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Human-derived bacterial strains mitigate
colitis via modulating gut microbiota
and repairing intestinal barrier function
in mice
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Abstract

Background Unbalanced gut microbiota is considered as a pivotal etiological factor in colitis. Nevertheless, the
precise influence of the endogenous gut microbiota composition on the therapeutic efficacy of probiotics in colitis
remains largely unexplored.

Results In this study, we isolated bacteria from fecal samples of a healthy donor and a patient with ulcerative

colitis in remission. Subsequently, we identified three bacterial strains that exhibited a notable ability to ameliorate
dextran sulfate sodium (DSS)-induced colitis, as evidenced by increased colon length, reduced disease activity index,
and improved histological score. Further analysis revealed that each of Pediococcus acidilactici CGMCC NO.17,943,
Enterococcus faecium CGMCC NO.17,944 and Escherichia coli CGMCC NO.17,945 significantly attenuated inflammatory
responses and restored gut barrier dysfunction in mice. Mechanistically, bacterial 165 rRNA gene sequencing
indicated that these three strains partially restored the overall structure of the gut microbiota disrupted by DSS.
Specially, they promoted the growth of Faecalibaculum and Lactobacillus murinus, which were positively correlated
with gut barrier function, while suppressing Odoribacter, Rikenella, Oscillibacter and Parasutterella, which were related
to inflammation. Additionally, these strains modulated the composition of short chain fatty acids (SCFAs) in the cecal
content, leading to an increase in acetate and a decrease in butyrate. Furthermore, the expression of metabolites
related receptors, such as receptor G Protein-coupled receptor (GPR) 43, were also affected. Notably, the depletion of
endogenous gut microbiota using broad-spectrum antibiotics completely abrogated these protective effects.

Conclusions Our findings suggest that selected human-derived bacterial strains alleviate experimental colitis and
intestinal barrier dysfunction through mediating resident gut microbiota and their metabolites in mice. This study
provides valuable insights into the potential therapeutic application of probiotics in the treatment of colitis.
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Background

Ulcerative colitis (UC), an inflammatory disease, arises
from a confluence of etiological factors, including genetic
predisposition, compromised gut barrier integrity, gut
microbiota imbalance, and immune system dysregulation
[1]. However, the exact pathogenesis is not well under-
stood in detail. Lately, accumulating evidences suggest
that dysbiosis of gut microbiota plays a key role in the
onset and progression of colitis [1]. First of all, in dex-
tran sulfate sodium (DSS)-induced mouse colitis model,
conventional mice develop colitis, while germ-free mice
exhibit minimal or no gut inflammation, highlighting the
potential role of gut microbiota as a whole in gut inflam-
mation [2]. Furthermore, when germ-free mice are colo-
nized with microbiota from UC patients, they manifest
more severe colitis compared to those colonized with
microbiota from healthy individuals, underscoring the
critical role of gut microbiota in colitis pathogenesis [3].
Secondly, in detail, the gut microbiota of UC patients is
characterized by reduced bacterial diversity [4] and an
altered composition, with an increase in opportunistic
pathogens such as Enterobacteriaceae and a decrease in
potential beneficial bacteria, including Faecalibacterium
Prausnitzii and Roseburia hominis in humans and/or
mice [5-7]. This dysbiosis can exacerbate colitis by pro-
moting both innate and adaptive immune responses. For
instance, it can lead to the accumulation of the innate
immune adaptor STING in myeloid cells in mice, and
stimulate dendritic cells and T cells through IL-6 in
patients, further perpetuating the inflammatory process
[8-10]. These findings indicate that gut microbiota repre-
sents a promising therapeutic target for UC.

Indeed, various strategies directly targeting gut micro-
biota, such as probiotics, fecal microbiota transplantation
(FMT) and bacterial consortia have shown promise in
ameliorating colitis in clinical trials and pre-clinical ani-
mal models [11-13]. The effective strains used in these
interventions, either alone or in combination, primar-
ily belonged to Bifidobacterium spp., Lactobacillus spp.,
as well as the gut commensals such as Akkermansia
muciniphila, Faecalibacterium prausnitzii, Streptococ-
cus faecalis, Clostridium butyricum, and Bacillus mes-
entericus [12, 14—18]. These bacterial strains exert their
beneficial effects through multiple mechanisms. Firstly,
they can directly attenuate gut inflammation by sup-
pressing proinflammatory responses or promoting anti-
inflammatory responses [8, 12, 19]. Secondly, they can
enhance intestinal barrier function to prevent the initia-
tion of colitis. For example, L. plantarum has been shown
to reduce gut barrier disruption by upregulating the
expression of tight junction proteins ZO-1 and Occludin

[20]. Thirdly, these strains can modulate the composi-
tion and metabolic activity of gut microbiota, leading
to further mitigation of inflammation. For example, the
bacterial-host co-metabolite isoallolithocholic acid acts
as a signaling molecule to promote the differentiation of
Treg cells and reduce inflammation, while the bacterial
metabolite butyrate augments the size and function of
Treg cells, conferring protection against colitis [21-23].
However, despite the observed amelioration of colitis
symptoms and concomitant alterations in endogenous
gut microbiota following probiotic administration, it is
still unclear whether the protective effects of these bacte-
rial strains are directly attributed to the probiotics them-
selves or mediated through changes in the endogenous
gut microbiota.

Although several effective strains have been identi-
fied in mouse models, there are currently limited rec-
ommended bacterial strains for the treatment of UC
patients, with Escherichia coli Nissle being a notable
exception [24]. Although the results of FMT in UC
patients appear promising [13], the complexity of donor
feces and the lack of standardized healthy donors have
significantly hindered its widespread application. Con-
sequently, there has been a growing focus on the role of
specific bacterial strains. This has been facilitated by the
analysis of fecal and colonic mucosal samples from FMT
responders and non-responders, as well as their corre-
sponding healthy donors [25, 26]. For example, Bacteroi-
des in donor stools and the enrichment of Eubacterium
hallii and Roseburia inulivorans in UC patients have been
associated with remission [25]. Conversely, Streptococcus
[25] and Ruminococcus gnavus [26] in donor stools have
been linked to a poor response in UC patients. These
observations further address the importance of develop-
ing more specific and standard microbe-based therapy
for UC.

To identify novel potential effective bacterial strains, we
isolated bacterial strains from the feces of a healthy donor
and a patient with colitis in remission. Through mouse
models induced by DSS and trinitrobenzoic sulphonic
acid (TNBS), we successfully identified three strains that
exhibited notable influence on gut inflammation and bar-
rier function. Subsequently, we employed high-through-
put sequencing, bioinformatics and statistical analysis
to identify specific bacterial taxa changes after adminis-
tration of these three strains. Remarkably, we observed
significant associations between these changes and gut
barrier function, as well as inflammation. Furthermore,
we performed gas chromatography (GC)-mass spectrom-
etry (MS) to pinpoint bacterial metabolites that contrib-
uted to the alleviation of colitis symptoms. Additionally,
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we conducted experiments using antibiotics to ablate gut
microbiota, aiming to elucidate the necessity of endog-
enous microbiota in mediating the therapeutic effects of
these strains on colitis. These results provided direct evi-
dences for the pivotal role of endogenous gut microbiota
on the protective effects for colitis mediated by human-
derived bacteria. Notably, the identified endogenous
functional bacterial strains could be used as novel can-
didates for the prevention and treatment of colitis. Our
results provide novel insight of the role of endogenous
gut microbiota modulation in bacteria-dependent ame-
lioration of colitis.

Results

Human-derived bacterial strains effectively alleviated
experimental colitis in mice

To explore whether and which human gut bacterial
strains can potentially be used to ameliorate the symp-
toms of ulcerative colitis, we firstly isolated bacterial
strains from the fecal samples of donor 1- a healthy infant
and donor 2- a patient with colitis in remission. The gut
microbiota composition of both donors were shown in
Additional file 1. More than 400 strains were success-
fully anaerobically cultured. Through 16S rRNA gene
PCR and sequencing, we identified 21 bacterial spe-
cies in total. Based on the species abundance, we ran-
domly selected 1-5 representative strains of each specie
for further functional analysis, narrowing our focus to
29 bacterial strains. To assess their anti-inflammatory
potential, these strains were co-cultured with human
colonic epithelial cell HT-29 and inflammatory cyto-
kines in the supernatant including IL-1f, IL-6, IL-10
were detected using ELISA. Decreased IL-1 and IL-6
level, and increased IL-10 level were considered as anti-
inflammatory markers. This led to the selection of five
promising anti-inflammatory human gut derived strains
(Additional file 2). 16S rRNA gene sequencing and mass
spectrum analysis revealed them to be Pediococcus acidi-
lactici (PA; CGMCC NO. 17,943), Enterococcus faecium
(EF; CGMCC NO. 17,944), Escherichia coli (EC; CGMCC
NO. 17,945), Bifidobacterium bifidus (BB), and Esch-
erichia coli 2 (EC2) (Additional file 1). Among them, PA
and EF were from donor 1 (the healthy infant), and BB,
EC, and EC2 were from donor 2 (the colitis patient).

To determine if these selected bacterial strains could
influence the severity of colitis in vivo, we induced
experimental colitis using DSS in mice. These bacte-
rial strains were administered daily by oral gavage three
days before and during colitis induction (Additional file
3). DSS treated mice exhibited colitis, indicated by sig-
nificant weight loss, shortened colon length, elevated
disease activity index (DAI, a combined score assessing
weight loss, rectal bleeding and stool consistency), and
colonic damage represented by colonic histological score
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(Fig. 1a). Notably, 3 out of 5 selected bacterial strains
and the 2 positive control strains significantly alleviated
colitis in mice, as indicated by markedly increased colon
length, reduced DAI and colonic damages presented by
H&E staining and histological score (Fig. 1b-e, Additional
file 4). Although BB and EC2 reduced the histological
scores of DSS-induced colitis, clinical manifestations
of colitis including weight loss, shortened colon length
and DAI were failed to be ameliorated (Additional file
4). And the cocktail of 5 bacterial strain (3 selective
strains and 2 positive control strains) and FMT did not
achieve better therapeutic effect than the single bacte-
rial strains. Parameters like weight loss, colon length,
DALI and colonic histological score showed minimal or no
improvement compared with the DSS group (Additional
file 5). In another more immune related colitis model
induced by TNBS in mice, only LP demonstrated a pro-
tective effect on inflammation, with reduced DAI and
colonic histological scores. The other strains (LR, PA, EF
and EC) did not exhibit similar protective effects (Addi-
tional file 6).

Human-derived bacterial strains reduced inflammatory
responses during colitis

Since the 5 strains acted differently in two experimental
mouse models, we next sought to determine how these
bacterial strains effected the severity of colitis. Firstly, we
investigated the inflammatory responses in mice. Infil-
tration of immune cells was largely reduced by all bacte-
rial strains (2 positive strains and 3 human gut derived
strains) as indicated by CD45 and F4/80 staining (Fig. 2a,
Additional file 7a). The gene expression of pro-inflamma-
tory cytokines TNF-a, IL-1pB, IL-6 and IL-17a, as well as
toll-like receptor 4 (TLR4) were significantly inhibited by
more than 2 effective bacteria (Fig. 2b-d, Additional file
7b-c). The gene expression of IL-10, an anti-inflammatory
cytokine, was also downregulated (Fig. 2e), probably indi-
cating that the mice treated with these strains had more
moderate inflammatory responses that were not strong
enough to provoke the anti-inflammatory response. No
significant changes of serum C-reactive protein (CRP)
levels were observed in bacteria-treated mice (Additional
file 7d). Moreover, serum lipopolysaccharide binding
protein (LBP) remained unchanged even in DSS treated
mice, indicating that DSS didn’t induce bacteremia in
our study (Additional file 7e). In addition, the number of
proliferative cells after colitis induction was reduced by
administration of bacteria LR, LP and PA as indicated by
Ki-67 staining (Additional file 7f). Collectively, these data
suggest that these bacterial strains significantly mitigate a
mild-inflammatory response in vivo.
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Fig. 1 Human-derived bacterial strains effectively alleviated the severity of DSS-induced colitis in vivo. (a) Percentage of body weight changes at day 5
after DSS administration. (b) Colon length of mice at day 5 after DSS administration. (c) Quantification of the DAI score of mice at day 5 after DSS admin-
istration. (d) Quantification of histological scores of colon tissue. (e) Representative images showing H&E staining of colonic tissue in DSS-induced colitis
mice. Scale bar =100 um. n=>5-10 mice pr group. *P<0.05, **P < 0.01, ***P <0.001, ****P <0.0001 vs. DSS + PBS group by ANOVA followed by LSD post hoc
test. LR: Lactobacillus rhamnosus, LP: Lactobacillus plantarum, PA: Pediococcus acidilactici, EF: Enterococcus faecium, EC: Escherichia coli

Human-derived bacterial strains enhanced intestinal
barrier function

Since the impairment of intestinal barrier is also one
of the most important signatures of colitis, we next
explored whether these bacterial strains could regu-
late gut barrier function. Mice were gavaged with 4 kDa
FITC-linked dextran, which would not be detected in the
serum unless the gut barrier integrity is compromised.
We found that mice treated with strains LP, PA, EF and
EC but not LR exhibited significantly reduced dextran
leakage in the serum compared with DSS control group,
even to the same level with that of the healthy control
group (Fig. 3a). LP, PA, EF also significantly reduced dex-
tran leakage in TNBS colitis model (Fig. 3b), indicating a
strong protective role of these bacterial strains on intes-
tinal barrier function. We further detected the expres-
sion of tight junction proteins in the colon. Among the
6 kinds of tight junction we detected, the mRNA expres-
sion of JAM-A (gene name F1Ir) and ZO-1 (gene name
Tjpl) were significantly upregulated by LP, PA and EC
(Fig. 3c-d, Additional file 8). The increased expression of
JAM-A in LR, LP, PA treated mice was further confirmed
by immunofluorescent staining (Fig. 3e-f). Moreover,

the immunofluorescent staining also showed increased
occludin expression in LR, LP and PA treated mice
(Fig. 3g-h). Notably, the expression of Muc2, the major
component of mucin layer in the intestinal, was down-
regulated in the other bacteria groups excluded EC group
(Fig. 3i), suggesting that the direct interaction between
intestinal epithelial cells and bacteria maybe beneficial
in enhancing the barrier function. Taken together, all
these data suggest that these bacterial strains significantly
enhance intestinal barrier function in vivo.

Human-derived bacterial strains modulated the structural
composition of gut microbiota

Since gut microbiota dysbiosis is an important feature
of colitis, we next investigated what kinds of resident
bacteria were modulated by these strains, and the rela-
tionship between specific modulated bacteria and dif-
ferent aspects of pathological features of colitis. We
performed bacterial 16S rRNA gene V3-V4 region
sequencing for all groups on the Illumina MiSeq plat-
form. A total of 2,958,720 usable high-quality raw reads
were obtained. The sequences were binned into 33,835
amplicon sequence variants (ASVs) at the 100% similarity
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Fig. 2 Human-derived bacteria reduced inflammatory responses in DSS-induced colitis mice. (a) Representative images showing immunohistological
staining of CD45 in colonic tissue of colitis mice and its statistical quantification. Scale bar =100 um. (b-e) gPCR quantification of Tnf (b), /16 (c), ll6 (d)
and /110 (e) expression in colonic tissue. n=5-10 mice per group. *P<0.05, **P<0.01, ***P < 0.001, ***P < 0.0001 vs. DSS + PBS group by ANOVA followed
by LSD post hoc test. LR: Lactobacillus rhamnosus, LP: Lactobacillus plantarum, PA: Pediococcus acidilactici, EF: Enterococcus faecium, EC: Escherichia coli

level after chimeras and singleton removing. Shannon’s
and Simpson’s index showed that these strains did not
restore bacterial diversity decreased by DSS (Fig. 4a).
Random Forest models showed the abundance of gut
microbiota could be used to predict the grouping (Addi-
tional file 9a). Principal coordinate analysis (PCoA)
based on Bray Curtis distances of ASV relative abun-
dance matrix was performed to provide an overview of
the gut microbiota composition of the seven groups. The
PCoA scores showed that the three selective strains and
the two positive control strains shifted the overall struc-
tures of the DSS-disrupted gut microbiota toward that of
normal mice (Fig. 4b). Multivariate analysis of variance
(MANOVA) derived from PCoA scores presented the
significant separations among the healthy control, DSS,
the strain groups (Fig. 4b).

Taxonomic assignment showed that there were 23
phyla, 199 families and 446 genera in the colonic content
of the mice (Additional file 9b-d). At the phylum level, all
the strains significantly increased the relative abundance
of Verrucomicrobia (Additional file 9b). At the family
level, all the strains increased bacteria belonging to Pep-
tostreptococcaceae and Akkermansiaceae (Additional file
9c). At the genus level, at least two of the three human
gut derived strains increased the relative abundances of

Romboutsia, Faecalibaculum, and Akkermansia, and
decreased that of Odoribacter and Clostridium sensu
stricto 1 (Additional file 9d).

Then a linear discriminant analysis (LDA) effect size
(LEfSe) was employed to identify specific bacterial phy-
lotypes that were different among the healthy group
(PBS), colitis group (DSS+PBS) and the treatment group
(DSS+LR/LP/PA/EF/EC). There were 269 different
ASVs among the three groups, with 122 ASVs enriched
in the healthy group, 87 ASVs in the colitis group and
60 ASVs in the treatment group (Fig. 4c). After combin-
ing the ASVs from the same genus or species, we got 12
significantly different genus/species. Among them, two
kinds of bacteria including Akkermansia and Entero-
cocus were enriched; while, seven bacteria including
Bifidobacterium, Dubosiella, Bacterioides acidifaciens,
Odoribacter, Rikenella, Oscillibacter, and Parasutterella
were reduced by at least two of the strains (Fig. 4d). Next,
Spearman’s correlation analysis was used to determine
associations between colitis/inflammation parameters
and overall microbiota composition represented by the
PCoA coordinates/ twelve specific symbiotic bacteria
which were modulated by the strains (Fig. 4e). Compo-
sitional changes of the gut microbiota along PCo2 and
PCo3 were significantly negatively associated with colitis
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Fig. 3 Human-derived bacteria restored gut barrier function in DSS-induced colitis model. (a, b) Relative level of FITC-dextran in serum of DSS (a) and
TNBS (b) treated mice. (¢, d) gPCR quantification of mRNA levels of Tjp7 (c) and F11r (d) in the colonic tissue. Gapdh served as an endogenous control.
(e, f) Representative immunofluorescence images of JAM-A (e) and its statistical quantification (f). (g, h) Representative immunofluorescence images of
Occludin (g) and its statistical quantification (h). (i) gPCR quantification of mRNA levels of Muc2. n=5-10 mice per group. *P<0.05, **P < 0.01, ***P < 0.001,
***¥p<0.0001 vs. DSS+PBS group by ANOVA followed by LSD post hoc test. LR: Lactobacillus rhamnosus, LP: Lactobacillus plantarum, PA: Pediococcus

acidilactici, EF: Enterococcus faecium, EC: Escherichia coli

and gut inflammation (Fig. 4e). More specifically, sym-
biotic Odoribacter, Rikenella, Oscillibacter, and Para-
sutterella were significantly positively correlated with
colitis and gut inflammation (Fig. 4e). All these results
suggest that these bacterial strains reduce inflammation-
related bacteria Odoribacter, Rikenella, Oscillibacter and
Parasutterella.

Given that LR mitigated colitis, increased the expres-
sion of tight junction proteins, but still failed to restore
gut barrier as indicated by dextran leakage, we assume
that this phenomenon might be related to resident gut
microbiota. We combined DSS group and LR group
as the “compromised gut barrier group’, and LP group
and the three isolated strain groups as the “restored gut

barrier group” (Fig. 5a). LEfSe was performed to iden-
tify specific bacterial phylotypes for which the abun-
dance was different among the healthy control group
(PBS), compromised gut barrier group (DSS+PBS/LR)
and restored gut barrier group (DSS+LP/PA/EF/EC).
There were 303 ASVs different among the three groups,
with 171 ASVs enriched in the healthy control group, 72
ASVs enriched in the compromised gut barrier group,
and 60 ASVs enriched in the restored gut barrier group
(Fig. 5a). After combining the ASVs from the same genus
or species, we got 13 significantly different genus/spe-
cies, which were divided into five groups according to
their abundance in each group (Fig. 5b). The first group
of bacteria included Akkermansia, Faecalibaculum,
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above and below the box indicated the maximum and minimum values. Differences were assessed by Mann-Whitney test. (c) Spearman rank correlation
heatmap of gut barrier parameters and PCoA coordinates/ 13 significantly different taxa in colonic content samples. Colors red and blue denoted posi-
tive and negative association, respectively. The intensity of the colors represented the degree of associations assessed by the Spearmen’s correlations.
The black dots in the blue/red cells indicated the associations were significant (p <0.05). & 0.1, *P<0.05, **P<0.01, **P<0.001 vs. DSS + PBS group by
ANOVA followed by LSD post hoc test. n=3-5 mice per group for the 16S rRNA gene sequencing of colonic content bacteria. LR: Lactobacillus rhamnosus,
LP: Lactobacillus plantarum, PA: Pediococcus acidilactici, EF: Enterococcus faecium, EC: Escherichia coli

and Bacteroides caecimuris. The three kinds of bacte-
ria were at the same level in PBS and DSS groups, and
increased by at least two of the selected strains. Notably,
LR decreased the relative abundance of Faecalibaculum
(Fig. 5b). The second group was Lactobacillus muri-
nus, which was lower in DSS group but higher in all the

groups administrated with selected bacteria (Fig. 5b). The
third group included Bifidobacterium, Muribaculaceae,
and Dubosiella, which were slightly reduced in the DSS
group and significantly lower in the LR group (Fig. 5b).
The fourth group had Desulfovibrio, Oscillibacter, and
Mucispirillum, which were enriched by DSS but reduced
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by LP and three selected strains (Fig. 5b). The fifth group
included B. vulgatus, B. thetaiotaomicron, and Blau-
tia, which were enriched in the DSS group and bacteria
groups (Fig. 5b). We next used Spearman’s correlation
analysis to determine associations between gut barrier
parameters and overall microbiota composition/ thirteen
modulated bacteria (Fig. 5¢). Bacteria along PCo2 were
significantly associated with FITC levels tested in the
serum (Fig. 5¢). At the genus/species level, symbiotic Fae-
calibaculum and L. murinus were significantly negatively
correlated with gut permeability, while Oscillibacter was
significantly positively correlated with gut permeability
(Fig. 5¢). All these results indicate that the human gut
derived bacterial strains have the potential to enrich gut
barrier-related bacteria Faecalibaculum and L. murinus.

Human-derived bacterial strains influenced SCFAs
metabolism

SCFAs are the end products of dietary fibers fermented
by gut microbiota, and are important mediators for the
treatment of bowel inflammatory diseases. We further
analyzed SCFA levels in each group (Fig. 6a-f). Among
all the SCFAs, only the relative content of acetate was
increased in mice treated by LR, LP, PA and EF (Fig. 6a).
In contrast, the relative contents of butyrate and isobu-
tyrate were reduced by LR, EF and/or EC (Fig. 6¢c-d). In
consistence with changes in SCFAs, the SCFA receptors
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also exhibited significant changes. The expression of
G-protein-coupled receptor 41 (GPR41), which is most
sensitive to butyrate and propionate, was downregulated
by LR, EF and EC (Fig. 6g), while the gene expression of
GPR43, which is most sensitive to acetate was signifi-
cantly increased by LR and EC (Fig. 6h). All these sug-
gest that the strains can improve the acetate metabolism,
and this might participate in the protective effect of these
bacterial strains.

In addition, we also detected the gene expression levels
of several other gut microbial metabolites-related recep-
tors including the aryl hydrocarbon receptor (AHR),
bile acid receptor TGR5 and farnesoid X receptor (FXR)
(Additional file 10). We found that the mRNA level of
TGR5 and FXR were markedly decreased by LP, EF
and EC (Additional file 10b, c), indicating that bile acid
metabolism and its related metabolites might also par-
ticipate in the protective effect of these bacterial strains,
which requires further exploration.

The protective role of these bacterial strains was
dependent on the preexisting gut microbiota

Since the endogenous gut microbiota and its metabolites
were significantly influenced by these bacterial strains
and correlated with colitis, we next determined if these
bacterial strains exerted their protective effects on coli-
tis through the endogenous gut microbiota. Mice were
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Fig. 6 Human-derived bacteria changed metabolites composition in cecum content samples from DSS-induced colitis model. (a-f) Relative abundance
of acetate (a), propionate (b), butyrate (c), isobutyrate (d), valerate (e) and isovalerate (f) quantified by GC-MS. (g, h) gPCR quantification of Gpr41 (g) and
Gpr43 (h) in the colonic tissue. Gapdh served as an endogenous control. n=5-10 mice per group. &p<0.1,*P<0.05,*P<0.01, **P<0.001, ****P < 0.0001
vs. DSS+PBS group by ANOVA followed by LSD post hoc test. LR: Lactobacillus rhamnosus, LP: Lactobacillus plantarum, PA: Pediococcus acidilactici, EF:

Enterococcus faecium, EC: Escherichia coli
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treated with broad-spectrum antibiotics for 2 weeks to
ablate preexisting bacteria as previously described (Addi-
tional file 3) [27]. We found that the protective effects of
these bacteria on colitis phenotype and gut barrier func-
tion were totally abolished in antibiotic-treated mice, as
indicated by unimproved weight loss, DAI score, colon
length, histological score of H&E staining, and serum
FITC-dextran level (Fig. 7A-F). These results suggest
that these bacterial strains exert their protective role in
vivo through preexisting microbiota.

Discussion

Despite the fact that the association between colitis and
the imbalance of gut microbiota is undisputable, the role
and the mechanisms of the endogenous gut microbiota
in ameliorating colitis remain elusive. Here, our study
showed the indispensable function of the endogenous gut
microbiota. The new findings of our study compared with
previous related studies are: (1) The selected human gut
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derived bacterial strains P. acidilactici, E. faecium, and E.
coli significantly mitigated colitis and repaired gut barrier
function, while ablation of resident gut microbiota using
broad-spectrum antibiotics fully abolished protective
effects on colitis and gut barrier function of these iso-
lated strains; (2) All the three selective strains increased
the relative abundance of endogenous bacteria belonging
to Faecalibaculum and L. murinus, which were signifi-
cantly positively correlated with gut barrier; and reduced
the relative abundance of the endogenous bacteria from
Odoribacter, Rikenella, Oscillibacter and Parasutterella,
which were positively correlated with inflammation;
(3) Strain PA and EF increased the relative level of gut
microbiota metabolite acetate, and strain EC promoted
the mRNA expression of acetate receptor GPR43. All
these suggest that the composition and metabolism of
endogenous gut microbiota are required for human gut
bacteria-mediated amelioration of colitis.
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Fig. 7 Ablation of preexisting gut microbiota abolished the protective role of specific bacterial strains. (a) Percentage of body weight changes at day 5
after DSS administration. (b) Colon length of mice at day 5 after DSS administration. (c) Quantification of the DAI score of mice at day 5 after DSS admin-
istration. (d) Quantification of histological scores of colon tissue. (e) Representative images showing H&E staining of colonic tissue in DSS-induced colitis
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As demonstrated in our study, the selected bacterial
strains protected mice from experimental colitis through
restoring the homeostasis of gut microbiota, while anti-
biotics completely eliminated the therapeutic effect by
removing the gut microbiota, emphasizing the impor-
tance of a balanced gut microbiota in the treatment of
colitis. Although antibiotics were sometimes used for
the treatment of acute severe ulcerative colitis [28], their
effects in colitis remain controversial [29]. In consis-
tence with our results, application of antibiotics was even
reported to aggravate colitis by inducing gut dysbiosis,
loss of immune tolerance [30] and impairment of gut
barrier [31, 32]. In addition, probiotics induced a mark-
edly delayed and persistently incomplete post-antibiotic
reconstitution of resident gut microbiota [33]. All these
remind us that antibiotics should be prudently used
before clinical application of probiotics because the resi-
dent gut microbiota might be the target of probiotics.

Generally, to ameliorate the symptoms of IBD, probiot-
ics bacterial strains are isolated from diet or the feces of
healthy adult donors, and fecal microbial suspension for
EMT are also produced from the fecal samples of healthy
donors to minimize risks of disease transmission [13].
However, here we isolated bacterial strains from the feces
of a healthy infant and a patient with colitis in remission,
and amazingly, they markedly repaired intestinal barrier
dysfunction and significantly reduced inflammation in
mouse colitis models. Infants have the developing gut,
with high permeability, simple and immature gut micro-
biota and imperfect immune system. Therefore, the bac-
teria in it adapt to this environment, and may have the
function of keeping gut barrier intact and healthy and not
over-activating immune response, and finally maintain-
ing the healthy steady state of the host’s gut. In contrast,
patients with colitis have the gut recovering from severe
damages. The bacteria in the intestinal tract may have the
function of restoring the gut barrier or stimulating the
activation of the protective mechanism of the gut. Bac-
teria from developing guts (infants) or recovering guts
(colitis patients in remission) may have unique protective
properties. Specifically, these bacteria may help maintain
intestinal barrier integrity and avoid excessive immune
activation, thereby contributing to gut health. Although
the microbiota of mice is very different from human,
often human bacterial strains do not even colonize mice
[34], and the abundances of certain bacteria vary greatly
between mice and human, such as Lactobacillus, Faecali-
bacterium [35], our isolated bacterial strains from human
volunteers were effective in attenuating gut barrier dys-
function and colitis in mice.

In our study, the three selective strains didn’t increase
the bacterial diversity, but induced partial and significant
changes in overall gut microbiota structure disrupted by
DSS. The overall structural changes of gut microbiota
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(PCos of the PCoA plot) were associated with colitis
phenotypes in the mouse model. It is thus important to
identify changes in species-level or subspecies-level phe-
notypes in response to the treatment of these strains.
Although it showed strain specificity in modulation of gut
microbiota by probiotics, the three strains here shared
some common features in regulating gut microbiota
composition, particularly in increasing the relative abun-
dance of beneficial bactria Faecalibaculum and L. muri-
nus and decreasing that of inflammation-related bacteria
Odoribacter, Rikenella, Oscillibacter and Parasutterella.
Notably, increased Faecalibaculum and L. murinus were
significantly negatively correlated with gut permeability
in this study. In previous studies, L.murinus was shown
to reduce intestinal barrier damage in rat with necrotiz-
ing enterocolitis [36], and decrease the intestinal perme-
ability and serum endotoxin load in gnotobiotic mice
colonized with the gut microbiota from old mice [37].
Similarly, Faecalibaculum could be raised by the probiot-
ics [38] and E rodentium from this genus protected from
colonic tumor growth in mice [39]. However, the spe-
cific protective role of Faecalibaculum on the gut barrier
remains to be elucidated. While, decreased Odoribacter,
Rikenella, Oscillibacter and Parasutterella were positively
correlated with inflammation here. In some research-
ers’ studies, Odoribacter, an isovaleric acid-producing
bacteria, has been isolated from the inflammatory habi-
tat [40] and suggested to have proinflammatory proper-
ties [41]. While, in some other researches, Odoribacter,
was associated with anti-inflammatory properties and
found to be correlated with the positive clinical response
of UC patients to FMT therapy [42, 43]. These contra-
dictory results indicate that further functional experi-
ments are needed to verify the results of these correlation
studies. Consistent with our results, probiotic cocktail
VSL#3 decreased Oscillibacter in colitis-associated car-
cinogenesis mouse model [44], and Oscillibacter could
cause bacteremia [45]. Parasutterella, a new member of
the core gut microbiota [46], was recently reported to be
associated with intestinal chronic inflammation [47]. All
these previous studies support that we here identify the
modulated bacteria which had the potential to enhance
gut barrier function or induce inflammation. The modu-
lation of gut microbiota represented by increase of bacte-
ria enhancing gut barrier and reduce of proinflammatory
bacteria may be an important mechanism for the treat-
ment of colitis by the selective bacteria.

Short chain fatty acids (SCFAs), which are produced
by fermentation of dietary fiber by intestinal microbiota,
are considered as a critical element to protect against the
development of intestinal inflammation [22]. A feature
of patients with ulcerative colitis or other colitis diseases
is the reduction in SCFAs, including acetate, propio-
nate and butyrate [48], and decreased SCFA-producing
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bacteria, such as Clostridium [49]. Moreover, increased
intake of fermentable dietary fiber or SCFAs, is clini-
cally beneficial in the treatment of colitis [50]. Acetate,
the most abundant SCFAs, binds the GPR43 [22]. Gpr43-
deficient mice presented with exacerbated inflammation
in colitis models, and germ-free mice, which are devoid of
bacteria and express little or no SCFAs, showed a similar
dysregulation of inflammatory responses [22], suggest-
ing that SCFAs-GPR43 interactions may affect inflam-
mation. SCFAs could reduce inflammation by mediating
the homeostasis of Treg cells and T cell response dur-
ing colitis [23, 51]. In our study, we also noticed that the
relative contents of acetate or expression of receptor
GPR43 were increased in the three strains treated group.
Moreover, The increased L.murinus and Faecalibacu-
lum were reported to produce acetate [52, 53]. Together,
these observations suggest that the gut microbial acetate
metabolism provides a link between the gut microbiota
and host inflammatory responses.

Conclusions

To summarize, our study identified three human-derived
bacterial strains that exerted protective effects on colitis
through the modulation of endogenous gut microbiota
in mouse colitis models. Bacterial acetate metabolism
might be involved in this effect, but further experiments
are warranted to elucidate the underlying mechanisms.
Although translation of these findings to clinical applica-
tions remains a significant challenge, ‘gut microbiota-tar-
geted’ bacterial strain intervention strategies may become
an important element in the amelioration of colitis.

Methods

Human donor

Two donors were selected for this study. Donor 1 was
a healthy, breast-fed male infant aged four and a half
months, who had been fed on supplementary food half
a month prior. Donor 2 was a 48-year-old male patient
diagnosed with ulcerative colitis, currently in remission
following treatment with hormone and 5-aminosali-
cylic acid. His colonoscopy revealed no ulcers or puru-
lent secretions in the gut membrane. Written informed
consent was obtained from the patient and the guardian
of the infant. All studies involving human samples were
approved by the ethics committee of Shanghai General
Hospital (2019SQ157) and performed in accordance with
the Declaration of Helsinki.

Fecal suspension and bacterial isolation

Fresh fecal samples of the donors were collected in an
oxygen-free environment and quickly transferred to an
anaerobic workstation. There they were homogenized
and diluted 5-fold with sterile, pre-reduced 0.01 M phos-
phate buffer saline (PBS, pH 7.4). Any food derived debris
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was removed through sterile gauze. For bacterial isola-
tion, the fecal samples were anaerobically incubated with
de Man, Rogosa, Sharpe (MRS) for 48 h, and aerobically
incubated with Luria—Bertani (LB) mediums for 24 h.
After marking every single colony twice, the bacterial
strains were preserved for further usage.

Animal trial

All procedures were approved by the Animal Ethics
Committee of Shanghai General Hospital (2019-A053-
01), and the research methods were carried out by the
approved guidelines. C57BL/6 mice (6—8 weeks, male)
were purchased from Shanghai SLAC Laboratory Ani-
mal Co Ltd. Mouse colitis models were induced by DSS
(MP, #216,011,050) or TNBS (Sigma, #P2297). The DSS
colitis model was induced by adding 4% DSS in drinking
water for 5 days. Mice were sacrificed at day 5. The TNBS
colitis model was induced by administering 150 mg/kg
TNBS in 50% ethanol intracolonically. Mice were sacri-
ficed at day 3. Antibiotic pre-treatment was performed
by adding ampicillin (I mg/mL, MCE, #HY-B0522),
gentamicin (1 mg/mL, MCE, #HY-A0276), metronida-
zole (1 mg/mL, MCE, #HY-B0318), neomycin (1 mg/
mL, MCE, #HY-B0470) and vancomycin (0.5 mg/mL,
MCE, #HY-B0671) to autoclaved drinking water, with 2%
sucrose used as the sweetener as previously described
[54]. Mice were fed with antibiotic-containing water for
2 weeks. Twenty-four hours after changed into normal
autoclaved water, mice were further induced with colitis
and treated with bacterial strains. Isolated strains and
fecal bacterial suspension of donor 1 were intragastric
administrated to mice. Lactobacillus reuteri (LR) and L.
plantarum (LP) served as positive controls based on the
previous studies in which they could protect mice from
DSS-induced colitis [55, 56]. LR, LP, PA, EF and BB were
cultured in MRS medium to the plateau period, and EC
and EC2 were in LB medium to the plateau period. A
dose of 10° colony-forming units (CFUs) of each bacte-
rial strain was resuspended in 100ul PBS (or fecal suspen-
sion) and administered to mice daily by oral gavage three
days before colitis induction. Mice treated with equal vol-
ume of PBS served as the blank control. During the final
sample collection, mice were anesthetized using 1% pen-
tobarbital sodium (50 mg/kg) during the whole process
and after sample collection, mice were sacrificed using
cervical dislocation as the euthanasia method.

Gut permeability measurement

Mice were starved overnight and administered with
fluorescein isothiocyanate (FITC)-dextran (250 mg/kg,
Sigma, #FD40) through oral gavage. Four hours after the
administration, mice were sacrificed and blood samples
were collected. The concentration of serum FITC-dextran
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was determined using a fluorescent microplate reader,
with excitation at 485 nm and measurement at 519 nm.

Hematoxylin and eosin (H&E), immunofluorescence, and
immunohistochemistry staining (IHC)

Fresh tissues were fixed with 4% neutral paraformalde-
hyde at room temperature for 12 to 24 h, embedded in
paraffin and processed into 4 pm sections. H&E staining
was done as previously described [57]. Antigen retrieval
of immunofluorescence staining was achieved with heat
in citrate antigen retrieval solution (Sangon, #E673002).
The sections was then incubated with JAM-A antibody
(Abcam, #ab180821) or Occludin (Invitrogen, #33-1500)
at a 1:100 dilution overnight at 4C and then incubated
with Alexa Fluor® 594 Conjugated secondary antibody
(CST, #8889). DAPI was used for nucleus staining. Sec-
tions were imaged with fluorescent microscope (LEICA).
Mean fluorescence intensity were quantified using the
LAS X software.

Antigen retrieval of IHC staining was achieved by
10 min digestion with proteinase K (20 pg/ml, Beyotime,
#ST532). The sections were then incubated with CD45
(CST, #55,307) or F4/80 (Abcam, #ab6640) antibody
at a 1:100 dilution overnight at 4C and then incubated
with alkaline phosphatase-linked secondary antibody
(Abcam, #ab6846). SIGMA FAST™ Fast Red TR/Naph-
thol AS-MX Tablets (Sigma-Aldrich, #F4648) was used
for the detection.

Assessment of histological score and disease activity index
(DAI)

Histological score was determined in H&E sections. The
severity of inflammation (0=none, 1=mild, 2=moderate,
and 3=severe), the level of inflammation involvement
(0=none, 1=mucosa, 2=mucosa and submucosa, and
3=transmural), and the extent of epithelial/crypt dam-
age (0O=none, 1=basal 1/3, 2=basal 2/3, 3=crypt loss,
4=crypt and surface epithelial destruction) were assessed
and summed up to one histological score. All sections
were analyzed by two experienced pathologists indepen-
dently. The DAI score was evaluated by monitoring body
weight loss (0=0%, 1=1-5%, 2=5-10%, 3=10-20%, 4 =
>20%), stool consistency (0=normal, 1=loose, 2=diar-
rhea) and rectal bleeding (O=negative, 1 =+, 2 =++, 3 =
+++, 4=gross bleeding).

Quantification of host gene expression

Total RNA was extracted using the TRIzol reagent
(Invitrogen, #15,596,026) and reverse transcribed into
¢DNA using the PrimeScript™ RT reagent Kit (Takara,
#RR037A) according to the manufacturer’s instruc-
tions. Quantitative PCR (qPCR) was performed using
TB Green® Premix Ex Taq™ (Takara, #RR420A). Each
qPCR reaction was performed in triplicate, and the gene
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expression levels were determined by the 2724 algo-
rithm. The primers are listed as follows: 1/1b forward: 5'-
TTGACGGACCCCAAAAGAT-3, reverse: 5-GAAGCT
GGATGCTCTCATCTG-3’; 1l6 forward: 5-TTCATTCT
CTTTGCTCTTGAATTAGA-3; reverse: 5-GTCTGACC
TTTAGCTTCAAATCCT-3; Tnf forward: 5-TCTCTTC
AAGGGACAAGGCTG-3; reverse: 5’-ATAGCAAATCG
GCTGACGGT-3’; 1110 forward: 5-GGTTGCCAAGCC
TTATCGGA-3, reverse: 5-ACCTGCTCCACTGCCTT
GCT-3%; ll17a forward: 5-CAGGGAGAGCTTCATCTG
TGT-3, reverse: 5-GCTGAGCTTTGAGGGATGAT-3’;
L17f forward: 5-CCCAGGAAGACATACTCAGAAGA
AAA-3] reverse: 5-GCAAGTCCCAACATCAACAG-3;
Tipl forward: 5-GCAAGTCCCAACATCAACAG-3;
reverse: 5-GCAATGGTGGTCCTTCACCT-3; Cldnl
forward: 5-CTGGCTTCGCTGGGATGGAT-3; reverse:
5-TATCTGCCCGGTGCTTTGCG-3; Cldn2 forward:
5-GTCATCGCCCATCAGAAGAT-3, reverse: 5-ACT
GTTGGACAGGGAACCAG-3’; Cldn5 forward: 5-GC
TCTCAGAGTCCGTTGACC-3; reverse: 5-CTGCCCT
TTCAGGTTAGCAG-3’; Ocln forward: 5-CACACTTG
CTTGGGACAGAG-3, reverse: 5-TAGCCATAGCCTC
CATAGCC-3’; Muc2 forward: 5-GATGGCACCTACC
TCGTTGT-3; reverse: 5-GTCCTGGCACTTGTTGGA
AT-3’; Tir4 forward: 5-AGGTTGAGAAGTCCCTGCT
G-3; reverse: 5-CGAGGCTTTTCCATCCAATA-3’; Ahr
forward: 5-AGACCGGCTGAACACAGAGT-3, reverse:
5-GTCAGCAGGGGTGGACTTTA-3; Gpr43 forward:
5-GGCTTCTACAGCAGCATCTA-3; reverse: 5-AAG
CACACCAGGAAATTAAG-3’; Gpr4l forward: 5-GTG
ACCATGGGGACAAGCTTC-3, reverse: 5-CCCTGGC
TGTAGGTTGCATT-3’; Fxr forward: 5-GCAACCAGT
CATGTACAGATTC-3, reverse: 5-TTATTGAAAATCT
CCGCCGAAC-3’; Tgr5 forward: 5-GCCTCATCGTCA
TCGCCAACC-3, reverse: 5-GGAAGAAGCAGCCAG
CAGGTG-3’; Gapdh forward: 5-CAAGGCTGTGGGC
AAGGTCATC-3; reverse: 5-TCTCCAGGCGGCACGT
CAG-3.

16S rRNA gene sequencing

Colonic content samples were collected from the mice
after the sacrifice. Bacterial genomic DNA was extracted
from colonic content samples using bead beating and the
OMEGA Soil DNA Kit (Omega Bio-Tek, #M5635-02)
following the manufacturer’s instructions. The extracted
DNA was used as the template to amplify the V3-V4
region of the 16S rRNA gene by using the forward primer
338 F (5-ACTCCTACGGGAGGCAGCA-3) and the
reverse primer 806R (5-GGACTACHVGGGTWTC-
TAAT-3’). Sample-specific 7 bp barcodes were incorpo-
rated into the primers for multiplex sequencing. PCR
amplicons were purified with Vazyme VAHTSTM DNA
Clean Beads (Vazyme, #N411-03) and quantified using
the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen,
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#P7589). Amplicons were pooled in equal amounts, and
pair-end 2x250 bp sequencing was performed using the
[lumina Miseq platform with MiSeq Reagent Kit v3 (Illu-
mina, MS-102-3003).

Bioinformatics and statistical analysis of 16S rRNA gene
sequencing data

The microbiome bioinformatics pipeline was performed
with QIIME2 2019.4 [58] and R packages (v3.2.0). Briefly,
raw sequence data were demultiplexed using the demux
plugin following by primers cutting with cutadapt plugin.
Sequences were then quality filtered, denoised, merged
and chimera removed using the DADA2 plugin. Non-sin-
gleton amplicon sequence variants (ASVs) were aligned
with mafft and used to construct a phylogeny with fast-
tree2. Sequences were rarefied to 40,214 sequences per
sample. Taxonomy was assigned to ASVs using the clas-
sify-sklearn naive Bayes taxonomy classifier in feature-
classifier plugin against the SILVA Release 132 Database.
Alpha-diversity metrics (Shannon and Simpson) were
estimated using the diversity plugin. Random forest anal-
ysis was performed using QIIME2 with default settings.
After beta-diversity metrics based on Bray-Curtis dis-
similarity were calculated, the significance of differentia-
tion in microbiota structure among groups was assessed
by multivariate analysis of variance (MANOVA) test in
MATLAB R2018b. Linear discriminant analysis effect
size (LEfSe) was contrasted based on the relative abun-
dance of ASVs. The ASVs were picked out when alpha
value of the factorial Kruskal-Wallis test was <0.05, and
the logarithmic LDA score was >2.0. Then, the ASVs
from the same genus/species were combined. The signifi-
cance of the differences among the seven groups at the
phylum, family, genus and ASV levels were calculated by
Mann-Whitney test. The associations between the differ-
ential ASVs/bacteria and the gut barrier parameters were
evaluated by Spearman’s rank correlation.

Cecal short chain fatty acids’ measurement

The concentrations of the short chain fatty acids (SCFAs),
including acetate, propionate, butyrate, isobutyrate and
n-valerate, and isovalerate in the cecal content were
determined as follows. Two milliliters of supernatant
were prepared by reconstituting all cecal content of
each mouse in 0.01 M PBS followed by centrifugation
at 9000 g for 5 min at 4 °C. The supernatant was acidi-
fied with a 1/10 volume of 50% H,SO, and extracted with
ethyl ether. The concentrations of SCFAs were deter-
mined in the organic phase using an Agilent 6890 N
gas chromatograph (Agilent Technologies, Wilming-
ton, DE, USA) equipped with a polar HP-FFAP capillary
column (0.25 mm X 0.25 mm X 30 m) and flame ioniza-
tion detector (Agilent Technologies, Wilmington, DE,
USA). Helium was used as the carrier gas. The initial
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oven temperature was 120 °C, which was maintained for
16 min and then raised to 122 °C at 5 °C / min, increased
to 250 °C at 30 °C / min, and held at this temperature
for 3 min. The detector temperature was 270 °C, and the
injector temperature was 260 °C. Data handling was per-
formed with an Agilent ChemStation (version G2070AA,
Agilent Technologies, Wilmington, DE, USA).

Statistical analysis

Normally distributed data were analyzed by analysis of
variance (ANOVA) followed by LSD post hoc test. Data
that did not meet the assumptions of analysis of variance
were analyzed by the Mann-Whitney test. P<0.05 was
considered as statistically significant.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512866-024-03216-5.

[ Supplementary Material 1 J

Acknowledgements
Not applicable.

Author contributions

JW, MJ.and J.D. designed the study and performed the experiments, JW. and
X.W analyzed the data, JW. and J.D. wrote the manuscript; JW. and T.L. revised
the manuscript. JW,, M.J. and LW. provided funding to support the study.

Funding

This work was supported by grants from National Natural Science Foundation
of China (Grant No. 81600409, 81870594 and 82300735) and Shanghai General
Hospital (Grant No. 06N1702003).

Data availability
The dataset for this study can be found in GenBank Sequence Read Archive
database (accession number SRP323179).

Declarations

Ethics approval and consent to participate

Procedures involving human samples were performed in accordance with the
Declaration of Helsinki and approved by the Ethical Committee from Shanghai
General Hospital (Approval number: 20195Q157). Written informed consent
was obtained from the patient and the guardian of the infant. All procedures
concerning experimental animals were approved by the Animal Ethics
Committee of Shanghai General Hospital (Approval number: 2019-A053-01).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Shanghai Key Laboratory of Pancreatic Diseases, Institute of Translational
Medicine, Shanghai General Hospital, Shanghai Jiao Tong University
School of Medicine, Shanghai, China

Department of Intensive Care Unit, State Key Laboratory of Oncology in
South China, Collaborative Innovation Center for Cancer Medicine, Sun
Yat-sen University Cancer Center, Guangzhou 510060, PR. China


https://doi.org/10.1186/s12866-024-03216-5
https://doi.org/10.1186/s12866-024-03216-5

Dai et al. BMC Microbiology (2024) 24:96

*Department of Head and Neck Surgery, State Key Laboratory of
Oncology in South China, Collaborative Innovation Center for Cancer
Medicine, Sun Yat-sen University Cancer Center, Guangzhou

510060, PR. China

“Department of Stomatology, Shanghai General Hospital, Shanghai Jiao
Tong University School of Medicine, Shanghai, China

Received: 12 July 2023 / Accepted: 7 February 2024
Published online: 23 March 2024

References

1. Shen ZH, Zhu CX, QuanYS, Yang ZY,Wu S, Luo WW, et al. Relationship
between intestinal microbiota and ulcerative colitis: mechanisms and clini-
cal application of probiotics and fecal microbiota transplantation. World J
Gastroentero. 2018;24(1):5-14.

2. HudcovicT, Stepankova R, Cebra J, Tlaskalova-Hogenova H. The role of
microflora in the development of intestinal inflammation: acute and chronic
colitis induced by dextran sulfate in germ-free and conventionally reared
immunocompetent and immunodeficient mice. Folia Microbiol (Praha).
2001,46(6):565-72.

3. Haberman, Karns R, Dexheimer PJ, Schirmer M, Somekh J, Jurickova |, et al.
Ulcerative colitis mucosal transcriptomes reveal mitochondriopathy and per-
sonalized mechanisms underlying disease severity and treatment response.
Nat Commun. 2019;10(1):38.

4. Nemoto H, Kataoka K, Ishikawa H, Ikata K, Arimochi H, IwasakiT, et al.
Reduced diversity and imbalance of fecal microbiota in patients with ulcer-
ative colitis. Dig Dis Sci. 2012;57(11):2955-64.

5. Machiels K, Joossens M, Sabino J, De Preter V, Arijs |, Eeckhaut V, et al. A
decrease of the butyrate-producing species Roseburia hominis and Faecali-
bacterium prausnitzii defines dysbiosis in patients with ulcerative colitis. Gut.
2014;63(8):1275-83.

6.  Franzosa EA, Sirota-Madi A, Avila-Pacheco J, Fornelos N, Haiser HJ, Reinker S et
al. Gut microbiome structure and metabolic activity in inflammatory bowel
disease. Nat Microbiol. 2018.

7. Garrett WS, Gallini CA, Yatsunenko T, Michaud M, DuBois A, Delaney
ML, et al. Enterobacteriaceae act in concert with the gut microbiota to
induce spontaneous and maternally transmitted colitis. Cell Host Microbe.
2010;8(3):292-300.

8. Shmuel-Galia L, Humphries F, Lei X, Ceglia S, Wilson R, Jiang Z, et al.

Dysbiosis exacerbates colitis by promoting ubiquitination and accumula-
tion of the innate immune adaptor STING in myeloid cells. Immunity.
2021,54(6):1137-53€8.

9. Tran HQ Ley RE, Gewirtz AT, Chassaing B. Flagellin-elicited adaptive immunity
suppresses flagellated microbiota and vaccinates against chronic inflamma-
tory diseases. Nat Commun. 2019;10(1):5650.

10. Bernardo D, Vallejo-Diez S, Mann ER, Al-Hassi HO, Martinez-Abad B, Mon-
talvillo E, et al. IL-6 promotes immune responses in human ulcerative colitis
and induces a skin-homing phenotype in the dendritic cells and tcells they
stimulate. Eur J Immunol. 2012;42(5):1337-53.

11. van der Lelie D, Oka A, Taghavi S, Umeno J, Fan TJ, Merrell KE, et al. Rationally
designed bacterial consortia to treat chronic immune-mediated colitis and
restore intestinal homeostasis. Nat Commun. 2021;12(1):3105.

12. FanL,QiY,QuS, Chen X, Li A, Hendi M, et al. B. adolescentis ameliorates
chronic colitis by regulating Treg/Th2 response and gut microbiota remodel-
ing. Gut Microbes. 2021;13(1):1-17.

13. Costello SP, Hughes PA, Waters O, Bryant RV, Vincent AD, Blatchford P, et al.
Effect of fecal microbiota transplantation on 8-Week remission in patients
with Ulcerative Colitis: a Randomized Clinical Trial. JAMA. 2019;321(2):156-64.

14. WangT, Zheng N, Luo Q, Jiang L, He B, Yuan X, et al. Probiotics Lactobacillus
reuteri abrogates Immune Checkpoint Blockade-Associated Colitis by Inhibit-
ing Group 3 innate lymphoid cells. Front Immunol. 2019;10:1235.

15. ChenY, JinY, Stanton C, Paul Ross R, Zhao J, Zhang H, et al. Alleviation effects
of Bifidobacterium breve on DSS-induced colitis depends on intestinal
tract barrier maintenance and gut microbiota modulation. Eur J Nutr.
2021,60(1):369-87.

16. ZhaiR, Xue X, Zhang L, Yang X, Zhao L, Zhang C. Strain-specific anti-inflam-
matory properties of two Akkermansia muciniphila strains on Chronic Colitis
in mice. Front Cell Infect Microbiol. 2019;9:239.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 15 of 16

Bian X, Wu W, Yang L, Lv L, Wang Q, Li Y, et al. Administration of Akkermansia
muciniphila ameliorates Dextran Sulfate Sodium-Induced Ulcerative Colitis in
mice. Front Microbiol. 2019;10:2259.

Yoshimatsu Y, Yamada A, Furukawa R, Sono K, Osamura A, Nakamura K, et al.
Effectiveness of probiotic therapy for the prevention of relapse in patients
with inactive ulcerative colitis. World J Gastroentero. 2015;21(19):5985-94.
Philippe D, Heupel E, Blum-Sperisen S, Riedel CU. Treatment with Bifidobac-
terium bifidum 17 partially protects mice from Th1-driven inflammation in a
chemically induced model of colitis. Int J Food Microbiol. 2011;149(1):45-9.
Yin M, Yan X, Weng W, Yang Y, Gao R, Liu M, et al. Micro Integral Membrane
Protein (MIMP), a newly discovered anti-inflammatory protein of Lactobacil-
lus Plantarum, enhances the gut barrier and modulates microbiota and
inflammatory cytokines. Cell Physiol Biochem. 2018;45(2):474-90.
LiW,Hang S, Fang Y, Bae S, Zhang Y, Zhang M et al. A bacterial bile acid
metabolite modulates Treg activity through the nuclear hormone receptor
NR4AT1. Cell Host Microbe. 2021.

Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, et al. Regulation of
inflammatory responses by gut microbiota and chemoattractant receptor
GPR43. Nature. 2009;461(7268):1282-6.

Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly YM, et al.
The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell
homeostasis. Science. 2013:341(6145):569-73.

Praveschotinunt P, Duraj-Thatte AM, Gelfat |, Bahl F, Chou DB, Joshi NS.
Engineered E. Coli Nissle 1917 for the delivery of matrix-tethered therapeutic
domains to the gut. Nat Commun. 2019;10(1):5580.

Paramsothy S, Nielsen S, Kamm MA, Deshpande NP, Faith JJ, Clemente JC,

et al. Specific Bacteria and metabolites Associated with response to fecal
microbiota transplantation in patients with Ulcerative Colitis. Gastroenterol-
0gy. 2019;156(5):1440-54. e2.

Fuentes S, Rossen NG, van der Spek MJ, Hartman JH, Huuskonen L, Korpela
K, et al. Microbial shifts and signatures of long-term remission in ulcerative
colitis after faecal microbiota transplantation. ISME J. 2017;11(8):1877-89.
Manfredo Vieira S, Hiltensperger M, KumarV, Zegarra-Ruiz D, Dehner C, Khan
N, et al. Translocation of a gut pathobiont drives autoimmunity in mice and
humans. Science. 2018;359(6380):1156-61.

Mishra S, Mandavdhare HS, Singh H, Choudhury A, Shah J,Ram S, et al.
Adjuvant use of combination of antibiotics in acute severe ulcerative

colitis: a placebo controlled randomized trial. Expert Rev Anti Infect Ther.
2021;19(7):949-55.

Ledder O, Turner D. Antibiotics in IBD: still a role in the Biological era? Inflamm
Bowel Dis. 2018,24(8):1676-88.

Miyoshi J, Bobe AM, Miyoshi S, Huang Y, Hubert N, Delmont TO, et al.
Peripartum Antibiotics promote gut dysbiosis, loss of Immune Tolerance,
and inflammatory bowel disease in genetically prone offspring. Cell Rep.
2017;20(2):491-504.

Yoon H, Schaubeck M, Lagkouvardos |, Bles| A, Heinzimeir S, Hahne H, et al.
Increased pancreatic protease activity in response to Antibiotics impairs gut
barrier and triggers colitis. Cell Mol Gastroenterol Hepatol. 2018;6(3):370-88.
e3.

Hernandez-Chirlaque C, Aranda CJ, Ocon B, Capitan-Canadas F, Ortega-
Gonzalez M, Carrero JJ, et al. Germ-free and antibiotic-treated mice are
highly susceptible to Epithelial Injury in DSS Colitis. J Crohns Colitis.
2016;10(11):1324-35.

Suez J, Zmora N, Zilberman-Schapira G, Mor U, Dori-Bachash M, Bashiardes S,
et al. Post-antibiotic gut mucosal microbiome reconstitution is impaired by
Probiotics and improved by autologous FMT. Cell. 2018;174(6):1406-23e16.
Wang JJ, Wang J, Pang XY, Zhao LP, Tian L, Wang XP. Sex differences in
colonization of gut microbiota from a man with short-term vegetarian and
inulin-supplemented diet in germ-free mice. Sci Rep. 2016,6:36137.

Wang J, Lang T, Shen J, Dai J, Tian L, Wang X. Core Gut Bacteria Analysis of
Healthy Mice. Front Microbiol. 2019;10:887.

Isani M, Bell BA, Delaplain PT, Bowling JD, Golden JM, Elizee M, et al. Lactoba-
cillus murinus HF12 colonizes neonatal gut and protects rats from necrotiz-
ing enterocolitis. PLoS ONE. 2018;13(6):e0196710.

Pan F, Zhang L, Li M, Hu Y, Zeng B, Yuan H, et al. Predominant gut Lactobacil-
lus murinus strain mediates anti-inflammaging effects in calorie-restricted
mice. Microbiome. 2018,6(1):54.

Wen J,Ma L, XuY,Wu J,YuY, Peng J, et al. Effects of probiotic litchi juice on
immunomodulatory function and gut microbiota in mice. Food Res Int.
2020;137:109433.

Zagato E, Pozzi C, Bertocchi A, Schioppa T, Saccheri F, Guglietta S, et al.
Endogenous murine microbiota member Faecalibaculum rodentium and its



Dai et al. BMC Microbiology

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2024) 24:96

human homologue protect from intestinal tumour growth. Nat Microbiol.
2020,5(3):511-24.

Hardham JM, King KW, Dreier K, Wong J, Strietzel C, Eversole RR, et al. Transfer
of Bacteroides splanchnicus to Odoribacter gen. nov. as Odoribacter splanch-
nicus comb. nov., and description of Odoribacter denticanis sp. nov., isolated
from the crevicular spaces of canine periodontitis patients. Int J Syst Evol
Microbiol. 2008,58(Pt 1):103-9.

Nagai F, Morotomi M, Watanabe Y, Sakon H, Tanaka R. Alistipes indistinctus
sp. nov. and Odoribacter laneus sp. nov., common members of the human
intestinal microbiota isolated from faeces. Int J Syst Evol Microbiol. 2010;,60(Pt
6):1296-302.

Saleh A, Parsa S, Garza M, Quigley EMM, Abraham BP. The role of fecal
microbiota transplantation in the induction of Remission in Ulcerative Colitis.
Digest Dis. 2023;41(4):656-65.

Zhang WY, Zou GL, Li B, Du XF, Sun Z, SunY, et al. Fecal microbiota trans-
plantation (FMT) alleviates experimental colitis in mice by Gut Microbiota
Regulation. J Microbiol Biotechn. 2020;30(8):1132-41.

Wang CS, Li WB, Wang HY, Ma YM, Zhao XH, Yang H, et al. VSL#3 can prevent
ulcerative colitis-associated carcinogenesis in mice. World J Gastroenterol.
2018,24(37):4254-62.

Sydenham TV, Arpi M, Klein K, Justesen US. Four cases of bacteremia caused
by Oscillibacter ruminantium, a newly described species. J Clin Microbiol.
2014;52(4):1304-7.

JuT, Kong JY, Stothard P, Willing BP. Defining the role of Parasutterella, a
previously uncharacterized member of the core gut microbiota. ISME J.
2019;13(6):1520-34.

Chen YJ,Wu H,Wu SD, Lu N, Wang YT, Liu HN, et al. Parasutterella, in associa-
tion with irritable bowel syndrome and intestinal chronic inflammation. J
Gastroenterol Hepatol. 2018;33(11):1844-52.

Treem WR, Ahsan N, Shoup M, Hyams JS. Fecal short-chain fatty acids in
children with inflammatory bowel disease. J Pediatr Gastroenterol Nutr.
1994;18(2):159-64.

Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR.
Molecular-phylogenetic characterization of microbial community imbal-
ances in human inflammatory bowel diseases. Proc Natl Acad Sci U S A.
2007,104(34):13780-5.

50.

5T

52.

53.

54.

55.

56.

57.

58.

Page 16 of 16

Vernia P, Marcheggiano A, Caprilli R, Frieri G, Corrao G, Valpiani D, et al.
Short-chain fatty acid topical treatment in distal ulcerative colitis. Aliment
Pharmacol Ther. 1995;9(3):309-13.

Kim MH, Kang SG, Park JH, Yanagisawa M, Kim CH. Short-chain fatty acids acti-
vate GPR41 and GPR43 on intestinal epithelial cells to promote inflammatory
responses in mice. Gastroenterology. 2013;145(2):396-406 e1-10.

Chang DH, Rhee MS, Ahn 'S, Bang BH, Oh JE, Lee HK, et al. Faecalibaculum
Rodentium gen. nov,, sp. nov., isolated from the faeces of a laboratory mouse.
Antonie Van Leeuwenhoek. 2015;108(6):1309-18.

Claesson MJ, van Sinderen D, O'Toole PW. The genus Lactobacillus-a
genomic basis for understanding its diversity. FEMS Microbiol Lett.
2007,269(1):22-8.

Hill DA, Hoffmann C, Abt MC, Du Y, Kobuley D, Kirn TJ, et al. Metagenomic
analyses reveal antibiotic-induced temporal and spatial changes in intestinal
microbiota with associated alterations in immune cell homeostasis. Mucosal
Immunol. 2010;3(2):148-58.

AhI D, Liu H, Schreiber O, Roos S, Phillipson M, Holm L. Lactobacillus reuteri
increases mucus thickness and ameliorates dextran sulphate sodium-
induced colitis in mice. Acta Physiol (Oxf). 2016;217(4):300-10.

Zhang F, Li Y, Wang X, Wang S, Bi D. The impact of Lactobacillus plantarum
on the gut microbiota of mice with DSS-Induced Colitis. Biomed Res Int.
2019;2019:3921315.

DaiJ, Jiang M, Hu Y, Xiao J, Hu B, Xu J et al. Dysregulated SREBP1c/miR-153
signaling induced by hypertriglyceridemia worsens acute pancreatitis and
delays tissue repair. JCI Insight. 2021,6(2).

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al.
Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nat Biotechnol. 2019;37(8):852-7.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Human-derived bacterial strains mitigate colitis via modulating gut microbiota and repairing intestinal barrier function in mice
	﻿Abstract
	﻿Background
	﻿Results
	﻿Human-derived bacterial strains effectively alleviated experimental colitis in mice
	﻿Human-derived bacterial strains reduced inflammatory responses during colitis
	﻿Human-derived bacterial strains enhanced intestinal barrier function
	﻿Human-derived bacterial strains modulated the structural composition of gut microbiota
	﻿Human-derived bacterial strains influenced SCFAs metabolism
	﻿The protective role of these bacterial strains was dependent on the preexisting gut microbiota

	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿Human donor
	﻿Fecal suspension and bacterial isolation
	﻿Animal trial
	﻿Gut permeability measurement
	﻿Hematoxylin and eosin (H&E), immunofluorescence, and immunohistochemistry staining (IHC)
	﻿Assessment of histological score and disease activity index (DAI)
	﻿Quantification of host gene expression
	﻿16S rRNA gene sequencing
	﻿Bioinformatics and statistical analysis of 16S rRNA gene sequencing data
	﻿Cecal short chain fatty acids’ measurement
	﻿Statistical analysis

	﻿References


