The gut microbiome data were obtained from the MiBio-
Gen database (https://mibiogen.gcc.rug.nl/), with a total of
213 gut microbiome datasets downloaded. The gallstone
data came from the Finnish database R11
(https://r11.finngen.fi/pheno/K11_CHOLELITH). The data
downloaded from both databases were processed using
RStudio. We used the gut microbiome data as the expo-
sure and the gallstone disease data as the outcome. Sub-
sequently, Mendelian randomization analysis was per-
formed using the TwoSampleMR package, with a p-value
< 0.05 considered statistically significant, indicating a cor-
relation between them.

Western blot

The fold changes in TLR2, phospho-p65 (P-p65) and p65
protein expression were detected by Western blot. Protein
lysates were extracted from HCOEpIC cells or mouse colon
tissue using pyrolysis buffer (Beyotime) and quantified
and isolated on 10% SDS-PAGE gels (Invitrogen). Rabbit
anti-human or mouse TLR2 (1:1000; Abcam), p65 (1:1000,
Abcam, Cambridge, UK), P-p65 (1:1000, Abcam, Cam-
bridge, UK) and GAPDH (1:2000, Abcam, Cambridge, UK)
were used to imprint the protein onto a PVDF membrane
(Millipore). HRP goat anti-rat IgG (1:20,000, Boster Bio-
technology, Pleasanton, CA, USA) was incubated for 45
min as the secondary antibody. Strip visualization was
performed by an enhanced chemiluminescence (ECL)
system.

RT PCR

Quantitative reverse transcriptase-PCR (qRT PCR) was
used to assess the quantitative expression of TLR2 and
CXCL1. The sequences of the primers are listed in Sup-
plementary Table 2. According to the manufacturer's in-
structions, total RNA was extracted from the tissues using
TRIzol Reagent (Invitrogen). The OD2s0o/ODaso ratio of total
RNA extracted from HCoOEpiC cells or colon tissue samples
ranged from 1.8 to 2.0. Reverse transcription was per-
formed in a 10 pL reaction volume using M-MLV reverse
transcriptase (Takara, Japan) with 1 pg of RNA. Quantita-
tive real-time PCR was performed using an ABI 7900 De-
tection System with SYBR Premix Ex TaqTM (Takara, Ja-
pan). Amplification included an initial denaturation step
for 30 s at 95°C, followed by 40 cycles of PCR at 95°C for b
s and at 60°C for 31 s, and a dissociation stage for 15 s at
95°C, 60 s at 60°C, and 15 s at 95°C. After the reactions
were complete, the cycle threshold (CT) data were deter-
mined using fixed threshold settings, and the mean CT
was determined from triplicate PCRs. A comparative CT
method was used to compare each condition to the con-
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trol reactions. mMRNA levels were normalized to UB. The
relative amount of gene normalized to the control was
calculated with the Equation 2-6 & CT.

Enzyme-linked immunosorbent assay (ELISA)

The mouse blood samples were centrifuged, and serum
was collected and immediately cryopreserved in liquid
nitrogen. According to the manufacturer's instructions, the
quantification of serum or cell culture supernatant cyto-
kines was carried out using the GROU/CXCL1 (Growth
Regulated Oncogene Alpha) ELISA Kit (Elabscience, Wu-
han, China).

Cell transfection

CXCL1 and TLR2 in HCoEpiC cells were inhibited by small
interfering RNA (siRNA). siRNA was synthesized by Gen-
eralbiol Co. (Anhui, China). The sequences of the siRNAs
are listed in Supplementary Table 3. siRNAs were trans-
fected at a final concentration of 50 nM using Lipofec-
tamine 2000 Transfection Reagent (GIBCO, 11668019)
and Opti-MEM (Gibco, 31985070) reverse transfection
protocols according to the manufacturer's instructions.
RNA was recovered after 48 hours, and protein was recov-
ered 72 hours after siRNA transfection.

Immunofluorescence

Mouse liver tissues or neutrophils were fixed with 4% para-
formaldehyde, stabilized in 0.2% Triton X-100 for 10 min
until cell membrane rupture, washed with PBS 3 times,
and immersed in 2% BSA for 30 min to inhibit nonspecific
antigen binding sites. The tissues were then incubated
with anti-MPO (1:300, Immunoway, Jiangsu, China, YM
6663) antibodies and anti-citH3 (1:500, Abcam, Cam-
bridge, UK, ab5103) overnight at 4°C. The cells were then
incubated with anti-MPO (1:300, Immunoway, Jiangsu,
China, YM6663) antibodies or anti-citH3 (1:500, Abcam,
Cambridge, UK, ab5103) overnight at 4°C. After washing,
the tissues or cells were incubated with secondary anti-
body (Invitrogen) for 60 min, and the nuclei were stained
with DAPI (Invitrogen) for 2 min. Then, the cells were
washed with PBS and shielded from light before observa-
tion with a fluorescence microscope.

Statistical Analysis

Statistics are presented as the mean + standard deviation
(SD). If the data were normally distributed, the t test was
used for comparisons between groups. If the data were
not normally distributed, differences were compared using
the Mann Whitney U test. P < 0.05 was considered statis-
tically significant.
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