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� D. vulgaris was enriched in UC
patients.

� D. vulgaris or its flagellin facilitated
the DSS-induced colitis in mice.

� DVF facilitated inflammation by
activating NAIP/NLRC4
inflammasome and inducing
macrophage pyroptosis.

� Eugeniin targeted the interaction
between DVF and NAIP and
attenuated the DVF-induced
proinflammatory effect.
g r a p h i c a l a b s t r a c t

Targeting Desulfovibrio vulgaris flagellin-induced NAIP/NLRC4 inflammasome activation and macrophage
pyroptosis attenuates ulcerative colitis. Overgrowth of D. vulgaris containing flagellin destroyed the
intestinal barrier, which disrupted epithelial cells and tight junctions to promote the bacterial transloca-
tion into lamina propria. D. vulgaris flagellin (DVF) could interact with the NAIP protein, which can be
blocked by eugeniin as the interface targeting inhibitor. The persistent activation of NAIP/NLRC4 inflam-
masome induces macrophage pyroptosis mediated by caspase1-dependent cleavage of GSDMD and
releases proinflammatory cytokines including IL-1b and IL-18, facilitating the occurrence and progression
of UC. NAIP: NLR family of apoptosis inhibitory proteins; NLRC4: NLR family caspase activation and
recruitment domain-containing protein 4; DVF: Desulfovibrio vulgaris flagellin; GSDMD: Gasdermin D.
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Introduction: The perturbations of gut microbiota could interact with excessively activated immune
responses and play key roles in the etiopathogenesis of ulcerative colitis (UC). Desulfovibrio, the most pre-
dominant sulfate reducing bacteria (SRB) resided in the human gut, was observed to overgrow in patients
with UC. The interactions between specific gut microbiota and drugs and their impacts on UC treatment
have not been demonstrated well.
Objectives: This study aimed to elucidate whether Desulfovibrio vulgaris (D. vulgaris, DSV) and its flagellin
could activate nucleotide-binding oligomerization domain-like receptors (NLR) family of apoptosis inhi-
bitory proteins (NAIP) / NLR family caspase activation and recruitment domain-containing protein 4
(NLRC4) inflammasome and promote colitis, and further evaluate the efficacy of eugeniin targeting the
interaction interface of D. vulgaris flagellin (DVF) and NAIP to attenuate UC.
Methods: The abundance of DSV and the occurrence of macrophage pyroptosis in human UC tissues were
investigated. Colitis in mice was established by dextran sulfate sodium (DSS) and gavaged with DSV or its
purified flagellin. NAIP/NLRC4 inflammasome activation and macrophage pyroptosis were evaluated
in vivo and in vitro. The effects of eugeniin on blocking the interaction of DVF and NAIP/NLRC4 and reliev-
ing colitis were also assessed.
Results: The abundance of DSV increased in the feces of patients with UC and was found to be associated
with disease activity. DSV and its flagellin facilitated DSS-induced colitis in mice. Mechanistically, RNA
sequencing showed that gene expression associated with inflammasome complex and pyroptosis was
upregulated after DVF treatment in macrophages. DVF was further demonstrated to induce significant
macrophage pyroptosis in vitro, depending on NAIP/NLRC4 inflammasome activation. Furthermore, euge-
niin was screened as an inhibitor of the interface between DVF and NAIP and successfully alleviated the
proinflammatory effect of DVF in colitis.
Conclusion: Targeting DVF-induced NAIP/NLRC4 inflammasome activation and macrophage pyroptosis
ameliorates UC. This finding is of great significance for exploring the gut microbiota-host interactions
in UC development and providing new insights for precise treatment.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Ulcerative colitis (UC) is a nonspecific chronic inflammatory
disorder characterized by recurrent and diffuse mucosal inflamma-
tion of the colorectum [1,2], with progressively increasing inci-
dence and prevalence over time. Current evidence has suggested
that UC is attributed to a confluence of genetic susceptibilities
and environmental factors and can alter gut homeostasis and trig-
ger immune response mediated inflammation [3], but the patho-
genesis of the disease remains unclear. The interactions between
gut microbiota and host have been attested to be vital in UC pro-
gression [4,5]. Desulfovibrio spp. is a predominant sulfate reducing
bacteria (SRB) that resides in the human gut [6], the number of SRB
often increases under conditions associated with microbial dysbio-
sis and inflammatory conditions [7,8]. Studies found that SRB
aggravated inflammation in experimental colitis by stimulating
the gut immune responses [9] and producing hydrogen sulfide
and acetate [10]. Desulfovibrio vulgaris (D. vulgaris, DSV) induced
the aberrant localization of tight junction proteins and increased
the permeability of intestinal epithelial barrier [11]. However, the
underlying mechanisms of DSV in interacting with the host and
modulating intestinal inflammation remain unclear.

Inflammasomes are a cluster of intracellular multiprotein plat-
forms that respond to pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs), which
initiate appropriate and necessary immune reactions and inflam-
matory cascades to maintain the homeostasis of the gastrointesti-
nal tract [12]. Inflammasomes are triggered by several nucleotide-
binding oligomerization domain-like receptors (NLRs), a protein
family with diverse functions [13]. The NLR family of apoptosis
inhibitory proteins (NAIPs) can recruit adaptor NLR family caspase
activation and recruitment domain-containing protein 4 (NLRC4)
and form NAIP/NLRC4 inflammasome, which reacts to cytoplasmic
flagellin, the needle and inner rod proteins from bacterial type III
secretion system (T3SS) [14]. NAIP1 and NAIP2 detect the needle
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and inner rod proteins, respectively, while NAIP5/6 recognize the
cytosolic flagellin in mice. The human genome only encodes a sin-
gle functional NAIP protein (hNAIP), which mediates responses to
T3SS components and flagellin [15]. The activation of inflamma-
some complex triggers caspase-1-mediated proteolytic cleavage
of the pore-forming protein gasdermin D (GSDMD) due to pyropto-
sis and then releases proinflammatory cytokines, namely, inter-
leukin (IL)-1b and IL-18 [16,17]. The localized effects of NAIP/
NLRC4 inflammasome could defend against bacterial pathogens
[18], but the aberrant activity of this cluster also leads to multiple
clinical manifestations, including macrophage activation syn-
drome, neonatal enterocolitis, and UC [19–21].

Myeloid cells, predominantly macrophages, are the major tar-
gets of inflammasome and are considered the primary reactors of
innate immune responses [12,22]. The development of UC is
always accompanied by the overactivation of macrophages. Fur-
thermore, pyroptosis is a common form of programmed cell death
for macrophages and is associated with various inflammatory dis-
eases. Excessive amounts of cellular proinflammatory factors can
leak into the extracellular space through the pore-like structures
formed by the N-terminal of GSDMD (NT-GSDMD) in the cell mem-
brane [23]. The emergence of UC was notably associated with ele-
vated levels of IL-1b and IL-18, indicating that substances formed
during pyroptosis can exacerbate colitis.

The treatment of UC remains challenging even with the emer-
gence of established new therapies and should be precise. Target-
ing inflammasomes that are overly activated by the associated gut
microbiota has been considered a potential therapeutic method
[24]. Eugeniin is a polyphenol extracted from cloves and other
plants and has a wide range of pharmacological actions. Polyphe-
nolic compounds can protect against oxidation, cancer, inflamma-
tion, and microbial infection and have low cytotoxicity [25].
Evidence indicates that the pharmacological effects of eugeniin
include inhibiting the synthesis of viral DNA, the production of
nitric oxide (NO) and prostaglandin E2 (PGE2), and the activity of
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Table 1
Primer sequences used for bacterial quantification.

Primers Sequence

Desulfovibrio vulgaris Forward 50-GGCATCTGTAGACCTCCTTGTAGTC-30

Reverse 50-TGTCGATCGTAGGTAGCAAATGGCG-
30

16S (universal bacteria) Forward 50-GCAGGCCTAACACATGCAAGTC-30

Reverse 50-CTGCTGCCTCCCGTAGGAGT-30
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histidine decarboxylase (HDC). However, the application of euge-
niin to UC treatment has not been reported yet, and the underlying
mechanisms remain unclear [26]. This study highlights eugeniin as
an anti-inflammatory agent that targets D. vulgaris flagellin (DVF)-
induced NAIP/NLRC4 inflammasome activation to prevent UC
development. Thus, the present study will enhance the under-
standing of this opportunistic pathogen and offer prospective
approaches for UC prevention.
Material and methods

Ethics statement

All animal experiments in this study were performed following
the ethical policies and procedures approved by the ethics commit-
tee of the Tianjin Medical University, Tianjin, China (Approval no.
TMUaMEC 2021017). Analysis of clinical data was performed with
proper informed consent, which was reviewed and approved by
The Ethical Committee of Tianjin Medical University General
Hospital, Tianjin, China (Approval no. IRB2022-WZ-156).
Subjects and samples collection

Patients with clinically and histologically proven diagnosis of
UC [n = 19] and controls [n = 20] were recruited from Tianjin Med-
ical University General Hospital (Tianjin, China). Stool samples and
colonic biopsies were collected after obtaining informed consent
from all subjects. The two groups were age- and sex-matched
and patients with other clinical diseases or a history of taking
antibiotics, steroids, and probiotics were excluded. Disease activity
of UC was assessed by Mayo Score, and patients with Mayo
score � 3 were considered to be at the active stage [27,28]. Like-
wise, fecal calprotectin concentration is a proven non-invasive bio-
marker to assess intestinal inflammation [29,30]. Stool samples
were used to detect the abundance of D. vulgaris. The correlations
between D. vulgaris and disease activity were examined using lin-
ear regression analysis. Colon biopsies were used for double
immunofluorescent staining to evaluate the expression of
caspase-1 and IL-18.
D. vulgaris quantification

Total microbial DNA was extracted from the feces of all subjects
by using DNeasy tissue kit (Qiagen). The bacterial load in the col-
lected fecal samples was assessed using quantitative PCR (qPCR).
D. vulgaris quantitation was measured relative to the universal bac-
teria 16S. The primers of D. vulgaris quantification and universal
bacteria 16S were shown in Table 1.
Bacterial preparation and DVF expression

D. vulgaris (ATCC 29579) was obtained from American Type Cul-
ture Collection (ATCC) and incubated anaerobically in Modified
Baar’s Medium (ATCC Medium1249) at 30 �C until log phase
growth. The bacteria were then collected by centrifugation and
resuspended in sterile phosphate-buffered saline (PBS) containing
2.5% glycerol to the final experimental concentration of 2.5 � 108

cfu/ml according to the previous studies [31] and a preliminary
experiment. The recombinant DVF was expressed and purified
in vitro. Specifically, DVF was expressed through Escherichia coli
(E. coli). The coding sequence of the His-tagged DVF gene was
cloned into the HindIII and BamHI restriction sites of the
PSMART-I vector for its expression in E. coli strain BL21 (DE3). A
sufficient amount of E. coli BL21 was subcultured in LB broth with
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kanamycin (50 lg/mL) at 37 �C overnight. The bacteria were har-
vested and lysed to collect the DVF protein.

Animal experiments

Seven-week-old female C57BL/6 mice were purchased from the
Beijing Animal Research Center, China, which were always selected
as a model of dextran sulfate sodium (DSS) induced colitis with
reduced differences within the groups [32]. Mice were housed in
the animal center of Tianjin Medical University under a specific
pathogen-free (SPF) environment with a natural light–dark cycle.
All mice were acclimatized for 7 days and randomized into differ-
ent groups. Mice in the DSV group were administered with an
antibiotic cocktail (0.1 g/L vancomycin, 0.2 g/L ampicillin, neomy-
cin, and metronidazole) [33,34] in drinking water for 3 days and
5 � 107 cfu D. vulgaris for 7 days. Mice in the DVF group were gav-
aged 2 lg of DVF daily for 10 days, and sterile PBS was used as
control.

Eugeniin (CAS: 58970–75-5, purity > 98.0%) was obtained from
Chengdu Push Bio-Technology Co., Ltd. 32 remaining mice were
randomized into 4 groups: PBS, Eugeniin, DVF, and Eugeniin with
DVF groups. Eugeniin was dissolved in PBS and administered to
mice at 40 mg/kg daily for 10 days according to the previous stud-
ies and preliminary experiment [35]. The mice were also given 3%
DSS dissolved in sterile drinking water for 7 days to establish a
DSS-induced colitis model. The mice were sacrificed, and the
colons and spleens were harvested for analyses. Body weight and
disease activity index (DAI) were measured daily during the exper-
imental period.

Reverse transcription and real-time quantitative PCR

Total RNA from tissues or cell lines was homogenized and iso-
lated using TRIzol Reagent (Ambion, cat #15596026). Reverse tran-
scription of cDNA was performed with TIANScript RT Kit
(TIANGEN, China). Real-time PCR analysis was carried out using
the extracted cDNA as templates as well as TaqMan Gene Expres-
sion Master Mix (Genewiz, China) and primers. Each sample
underwent three independent tests. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was selected as endogenous control. The
expression of each target gene was determined by 2�DDCT method.
The oligonucleotide primers are presented in Table 2.

Western blot analysis

The colon tissues or cell lines were disintegrated with cold RIPA
buffer (Beyotime.P0013B) supplemented with protease inhibitors
(Solarbio, China) on ice for 10 min. The supernatant was collected
after adequate homogenization and centrifugation. The proteins
were loaded onto an SDS-polyacrylamide gel electrophoresis sys-
tem with 8 lL of the initial protein amount. The exact amount
for different groups was adjusted according to the internal control.
The size-separated proteins were blotted onto polyvinylidene fluo-
ride (PVDF) membranes (Invitrogen, USA). After blocking with 10%
bovine serum albumin, the membranes were cut into bands and
incubated with primary anti-a-tubulin antibody (1:1000, #2125,



Table 2
Primer sequences used for Realtime-PCR.

Primers Sequence

mGAPDH Forward 50-GGAGAAACCTGCCAAGTATG-30

Reverse 50-TGGGAGTTGCTGTTGAAGTC-30

mIL-1b Forward 50-ACGGACCCCAAAAGATGAAG-30

Reverse 50-TTCTCCACAGCCACAATGAG-30

mIL-18 Forward 50-GCCTCAAACCTTCCAAATCAC-30

Reverse 50-GTTGTCTGATTCCAGGTCTCC-30

mCaspase1 Forward 50-CTTGGAGACATCCTGTCAGGG-30

Reverse 50-AGTCACAAGACCAGGCATATTCT-30

hGAPDH Forward 50-GGAGAAACCTGCCAAGTATG-30

Reverse 50-TGGGAGTTGCTGTTGAAGTC-30

hIL-1b Forward 50-ATGCACCTGTACGATCACTG-30

Reverse 50-ATGCACCTGTACGATCACTG-30

hIL-18 Forward 50-CACCCCGGACCATATTTATT-30

Reverse 50-TCATGTCCTGGGACACTTCTC-30
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Cell Signaling Technology), anti-IL-1b antibody (1:1000, #12242,
Cell Signaling Technology), anti-IL-18 antibody (1:1000, ab71495,
Abcam), anti-caspase1 antibody (1:1000, ab179515, Abcam),
anti-NLRC4 antibody (1:1000, ab201792, Abcam) or anti-GSDMD
antibody (1:1000, ab209845, Abcam) overnight at 4 �C. On the fol-
lowing day, the bands were incubated with HRP-linked anti-mouse
IgG (1:5000, Cell Signaling Technology) or HRP-linked anti-rabbit
(1:5000, Cell Signaling Technology) for 1 h at room temperature.
The immuno-reactive bands were detected by enhanced chemilu-
minescence and analyzed by Image J software (Image J 1.52).

Double immunofluorescent staining

The colonic tissues of mice or patients were fixed with 4%
formaldehyde solution and then embedded with paraffin. Samples
were segmented into slices and blocked with 0.3% bovine serum
albumin for 1 h at room temperature. The sections were incubated
with the following primary antibodies: rat anti-IL-18 antibody
(1:100, ab71495, Abcam), rabbit anti-cleaved-caspase-1 antibody
(1:100, #89332, Cell Signaling Technology), or rabbit anti-IL-1b
antibody (1:100, a16288, Abclonal) at 4 �C overnight. Meanwhile,
the macrophages were labeled by F4/80 in mice and CD68 in
human [36]. After washing with PBST, the slides were mounted
with 40,6-diamidino-2-phenylindole (DAPI). Images were viewed
and taken by fluorescent microscope (Lycra, Germany).

Cell cultures and treatments

The rat macrophage-like cell line RAW 264.7 was obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA)
and cultured in Dulbecco’s Minimum Essential Medium supple-
mented with 10% FBS (Gibco, Life Technologies) in a humidified
atmosphere with 5% CO2 at 37 �C. The human monocyte line
THP-1 was purchased from ATCC and cultured in RPMI 1640 med-
ium containing 10% FBS. THP-1 cells were treated with 100 nM
phorbol 12-myristate 13-acetate (PMA) for 24 h to differentiate
into macrophage-like cells [37,38]. The cells were seeded in 12-
well plates and treated with PBS, DVF, Lipofectamine 3000 (Invitro-
gen, USA), or DVF transfected with Lipofectamine 3000 for 24 h
[39]. Eugeniin was dissolved in PBS, and the concentration for cell
treatments was 25 lM according to the preliminary experiment
[26]. The expression levels of mRNA and protein were measured
after the application of different interventions.

Transfection of NLRC4 short hairpin (sh) RNA

RAW 264.7 cells were added into 12-well plates and transfected
with the NLRC4 shRNA plasmids by Lipofectamine 3000 in Opti-
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MEM I medium for 6 h following the manufacturer’s instructions.
The target sequence was GCG ATG ACC TCT TTG CAT TGA (Gene-
Pharma, China) and the shRNA plasmid targeted scrambled
sequence was used as a negative control. Subsequently, the trans-
fected cells were treated with lipo3000 or DVF with lipo3000 for
24 h. The transfection effect and the expression of the related pro-
teins were assessed by Western blot analysis.

RNA sequencing

Following the extraction of the qualified RNA samples from
RAW 264.7 cells, mRNA was enriched with oligo (dT) beads. The
mRNA was fragmented to synthesize cDNA, which was initially
quantified by Qubit 2.0 and sequenced on HiSeq X-Ten (Illumina).
Data were filtered by NGS QC Toolkit (v2.3.3) after sequencing and
aligned using TopHat (v2.0.13) [40]. Gene expression was normal-
ized using the expected number of fragments per kilobase of tran-
script per million mapped reads (FPKM). Differentially expressed
genes were analyzed using the Noiseq software package. The func-
tional classification annotation and functional significance enrich-
ment of differentially expressed genes were analyzed.

LDH release assay

The lactate dehydrogenase (LDH) assay kit (Jiancheng Bio, Nan-
jing, China) was used to assess LDH released in the culture medium
of RAW264.7 cells. After different stimulation methods, the cell
culture supernatant was collected and centrifuged at 850 g for
3 min, and the cell debris was discarded. The supernatant was
mixed with the LDH working solution added to 96-well plates
and incubated at 37 �C for 30 min based on the description of
the reagents. Optical density (OD) was measured at the wavelength
of 450 nm with a microplate reader.

Calcein-AM/propidium iodide (PI) staining assay

Calcein-AM/PI double stain kit (Solarbio, Beijing) was applied to
quantify the number of living and dead cells. After different stim-
ulation, THP-1 cells in 12-well plates were washed and stained
with 2 lM calcein-AM and 1.5 lM PI mixed with 1 � assay buffer
per well at 37 �C for 30 min. The cells were photographed immedi-
ately by fluorescent microscope. Live cells were green and dead
cells were red as detected by different excitation filters. The num-
ber of PI positive cells was computed by the equation: PI positive
cells (%) = (PI positive cells/total cells) � 100, and represented
pyroptosis.

Transmission electron microscopy (TEM)

After different stimulation, RAW264.7 cells were centrifuged
and collected. The cell pellets were fixed with 2.5% glutaraldehyde
(EM Grade, Solarbio) and then dehydrated in a graded series of
ethanol concentrations. All samples were embedded using pure
acetone and an embedding solution (EPON812). The ultrathin sec-
tions were divided into 70 nm slices and double-stained with 2%
uranyl acetate-lead citrate [41]. Images were acquired by transmis-
sion electron microscope HT7800 (Hitachi, Japan).

Protein-protein docking and high-throughput screening

The entry ID of NAIP was Q13075 � BIRC1_HUMAN obtained
from UniProt (https://www.uniprot.org/). The crystal structure of
NAIP was downloaded from Protein Data Bank (PDB, https://
www.rcsb.org), and the three-dimensional protein structure of
DVF was created by MODELLER (https://salilab.org/modeller/)
based on the amino acid sequence. Subsequently, the initial struc-
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tures were subjected to hydrogenation, hydrogen bond optimiza-
tion, and steric hindrance optimization to minimize the stereo-
scopic conflict until the root-mean-square deviation (RMSD)
reached a maximum cutoff of 0.3 Å [42]. NAIP acted as a receptor
while DVF acted as a ligand. Two proteins were docked by HEX
software under the selected docking parameters. The Hex SPF algo-
rithm has been validated for protein–protein docking in CAPRI
(Critical Assessment of Predicted Interactions) blind docking
experiment. The docking proceeds by rotating the receptor and
ligand about their centroids at each of a range of intermolecular
distances. According to the docking structure of the DVF/NAIP
complex, the protein interaction interface was set as an active
pocket to high-throughput screen the inhibitors from Traditional
Chinese medicine (TCM) databases. In addition, the energy of
three-dimensional structures was minimized using the Optimized
Potentials for Liquid Simulations (OPLS)-2005 force field and three-
dimensional structures of TCM monomers were generated by
LigPrep.

Statistical analysis

GraphPad Prism (GraphPad Software, Inc., USA) and SPSS 24.0
(SPSS, Chicago, Illinois, United States) were applied for all statisti-
cal analyses. The data of the biological experiments conducted in
triplicate were represented by error bar and expressed as
mean ± SEM. We applied two-tailed unpaired Student’s t-test for
the analysis of two groups and used one-way analysis of variance
(ANOVA) for the statistics of multiple groups. P value < 0.05 was
determined as statistically significant.
Results

D. vulgaris was enriched in patients with UC

To investigate the pathogenic role of D. vulgaris in UC develop-
ment, we detected its abundance in patients with UC and healthy
controls (HC). The qPCR data showed that D. vulgaris was more
enriched in the feces of patients with UC (Fig. 1A), and its abun-
dance was positively correlated with some indicators of UC activ-
ity, including Mayo score (r = 0.4589, p = 0.0481) and fecal
calprotectin levels (r = 0.5874, p = 0.0272) (Fig. 1B-C). Furthermore,
the occurrence of macrophage pyroptosis in colon tissues was
examined using double immunofluorescent staining.
Inflammasome-associated inflammatory caspases including
caspase-1 induced cleavage of GSDMD and then resulted in the
maturation of IL-1b and IL-18, which was required and sufficient
for pyroptosis. The expression of caspase-1 and IL-18 was upregu-
lated in the inflamed mucosa of patients with UC compared with
the controls in CD68+ macrophages (Fig. 1D). Hence, enriched D.
vulgaris in the human gut and overactivated macrophage pyropto-
sis may play a potential role in UC development.

D. vulgaris or its flagellin facilitated DSS-induced colitis in mice

Whether D. vulgaris can promote colitis and by which compo-
nents interact with the host need to be further investigated. Bacte-
rial flagellin is a potential activator of the immune system and
causes inflammatory disorders [43]. Therefore, we investigated
whether flagellin is one of the vital pathogenic elements of DSV.
The effects of D. vulgaris or its recombinant flagellin on DSS-
induced colitis in mice were assessed (Fig. 2A). Compared with
the PBS group, the gavage of DSV or DVF significantly increased
the intestinal inflammation under the induction of DSS, as demon-
strated by more severe body weight loss and higher disease activ-
ity index (DAI) score (Fig. 2B-C). No significant difference was
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observed among groups administered with normal drinking water
without DSS. The colons were significantly shorter after treatment
with DSV or DVF with DSS (Fig. 2D-E). In addition, we have
observed an increase in spleen weight, which is proportional to
the severity of colitis inflammation (Fig. 2F). Histological analysis
also indicated that mice treated with DSV or DVF showed remark-
able exacerbation of mucosal damage, inflammatory cell infiltra-
tion, and crypt loss (Fig. 2G). These results indicated the
proinflammatory effect of D. vulgaris or its flagellin on DSS-
induced colitis.
D. vulgaris or DVF induced pyroptosis of intestinal macrophages in
mice

We further explored the occurrence of macrophage pyroptosis
after treatment with DSV or DVF to investigate the proinflamma-
tory mechanism. The expression of cleaved caspase-1 (c-caspase-
1), which acts as a ‘scissors’ protein during pyroptosis, increased
in F4/80+ macrophages in the inflamed mucosa lamina propria
(Fig. 3A). The terminal cytokine IL-1b was elevated predominantly
in F4/80+ macrophages, but not in intestinal epithelial cells, as evi-
dent in the mucosal biopsy results of the DSV and DVF groups
(Fig. 3B). The result of pyroptosis is the release of intracellular
proinflammatory cytokines to activate an inflammatory response.
The transcript levels of IL-1b and IL-18 increased in mice treated
with DSV or DVF compared with those of controls (Fig. 3C). These
findings were confirmed by the Western blot analysis, indicating
the upregulation of c-caspase-1, NT-GSDMD, and cleaved cytokines
IL-1b and IL-18 (Fig. 3D). Therefore, DVF-induced macrophage
pyroptosis plays a crucial role in this process.
DVF facilitated inflammation by inducing macrophage pyroptosis
in vitro

To further detect the role of macrophages and the mechanism of
DVF-induced proinflammatory effect, we investigated the expres-
sion of genes related to pyroptosis in vitro. Interestingly, the direct
stimulation by DVF did not upregulate the expression of genes
associated with pyroptosis and inflammation. However, when
delivering the DVF to the cytoplasm through lipo3000, the relative
mRNA levels of caspase-1, IL-1b, and IL-18 significantly increased
in RAW264.7 or THP-1 cells (Fig. S1C and S1E). RNA sequencing
was performed on RAW264.7 cells from the lipo3000 or DVF with
lipo3000 group. The volcano plots indicated the different expres-
sion levels of the two groups (Fig. S1A). Analysis of the GO database
showed that differentially expressed genes were mainly involved
in immune system process, inflammatory response, positive regu-
lation of cytokine production, and positive regulation of defense to
the bacterium (Fig. 4A). The genes associated with pyroptosis
between the two groups were displayed in the heatmap, which
showed the up-regulated expression in the DVF group (Fig. 4B).
Based on the KEGG analysis, DVF significantly upregulated the
genes involved in the cytokine-cytokine receptor signaling path-
way, NLR signaling pathway, and IBD (Fig. S1B). The Western blot
showed that the protein levels of c-caspase-1, NT-GSDMD, and
cytokines IL-1b and IL-18 were upregulated (Fig. 4C). Furthermore,
the occurrence of pyroptosis is generally accompanied by the
release of cytoplasmic lactate dehydrogenase (LDH), which
increased in the cell supernatant of the DVF with lipo3000 group
(Fig. S1D). In addition, cellular morphology was observed through
light microscopy. The DVF transfected by lipo3000 induced obvi-
ous pyroptosis in THP-1 cells, leading to cell swelling, nucleus con-
centration, and cystoid formation (Fig. 4D). Calcein-AM/PI double
staining showed that DVF with lipo3000 increased the cell pyrop-
tosis, which was characterized by a higher density of PI staining



Fig. 1. The abundance of D. vulgaris was increased in the feces of patients with UC and related to disease severity. (A) The relative abundance of D. vulgaris in feces from UC
(n = 19) and HC (n = 20). (B) Correlation analysis between the relative abundance of D. vulgaris and Mayo clinical score (n = 19). (C) Correlation analysis between the relative
abundance of D. vulgaris and FC in patients with UC (n = 14). (D) Immunofluorescent images of human colon tissues stained for cell nucleus (blue), CD68 (green), caspase1 or
IL-18 (red) and merge. Scale bars, 10 lm or 60 lm. D. vulgaris, Desulfovibrio vulgaris; HC, healthy controls; UC, ulcerative colitis; FC, fecal levels of calprotectin. *p < 0.05. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. D. vulgaris or its flagellin facilitated DSS-induced colitis in mice. (A) Schematic illustrating the experimental procedure of DSS-induced colitis. (B-C) Changes in body
weight(B) and DAI score(C) of mice. (D) Representative images of the colon. (E-F) Changes of colon length(E) and spleen weight(F) in mice of different groups were analyzed.
(G) Representative histological images of H&E-stained colon tissues (left panel) and colon histopathological score (right panel). Scale bars, 50 lm. PBS, phosphate-buffered
saline; D. vulgaris (DSV), Desulfovibrio vulgaris; DVF, Desulfovibrio vulgaris flagellin; DAI, disease activity index; DSS, dextran sulfate sodium. *p < 0.05, **p < 0.01, ***p < 0.001.
ns, not significant.
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Fig. 3. D. vulgaris or DVF induced pyroptosis of intestinal macrophages in mice. (A) Immunofluorescent images of mice colon tissues stained for cell nucleus (blue), F4/80
(green), cleaved-caspase1 (red) and merge. (B) Immunofluorescent images of mice colon tissue stained for cell nucleus (blue), F4/80 (green), IL-1b (red) and merge. (C)
Relative mRNA expression levels of IL-1b and IL-18 in the colon. (D) The protein levels of caspase1, GSDMD, IL-18, and IL-1b in pyroptosis pathway were measured by western
blotting. Scale bars, 10 lm. c-caspase1, cleaved-caspase1; D. vulgaris (DSV), Desulfovibrio vulgaris; DVF, Desulfovibrio vulgaris flagellin; GSDMD, gasdermin D; PBS, phosphate-
buffered saline. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. DVF induced pyroptosis of macrophages in vitro. (A) GO analysis of genes significantly upregulated in DVF with lipo3000 treated macrophages. (B) Heatmap of RNA-
seq from the lipo3000 group and lipo3000 with DVF group. (C) The protein levels of indicators in the pyroptosis pathway were measured by western blotting. (D)
Representative light microscope images of THP-1 cells. Scale bars, 10 lm. (E) Images of THP-1 cells stained for Calcein-AM (green), PI (red), and merge. Scale bars, 100 lm.
DVF, Desulfovibrio vulgaris flagellin; PBS, phosphate-buffered saline; GO, gene ontology; GSDMD, gasdermin D; PI, propidium Iodide; ****p < 0.0001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 4E). These findings indicated that DVF induced macrophage
pyroptosis in vitro, which further lead to proinflammatory effects.

DVF induced macrophage pyroptosis via NAIP/NLRC4 inflammasome,
which could be inhibited by eugeniin

NAIP/NLRC4 inflammasome, as an intracellular receptor for
flagellin, may play a vital role in DVF-induced pyroptosis. We
knocked down the expression of NLRC4 in RAW264.7 cells, and
found that the activation of caspase-1 and cell pyroptosis caused
by DVF were blocked. These results indicated that DVF-induced
macrophage pyroptosis was largely dependent on NAIP/NLRC4
inflammasome (Fig. 5A). Therefore, targeting the interaction
between DVF and NAIP could be a treatment modality for colitis.
In this regard, we further evaluated their potential interaction
through protein–protein docking. The docking results showed that
four hydrogen bond interactions were formed between NAIP and
DVF. The amino acids involved in the interfacial interaction were
formed by Ser691, Asp718, Ala713, and Glu714 of NAIP and
Gln249, Ser250, Glu246, and Ser239 of DVF (Fig. 5B and S2A).
Based on the structure of the DVF/NAIP complex obtained from
docking, the binding site was set as an active pocket to select the
lead compound from the TCM database. The compounds with the
highest docking score were shown in Fig. 5C, eugeniin ranked first
as the most effective blocker for the interaction between DVF and
NAIP. The binding mode of eugeniin and the DVF/NAIP complex
was determined by molecular docking simulation. Eugeniin
blocked the interaction in the DVF/NAIP complex by binding with
Glu706, Ser702, Lys698, and Glu714 of NAIP and Asn236, Ser239,
and Asn240 of DVF (Fig. 5D and S2B). We further evaluated the role
of eugeniin in DVF-induced macrophage pyroptosis by electron
microscopy, and found that it inhibited pore formation and cell dis-
ruption (Fig. 5E and S2C). The protein levels of c-caspase-1,
GSDMD, IL-1b, and IL-18, which play pivotal roles in pyroptosis,
significantly decreased after the eugeniin treatment compared
with those in the DVF group (Fig. 5F). These findings suggest the
direct action between DVF and NAIP at the molecular level and
the potential blocking effect of eugeniin.

Eugeniin therapy rescued the DVF-induced proinflammatory effect in
mice

The role of eugeniin in attenuating the experimental colitis was
further assessed in mice (Fig. 6A). The protective effect of eugeniin
was not significant compared with that in the PBS group but res-
cued the DVF-induced proinflammatory effect. Eugeniin led to
the remission of colon inflammation as indicated by the lower
body weight loss and DAI score than those in the DVF group (Fig. 6-
B-C). Treatment with eugeniin significantly increased the length of
the colons and decreased the spleen weights (Fig. 6D-F). Eugeniin
rescued the intestinal inflammation induced by DVF according to
the histological analysis (Fig. 6G). The levels of c-caspase-1 and
IL-1b decreased in F4/80+ macrophages, suggesting the effective-
ness of eugeniin in targeting DVF-induced NAIP/NLRC4 inflamma-
some activation and pyroptosis (Fig. S2A-B). The gene expression
levels of IL-1b and IL-18 decreased in the DVF and eugeniin groups
(Fig. 6H). The Western blot analysis also demonstrated the role of
eugeniin in blocking pyroptosis caused by DVF (Fig. 6I).
Discussion

The balance of interactions between the gut microbiota and
host immune systems plays an indispensable role in maintaining
intestinal homeostasis. Previous studies suggested that Desulfovib-
rionaceae was enriched in patients with IBD [44]. We consistently
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found that the relative abundance of D. vulgaris increased in the
feces of patients with UC and was associated with disease activity.
This finding may reveal the potential role of DSV in the develop-
ment of UC. However, the bacterial pathogenic components and
the underlying mechanisms remain unclear. DSV has a flagellum
that is involved in bacterial motility, colonization, and adhesion
to the host. Flagellin is essential for innate immune detection in
the gut, but may impair the innate immunity to promote the devel-
opment of intestinal inflammation [45]. Thus, new targets should
be identified to regulate disorders related to microbiota-host inter-
action. In the present study, we investigated the proinflammatory
effect of DSV and its flagellin, which were demonstrated to signif-
icantly aggravate experimental colitis in mice. Hence, DSV might
be a potential proinflammatory bacterium in the gut and its flag-
ellin played a crucial role in the process. However, to what extent
the proinflammatory effect of DSV depends on its flagellin and
other bacterial components or metabolites need further study.

As a group of multiprotein complexes in the cytoplasm that
mediates cell pyroptosis and induces mature IL-1b and IL-18 pro-
duction, the inflammasome has a controversial role in IBD develop-
ment [20,46,47]. Multiple Gram-negative bacteria were largely
overgrown and exacerbated the pathology of colitis, such as [48].
We found that D. vulgaris and DVF could induce intestinal inflam-
mation in mice, and the immunofluorescent staining showed that
pyroptosis mainly occurred in macrophages. In addition, we also
discovered that the expressions of caspase-1, IL-1b and IL-18 were
increased in the DSV and DVF groups, suggesting that D. vulgaris
and DVF induced pyroptosis of macrophages could be mediated
by caspase-1. Recent studies have revealed that caspase-1-
mediated pyroptosis is a proinflammatory form of programmed
cell death in macrophages. It releases an excess of cytokines and
triggers a series of responses in surrounding cells [49]. Excessive
production of IL-1b and IL-18 is correlated with intestinal injury
and colitis development [21]. Thus, intestinal macrophages are of
great necessity to respond to bacterial challenges, but overreaction
can lead to the dysregulation of immunity and inflammation. Gas-
dermin D, encoded by GSDMD on chromosome 8 (8q24.3), is a pro-
tein made of a 31 kDa N-terminus (GSDMD-N) and a 22 kDa C-
terminus (GSDMD-C) connected by a peptide linker [50]. GSDMD
was initially found in the homologues of GSDMA [51] and was
widely expressed in different tissues and immune cells [52]. Upon
activation, the linker is cleaved to separate GSDMD-N from its
autoinhibitory domain, GSDMD-C [53]. GSDMD is a generic sub-
strate for caspase-1. Crystal structure of caspase-1-GSDMD-C com-
plex showed a similar GSDMD-recognition mode. Cleavage of
GSDMD by the inflammatory caspases critically determined pyrop-
tosis by releasing the cleaved GSDMD-N domain that bears intrin-
sic pyroptosis-inducing activity [54]. However, a variety of
bacterial components and stimuli could trigger multiple types of
inflammasome to mediate pyroptosis. For example, it has been
found that XBP1 deficiency promoted the extracellular release of
mitochondrial DNA by activating NOD-like receptor pyrin domain
containing 3 (NLRP3)/caspase-1/GSDMD signaling, which
increased the production of ROS and promoted pyroptosis [55].
During macrophage apoptosis, NLRP3 inflammasome induces
caspase-8/-3 to cut Gasdermin E and release IL-1b, thus promoting
inflammation [56]. Thus, whether DVF can promote other types of
cell death through another inflammasome and whether caspase-1/
GSDMD is the main mediator in this process is worth further
exploration.

Among the NLR family, NLRC4 has been widely studied and has
an important role in the defense of cytoplasmic PAMPs including
flagellin. Meanwhile, NLRP3 inflammasome is always activated
by pathogens, microbial toxins, nucleic acids, ATP, and crystalline
substances [57]. To further verify the effect of DVF on inflamma-
some activation in macrophages, we treated RAW264.7 and



Fig. 5. DVF induced macrophage pyroptosis via NAIP/NLRC4 inflammasome activation, which could be inhibited by eugeniin. (A) The protein levels of pyroptosis indicators in
macrophages transfected with NLRC4 shRNA were measured by western blotting. (B) Protein-protein docking of DVF and NAIP. (C) Molecular docking results of high-
throughput screening in terms of the structure of DVF/NAIP complex. (D) Predicted binding modes of eugeniin and DVF/NAIP complex and its three-dimensional structure. (E)
Representative transmission electron microscope images of RAW264.7 cells. Scale bars, 2 lm, 5 lm, or 500 nm. (F) The protein levels in the pyroptosis pathway were
measured by western blotting after eugeniin treatment. DVF, Desulfovibrio vulgaris flagellin; shRNA, short hairpin RNA; NAIP, NLR family of apoptosis inhibitory protein;
GSDMD, gasdermin D; PBS, phosphate-buffered saline; lipo, Lipofectamine 3000.
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Fig. 6. Eugeniin treatment alleviated the DVF-induced proinflammatory effect in mice. (A) Schematic illustration of the experimental procedure. (B-C) Changes of body
weight(B) and DAI score(C) in mice. (D) Representative images of the colon. (E-F) Changes in colon length(E) and spleen weight(F) in different groups were analyzed. (G)
Representative histological images of colon tissues stained with H&E (left panel) and the histopathological score of colon inflammation (right panel). (H) Relative mRNA
expression levels of IL-1b and IL-18 in the colon. (I) The protein levels of indicators in pyroptosis pathway were measured by western blotting. Scale bars, 50 lm. PBS,
phosphate-buffered saline; DVF, Desulfovibrio vulgaris flagellin; DSS, dextran sulfate sodium; DAI, disease activity index; GSDMD, gasdermin D, *p < 0.05, **p < 0.01,
****p < 0.0001. ns, not significant.
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THP-1 cells with DVF in vitro. DVF did not induce pyroptosis
directly but strongly triggered inflammatory responses after trans-
fection into the cytoplasm by lipo3000. These results suggest that
the receptors in the cell cytoplasm might have a crucial effect on
this effect. Apoptosis-associated speck-like protein containing
CARD (ASC), which bridges pro-caspase-1 and pyrin-containing
receptors, is indispensable in the assembly of most inflamma-
somes. However, NLRC4 inflammasome was unique because they
directly interact with pro-caspase-1 without ASC. RAW264.7 cells
were naturally ASC-deficient and could activate NAIP/NLRC4
inflammasome. Meanwhile, when NLRC4 was knocked down, the
activation of caspase-1 and pyroptosis induced by DVF was
blocked. Taken together, our findings suggest that NAIP/NLRC4
inflammasome may be the primary responder to DVF, consistent
with previous results demonstrating that NAIP/NLRC4 inflamma-
some complex is a sensor of intracellular flagellin. Therefore,
inhibiting DVF-induced macrophage pyroptosis and its consequent
exaggerated cytokine release might be an effective strategy to
reduce inflammation.

UC is a persistent intractable inflammatory disorder that
urgently needs new and effective therapeutic agents. The applica-
tion of currently available drugs has problems, such as low effi-
ciency, serious adverse reactions and resistance. Therefore,
traditional Chinese medicine has gradually attracted wide atten-
tion because it had few side effects and reduced intestinal disor-
ders. In this study, we screened lead compounds by high-
throughput molecular docking in the TCM database. We speculate
that eugeniin could be the most effective DVF/NAIP interaction
interface inhibitor. Recent studies suggest that eugeniin possesses
antioxidant and antiviral properties [58,59]. As such, we investi-
gated its role in blocking the DVF/NAIP interaction, leading to sup-
pressed caspase-1 activity and reduced GSDMD cleavage to inhibit
macrophage pyroptosis. However, eugeniin alone has not shown a
beneficial or harmful effect on intestinal inflammation. Our results
suggest that eugeniin inhibited DVF-induced inflammation, and
could provide a new target for the precise treatment of UC. Never-
theless, the safety, specificity, and persistence of eugeniin in the
treatment of UC remain to be discussed.

In summary, we found that D. vulgaris and DVF could induce
intestinal inflammation via NAIP/NLRC4 inflammasome activation
and macrophage pyroptosis, which could be targeted by eugeniin.
This study may provide a novel mechanism for D. vulgaris-
mediated colitis and a promising target for UC therapy.
Conclusion

D. vulgaris was overgrown in patients with UC. D. vulgaris or its
flagellin could facilitate DSS-induced colitis via NAIP/NLRC4
inflammasome activation and macrophage pyroptosis. Targeting
the interfaces of DVF and NAIP by eugeniin inhibits the proinflam-
matory effect induced by DVF, but eugeniin alone did not show
beneficial effects on colitis. Our study emphasizes the significance
of the gut microbiota as a crucial modulator of the human innate
immune system and might open up novel therapeutic avenues
for UC treatment.
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