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Gut microbiota imbalance is one of the major causes of ulcerative colitis (UC). L. rhamnosus SHA113
(LRS), a strain isolated from healthy human milk, influences the regulation of gut flora. This study aims to
determine whether this strain can ameliorate UC by modulating gut microbiota. Mouse models of UC
were established using C57BL/6Cnc mice with intragastric administration of 3.0% (w/v) dextran sodium
sulfate (DSS). LRS was used to treat the mouse models of UC with 10° cfu mL™* cell suspension via intra-
gastric administration. To verify the effect of gut microbiota on UC, fecal microbiota collected from the
mice after the treatment with LRS were also used to treat the UC mouse models (FMT). The severity of UC
was evaluated based on body weight, colon length, disease activity index (DAI), and hematoxylin—eosin
staining. The microbial composition was analyzed by 16S rRNA sequencing. The mRNA expression levels
of cytokines, mucins, tight junction proteins, and antimicrobial peptides in the gastrointestinal tract were
detected by quantitative real-time polymerase chain reaction. The short-chain fatty acid (SCFAs) in the
cecal contents of all mice were quantitatively detected by gas chromatography and mass spectrometry.
Both LRS and FMT exerted excellent therapeutic effects on UC, as evidenced by the reduction in body
weight loss, colon length, and colon structural integrity, as well as the increase in the DAI (disease activity
index). LRS and FMT treatments showed similar effects: (1) an increase of total SCFA production in the
cecal contents and the abundance of gut microbial diversity and flora composition; (2) decreases in two
genera (Parabacteroides and Escherichia/Shigella) related to the DAl and the enhancement of SCFAs and
IL-10 positively related genera in the gut microbiota (Bilophila, Roseburia, Akkermansia, and
Bifidobacterium); (3) downregulation of the expression of tumor necrosis factor-a, interleukin IL-6, and
IL-1p, and upregulation of the expression of the anti-inflammatory cytokine IL-10; and (4) upregulation of
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the expression of mucins (Muc1-4) and tight junction protein ZO-1. Overall, L. rhamnosus SHA113 relieves
UC via the regulation of gut microbiota: increases in SCFA-producing genera and decreases in UC-related
genera. In addition, a single strain is sufficient to induce a significant change in the gut microbiota and

rsc.li/food-function exert therapeutic effects on UC.

the last decade.” IBD exhibits the highest prevalence in
Western countries worldwide, reaching 0.5% of the

1. Introduction

Ulcerative colitis (UC) and Crohn’s disease (CD)" are the two
major forms of inflammatory bowel disease (IBD), a chronic
intestinal inflammatory disease of the gastrointestinal tract.
IBD has emerged as a public health challenge worldwide in
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general population and 10-30 per 100 000 persons.” In North
America and Europe, more than 1.5 million and 2 million
people suffer from IBD, respectively.” The incidence of IBD
continues to increase in South America, Asia, Africa, and
Eastern Europe.®

A recent study suggested that an increase in invasive flora
and a decrease in protective flora in the intestine could be
major reasons for the occurrence of UC.® The intestinal flora
composition of patients with UC is significantly different from
that of non-UC patients. The main manifestations include a
reduction in the abundance of Firmicutes and an increase in
the abundance of Bacteroides and Actinomyces.” Moreover, the
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abundance of Bacteroides and Actinomyces decreases in
patients with colitis.® Thus, targeting intestinal flora is a
potential approach to treat UC.

The mechanisms allowing probiotics to inhibit UC are gen-
erally attributed to the ability of probiotics to inhibit the colo-
nization of pathogenic bacteria by competing for nutrients
and common receptors or directly inhibiting pathogenic bac-
teria by producing bacteriocin or antitoxin proteases.’
Probiotics maintain the normal intestinal flora, strengthen the
mucosal barrier effect, suppress exposure to inflammatory
signals, and adjust the unbalanced immune response of the
immune system to inhibit host mucosal damage. The probio-
tics currently used to relieve colitis are Lactobacillus and
Bifidobacterium.*® The use of probiotics or fecal bacteria to
change intestinal flora may be a new treatment strategy for UC.

L. rhamnosus is a probiotic approved by the Food and Drug
Administration to be used in infant foods. Existing reports
indicate that L. rhamnosus can adhere to and colonize the
surface of the intestinal mucosa to form a biological barrier
and thus hinder the invasion of the human intestinal tract by
pathogenic microorganisms after entering the human diges-
tive tract.'' L. rhamnosus also metabolizes and produces bac-
teriostatic active substances in the intestinal tract, significantly
reducing the viability of Salmonella, Escherichia coli,
Staphylococcus, and other pathogens.'> However, the use of
L. rhamnosus as a treatment for UC has not been reported.

To evaluate the capability of L. rhamnosus in the ameliora-
tion of UC, L. rhamnosus SHA113, a strain previously isolated
from human milk and proved to efficiently regulate gut micro-
biota, was used to treat UC in mice.

2. Materials and methods

2.1 Bacterial strains

L. rhamnosus SHA113 (coded as CCTCCM2017839), which was
previously isolated from the breast milk of healthy women and
stored at the China Typical Microorganism Preservation Center
(Wuhan, Hubei Province, China),”™'® was used in the study
and is indicated as LRS in the subsequent sections. It was pre-
pared from a 48 h static culture of SHA113 in the media of
deMan, Rogosa, and Sharpe broth (Hopebio, Qingdao, China)
at 37 °C without shaking.

2.2 Animal experiments

Forty male C57BL/6Cnc mice (aged 8 weeks and weighing
18-22 g) were obtained from Beijing Vital River Laboratory
Animal Technology Limited Company, where they were main-
tained under specific pathogen-free conditions with a 12 h/
12 h light/dark cycle; at a temperature of 21 °C + 2 °C; at a
humidity of 45%+10%; and with free access to food and water.
All animal experiments were performed as per the guidelines
of the Experimental Animal Care and Ethics Committee of
Northwestern Polytechnical University. The approval number
for the animal study was No. 202101002. After acclimatization
for 1 week, the mice were randomly separated into four
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Fig. 1 Treatment scheme of LRS intervention.

groups, with each group consisting of 10 mice. The animal
experiments were divided into two parts, LRS intervention and
fecal microbiota transplantation (FMT).

The treatment of each group in the LRS intervention experi-
ment is shown in Fig. 1: in this experiment, mice were fed
freely and there was no difference in food intake among
different groups. We weighed the mice before intragastric
administration, and then intragastric administration of 10 L g™
of the body weight of mice. All the mice had free access to
drinking water throughout the whole experiment. The mice in
different groups were subjected to the treatments as follows:
control group (CK), intragastric administration of 0.9% saline
at days 7-16; mice in the model control group (DSS), provided
water with 3.0% (w/v) dextran sodium sulfate (DSS with a mole-
cular weight of 36-50 kDa, Shanghai Aladdin Biochemical
Technology Co., Ltd) at days 0-6 and then intragastric admin-
istration of 0.9% saline at days 7-16; and mice in the LRS
intervention group (DL), provided water with 3.0% (w/v) DSS at
days 0-6 and then intragastric administration of 10° cfu mL™"
SHA113 (resuspended with 0.9% saline) at days 7-16.

An experiment involving FMT was performed to identify the
capability of L. rhamnosus SHA113 influenced intestinal flora
in the alleviation of colitis. For the experiments, gut micro-
biota-depleted DSS mice were reconstituted with fecal pellets
from the DL group.'” As shown in Fig. 2, the mice in the FMT
intervention group (FDL) were provided water with 3.0% (w/v)
DSS for 7 d (day 0 to day 6) and then subjected to intragastric
administration of mixed antibiotics (metronidazole (1 g L™),
vancomycin (1 g L"), and streptomycin (2 g L™") for 3 d (day 7
to day 9). Then, the mice received intragastric administration
for 7 d (day 10 to day 16) by using the feces collected from DL
groups. Before they were used, the feces were resuspended in
0.9% saline at a concentration of 0.125 g mL™". After the inter-
vention, all mice were euthanized with an intraperitoneal
injection of pelltobarbitalum natricum at 0.01-0.02 ml g™* for
different analyses on day 17.
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Fig. 2 Treatment scheme of FMT intervention.
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2.4 Sample collection

During the experiments, all mice were fed freely and checked
daily for morbidity and the food consumption and body
weight were recorded. Every mouse was assigned scores daily
for their pathological features, such as stool consistency, pres-
ence of blood stool, and body weight loss. Individual scores
were combined to determine the disease activity index (DAI) of
each mouse, which was calculated daily."® The maximum
score was set to 12 based on a 0-4 scoring system by using the
parameters listed in Table S1.}

At the end of all treatments, all mice were sacrificed after
anesthesia using 0.1% pentobarbital sodium at the dosage of
40 mg kg™' by intraperitoneal injection. A postmortem exam-
ination was performed to preliminarily examine the external
surface, thoracic and abdominal cavities, and cecal contents of
the mice. The spleen, kidneys, and liver were weighed after dis-
section. The samples for the test of bacterial flora in the cecal
contents were collected and stored at —80 °C before they were
subjected to 16S rRNA sequencing analysis. The colon tissues
were collected and sliced into three sections. The proximal
colon was used for the analysis of pro-inflammatory cytokines
(kept in liquid nitrogen immediately), the middle portion for
RNA isolation (kept in liquid nitrogen immediately), and the
distal colon for histology (fixed in 4% paraformaldehyde).

2.5 Histopathology of intestinal tissue section structures

After the sacrifice of mice, the colon was immediately collected
and stored in 4% paraformaldehyde at room temperature.
Paraffin sections were dewaxed to water, stained with hematox-
ylin, and then dehydrated and sealed with eosin. Microscopic
examination, image acquisition, and analyses were performed.
Then, the full-scan organ images were taken to observe the
structure of the intestinal tissue section using Case Viewer 2.4
software (The Digital Pathology Company, Germany).

2.6 Intestinal flora analysis

Cecal contents were collected from 6 mice per group for micro-
biome analysis. Bacterial genomic DNA was extracted from the
prepared frozen cecal samples by using the QIAamp DNA Stool
Mini Kit from Qiagen (Hilden, Germany) in accordance with
the manufacturer’s protocols. The bacterial 16S rDNA gene
comprising V3-V4 hypervariable regions was amplified by PCR
using barcoded primers adapted from existing universal
primers of 341F and 806R. Subsequently, 16S rDNA high-
throughput sequencing was performed on the Illumina MiSeq
PE250 platform at Realbio Technology Co., Ltd (Shanghai,
China). Trimmed high-quality reads from 24 cecal samples
were clustered into 481 operational taxonomic units (OTUs),
based on 97% sequence similarity. Taxonomic assignment of
the representative sequence of each OTU was conducted by
comparing with a customized collection of reference
sequences based on the Ribosomal Database Project (RDP) at
an 80% confidence level.'®*° For the alpha diversity analysis,
Shannon, Chaol, Simpson, and observed species indexes for
each group were determined using the software QIIME.

This journal is © The Royal Society of Chemistry 2021
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Differences in bacterial communities among different groups
were determined by principal coordinate analysis (PCoA),
based on weighted UniFrac distances and unweighted UniFrac
distances.

2.7 Quantitative analysis of targeted short-chain fatty acids

For measurements of short-chain fatty acids in the cecal con-
tents of mice, the collected cecal contents (50 mg) were mixed
with 50 pL of internal standards (5% phosphoric acid, Sigma-
Aldrich), 100 pL of a 125 pg mL ™" internal standard (isohexa-
noic acid) solution, and 400 pL of ether. The SCFAs were then
extracted following the manufacturer’s protocol (BioNovoGene
Technology Co., Ltd, Suzhou, China). The obtained SCFA
samples were measured using a TRACE 1310-ISQ LT GC-MS
system (Thermo Fisher Scientific, USA). The used SCFA stan-
dards were a mixture of standard acetic acid, propionic acid,
isobutyric acid, butyric acid, isovaleric acid, valeric acid, and
caproic acid. All standards were purchased from Sigma-Aldrich
(Shanghai, China).

2.8 Expression of proteins in the colonic tissue

The expression levels of proteins related to the intestinal
barrier function (Muc1, Muc2, Muc3, Muc4, and ZO-1), inflam-
matory cytokines (IL-6, TNF-a, IL-1f, and IL-10), and anti-
microbial peptides (S100A8 and Camp) in the colonic tissue
were measured by quantitative real-time polymerase chain
reaction analysis. The expression of the glyceraldehyde-3-phos-
phate dehydrogenase gene was also measured as the internal
control. For measurements, the middle colonic tissue was
homogenized, and total RNA was extracted using the TRIzol
method (Servicebio, China). The obtained colonic RNAs were
purified using the lithium chloride protocol to remove residual
DSS contaminants. Complementary DNA was synthesized
using reverse transcriptase kits (Thermo Fisher Scientific,
USA). Real-time PCR was performed using the LightCycler 480
System (Roche, China) using SYBR Green (Sangon, China). The
relative mRNA expression was analyzed using the comparative
Ct method. The primers used in this study are listed in
Table S2.1

2.9 Statistical analysis

The data of each group were collected from 6 randomly
selected mice. All data were statistically analyzed using the
software GraphPad Prism 8.0 (GraphPad Software Inc., CA,
USA). Student’s #-test (unpaired, two-tailed) was used to deter-
mine the levels of significance for comparison between two
groups. Relative abundances of different microbiota were com-
pared in the same group using the Wilcoxon test. Statistical
significance among more than two groups was calculated
using one-way ANOVA with Tukey’s test. Statistical significance
was indicated as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001;
**xx P <0.0001; “ns”, no significant. The results were reported
as mean + SD. Spearman’s correlation between the bacteria
and the UC-related parameters was conducted using the pro-
gramming language R (V4.0.2, AT&T Bell Laboratories, New
Zealand).
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3. Results

3.1 LRS administration attenuates UC

Compared with the CK group, DSS administration caused sig-
nificant reductions in body weight (Fig. 3a) and colon length
(Fig. 3b) and resulted in considerably higher DAIs (Fig. 3c) in
mice (P < 0.05). The DAI was obtained based on stool consist-
ency, bloody stool, and body weight. This indicated that a
mouse model of UC was successfully established. Compared
with the DSS group, the LRS group showed significant
increases in body weight and colon length and reductions in
the DAI (P < 0.05). The DAI was reduced to that of the CK
group. This finding indicated that LRS administration could
efficiently treat DSS-induced UC.

H&E staining of the colon tissue (Fig. 3d) indicated that
DSS administration caused the apparent loss of crypts, infiltra-
tion of mononuclear cells, and severe mucosal damage. These
disease symptoms were largely reversed with DL treatments, as
indicated by reduced inflammatory cell infiltration, relatively
intact colonic architecture, and less mucosal damage. All
results demonstrated that LRS administration significantly
alleviated the DSS-induced pathogenic symptoms of UC.

3.2 Fecal microbial transplantation mitigates UC

As shown in Fig. 4, FMT treatment significantly ameliorated
DSS-induced UC as evidenced by the markedly reversed weight
loss (Fig. 4a) and significant relief of colon shortening
(Fig. 4b), which were consistent with the reduction of the DAI
index (Fig. 4c) (P < 0.05). H&E staining of the colon tissue
(Fig. 4d) indicated that DSS administration caused the appar-
ent loss of crypts, infiltration of mononuclear cells, and severe
mucosal damage. These disease symptoms were largely
reversed with FMT treatments, as indicated by reduced inflam-
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matory cell infiltration, relatively intact colonic architecture,
and less mucosal damage (FDL group). The results indicate
that the changed intestinal microbiota play an important role
in the therapeutic effects of L. rhamnosus SHA113 on UC.

3.3 Composition of intestinal flora

Shannon and Simpson indexes indicated no significant differ-
ences in the alpha diversity of intestinal flora among different
groups (Fig. S1f). However, significantly lower Chaol and
observed species indexes were observed in the DSS group than
in the CK group. These two indexes were significantly
increased after administration with LRS and FMT (P < 0.05)
(Fig. 5a and b).

Analysis of the landscape of gut microbiota indicates differ-
ences in the potential composition among the four groups. At
the phylum level, the four groups shared similar taxonomic
communities and exhibited relatively high abundances of
Bacteroidetes, Firmicutes, and Proteobacteria (Fig. 5c).
Compared with the CK group, the DSS group showed a signifi-
cant decrease in Bacteroidetes and increases in Proteobacteria
and the Firmicutes/Bacteroidetes (F/B) ratio (P < 0.05). Such
changes were largely reversed to the CK group level after LRS
and FMT administration (Fig. S2a and S2bt). The taxonomic
composition was analyzed at the class/order/family level
(Fig. S3a-S3ct), whereas the taxonomic communities were ana-
lyzed at the genus level (Fig. 5d).

For further understanding of the role of microbiome diver-
sity, beta-diversity analysis was also performed to generate a
PCoA plot by using unweighted-UniFrac distance and
weighted-UniFrac distance algorithms (Fig. 5f). Apparent clus-
tering separation among different OTUs revealed variations in
the community structures in the four groups, suggesting the
distinct composition of the communities.

N

9

Disease Activity Index(DAI)

Fig. 3 Changes in the UC parameters of mice during the treatment with LRS. (a) Body weight. (b) Colon length. (c) Disease activity index. (d)
Representative H&E staining microscopic images (scale bars 200 and 50 pm) of colon tissues from different groups. Different letters in each figure
indicate significant differences in the data at P < 0.05, calculated by one-way ANOVA with Tukey’s multiple comparison test. The red arrow denotes
the crypt structure, the black arrow indicates inflammatory cell infiltration, and the green arrow denotes the mucosal layer. CK, the normal group;
DSS, the UC model group without treatment; DL, the DSS model group treated with L. rhamnosus SHA113 cells (10° cfu mL™).
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Fig. 4 Changes in the UC parameters of mice during the treatment with FMT. (a) Body weight. (b) Colon length. (c) Disease activity index. (d)
Representative H&E staining microscopic images (scale bars 200 and 50 pm) of colon tissues from different groups. Different letters in each figure
indicate significant differences in the data at P < 0.05, calculated by Student’s t-test (unpaired, two-tailed). The red arrow denotes the crypt struc-
ture, the black arrow indicates inflammatory cell infiltration, and the green arrow denotes the mucosal layer. DSS, the UC model group without treat-
ment; FDL, the DSS model group treated with FMT from L. rhamnosus SHA113 treated mice.

As shown in Fig. 5e, relative to the CK group, the DSS group
shows significant increases (P < 0.05) in 14 genera and
decreases in 17 genera. LRS and FMT administration signifi-
cantly reversed the increases in Parabacteroides and
Escherichia/Shigella, among the genera exhibiting increases,
and the decrease in Roseburia caused by DSS. This finding
suggests that the changes in these three genera are the key
factors that contribute to the therapeutic effect of LRS on UC.
In addition to the effect of DSS, the administration of LRS and
FMT also induced significant increases in the genera Bilophila,
Akkermansia, and Bifidobacterium (P < 0.05). The increases in
these three beneficial genera might also play an important role
in the treatment of UC.

In addition to the aforementioned common reversed
genera, 2 other DSS-increased genera (Clostridium XIVa and
Oscillibacter) and 2 DSS-decreased genera (Olsenella and
Staphylococcus) were also reversed by LRS administration. Six
other DSS-increased genera (Pseudoflavonifractor, Bacteroides,
Butyricimonas, Clostridium XIVb, Helicobacter, and Klebsiella)
and 5 DSS-decreased genera (Erysipelotrichaceae incertae sedis,
Enterorhabdus, Prevotella, Odoribacter, and Parvibacter) were
reversed by FMT administration. Notably, 4 other DSS-
increased genera and 7 DSS-decreased genera were neither
reversed by LRS nor FMT administration, indicating that they
are not crucial to the treatment of UC.

In addition, LRS administration also caused significant
increases in 2 genera without DSS (Flavonifractor and
Parasutterella) and large decreases in 4 genera without DSS
(Clostridium 1V, Lachnospiracea incertae sedis, Ruminococcus,
and Streptococcus). Similarly, FMT administration also caused
significant increases in 3 genera when not administered with
DSS (Blautia, Coprobacillus, and Faecalibacterium) (P < 0.05)
(Fig. 5e and S4a-S4cf).

This journal is © The Royal Society of Chemistry 2021

Overall, FMT administration could reverse more changes in
genera, compared with LRS administration. This finding is
consistent with the aforementioned results indicating
that compared with LRS administration, FMT admini-
stration slightly led to a slightly higher diversity of gut
microbiota.

3.4 Production of targeted SCFAs in the cecal contents

The levels of different SCFAs (acetic acid, butyric acid, propio-
nic acid, valeric acid, caproic acid, isobutyric acid, and isovale-
ric acid) in cecal samples were evaluated using a targeted
metabolomics assay (Fig. 6). Relative to the CK group, the DSS
group showed a significant decline in most SCFAs, except for
isovaleric acid (P < 0.05). Relative to the DSS group, the groups
administered with LRS and FMT showed significant increases
in butyric acid, propionic acid, valeric acid, isobutyric acid, iso-
valeric acid, and total SCFAs to a level similar to or even higher
than that of CK (P < 0.05). Compared with LRS administration,
FMT administration also resulted in higher increases in
butyric acid, valeric acid, and isobutyric acid. However, com-
pared with the CK group, the FMT group showed decreases in
acetic acid as DSS and caproic acid as DSS and LRS. A decrease
in acetic acid is beneficial to human and animal health.*'>?
Therefore, compared with LRS administration, FMT adminis-
tration can more efficiently reverse the adverse effects of UC
on the SCFAs in the cecal contents.

3.5 Organ index, intestinal permeability, and cytokine
expression

After sacrifice, the spleen, liver, kidneys, and thymus were sep-
arated and then weighed to calculate the index of each organ
versus body weight. No significant difference in the thymus
index was found among the four groups. The spleen, liver, and
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Fig. 5 Gut microbiota diversity and the composition of different groups. (a) Alpha diversity boxplot of the Chao index; (b) observed species diversity.
Bar plots of the taxonomic composition at the phylum level (c) and the genus level (d). (e) PCoA using unweighted-UniFrac and weighted-UniFrac of
beta diversity. (f) Differential bacteria (P < 0.05) at the genus level in the DSS group (compared with the CK group) and the DL and FDL groups (com-
pared with the DSS group). (a—f) n = 6 mice per group. Statistical significance was calculated using one-way ANOVA with Tukey's multiple compari-
son test, and the significance was at P < 0.05.

kidneys of the DSS group showed considerable enlargement

relative to those of the CK group. The intervention with LRS
(DL group) and FMT (FDL group) exhibited similar efficiencies
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in alleviating this enlargement to a level similar to that in the
CK group, except for the reduced effect of LRS on the spleen

index (Fig. 7a).
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nificant differences in the data at P < 0.05.

As shown in Fig. 7b, compared with the CK group, DSS
administration significantly increased the expression of the
pro-inflammatory cytokines IL-1p, TNF-a, and IL-6, but
decreased the expression of the anti-inflammatory cytokine
IL-10 (P < 0.05). LRS and FMT administration efficiently
reversed such changes, although not to the level similar to that
in the CK group. Compared with LRS administration, FMT
administration more efficiently reduced IL-1p expression, but
less efficiently decreased TNF-a. These results indicated that
LRS and FMT administration could inhibit the inflammation
induced by UC.

The expression of mucins and antimicrobial peptides in the
colon was also determined to evaluate whether LRS and FMT
administration exerted protective effects on gut barrier func-
tions. DSS significantly inhibited the
expression of mucins (Muc1, Muc2, Muc3, and Muc4), barrier
function protein (ZO-1), and antimicrobial peptides (Camp and
S100A8) in the colonic tissue of the mice relative to those of
the mice in the CK group (P < 0.05) (Fig. 7c and d). Such
reductions in the expression of Muc1, Muc2, Muc3, Muc4, and
Z0-1 were reversed by LRS and FMT administration to varying
extents. FMT administration further increased the expression
of Muc1 and ZO-1 relative to those in the CK group, whereas
LRS administration caused Muc 2 to reach the same level as
that in the CK group (Fig. 7c). Overall, FMT administration
more efficiently improved the barrier function, compared with

administration

LRS administration.

In addition, LRS administration further increased the
expression of the antimicrobial peptide Camp, whereas FMT
administration inhibited the expression of Camp but signifi-
cantly increased the expression of the antimicrobial peptide
S100A8 (P < 0.05) (Fig. 7d). Both Camp and S100A8 exhibited
anti-inflammatory activities during acute intestinal inflam-

This journal is © The Royal Society of Chemistry 2021

mation. The results indicated that FMT and LRS adminis-
tration exerted different effects on the expression of anti-
microbial peptides in the colonic tissue.

Considering all the results, FMT administration showed
greater efficiency in reducing the spleen index and IL-1f, and
increasing the barrier function; however, it exhibited less
efficiency in enhancing the production of antimicrobial pep-
tides and reducing the expression of the antimicrobial peptide
Camp. These changes could be attributed to their different
effects on changes in the gut microbiota and SCFAs.

3.6 Correlation between intestinal flora and UC indexes

A heatmap of Spearman’s correlation between bacterial abun-
dance and UC-related indexes (body weight; DAI; colon length;
spleen, liver, kidney, and thymus indexes; expression levels of
cytokines, antimicrobial peptides, and mucins) was generated
to identify the potential correlation between the gut micro-
biota and UC-related indexes. The clustering results indicate
that the bacterial genera were clearly divided into four groups.
As shown in Fig. 8, the genera in group A are positively cor-
related with the organ index, DAI, and pro-inflammatory
factors, but negatively correlated with mucins, anti-inflamma-
tory factors, and SCFAs. The abundances of these genera were
significantly increased in the DSS group, suggesting that an
increase in any of these bacteria could aggravate UC. The
genera in group B mainly exhibited a positive correlation with
the different SCFAs and IL-10 expression, suggesting that an
increase in these genera can enhance the production of SCFAs
in the cecal samples and the anti-inflammatory effect. The
genera in group C primarily exhibited a negative correlation
with the DAI indexes and pro-inflammatory cytokine
expression and a positive correlation with the expression levels
of mucins, colon length, and body weight. These results indi-
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cate that an increase in genera exerts therapeutic effects on mucins or ZO-1, indicating that they mainly exhibit antibacter-
UC. The genera in group D are positively correlated with some ial activities and restore the gut barrier function by producing
SCFAs, the antimicrobial peptide S100A8, or the expression of anti-inflammatory peptides or SCFAs.
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The correlation between different genera and UC-related
indexes is summarized in Table S3. The genera increased by
DSS administration (group A) leads to an increase in the DAI
of UC by reducing the expression of mucin genes and the tight
junction protein ZO-1, upregulating the expression of pro-
inflammatory cytokines and reducing the expression of the
anti-inflammatory cytokine IL-10. The severity of UC is indi-
cated by the enlargement of the organ index and decreases in
colon length and body weight. Moreover, the abundances of
these genera are negatively correlated with the SCFA contents
in the cecal samples, suggesting that an increase in SCFAs can
inhibit the growth of these pathogenic genera. However, the
SCFAs positively correlated with the genera (group B) cannot
significantly reduce the DAI. However, most of them are sig-
nificantly correlated with an increase in IL-10 expression, and
some of them are correlated with increases in the expression
of Muc2, Muc4, or ZO-1. This finding indicated that these
genera could suppress the growth of the pathogenic genera in

group A by increasing IL-10 expression. However, the genera
negatively correlated with the DAI (group C) could simul-
taneously induce increases in SCFAs (particularly caproic acid
and butyric acid), mucin genes, colon length, and body
weight, and reduce the expression of pro-inflammatory cyto-
kines. The genera producing the antimicrobial peptide S100A8
(group D) could also increase the content of some SCFAs
(butyric acid and isobutyric acid) and the expression of mucin
genes. However, not all significantly changed genera were regu-
lated by LRS or FMT.

3.6 Correlation between SCFAs and UC indexes

The correlation between the SCFA contents and UC indexes is
summarized in Fig. 9. The contents of butyric acid, valeric
acid, isobutyric acid, propionic acid, and isovaleric acid are
positively correlated with the expression levels of IL-10, ZO-1,
and mucins, but negatively correlated with the DAI and the
expression levels of IL-6 and IL-1f, indicating their importance
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Isobutyric acid I 0.5

Propionic acid
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Fig. 9 Heatmap of Spearman’s correlation between SCFAs and UC indexes. Significant differences at *P < 0.05; **P < 0.01; ***P < 0.001; ****P <

0.0001.
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in anti-inflammation and restoration of the gut barrier func-
tion during the treatment of UC. Notably, the contents of
caproic acid and acetic acid are negatively correlated with the
expression levels of TNF-o and the DAI and positively corre-
lated with the expression levels of mucins and colon length.
This result varies from those of other SCFAs. Comparatively,
caproic acid was more negatively correlated with the DAI, and
acetic acid was more negatively correlated with the liver index.
Caproic acid may be an important SCFA in the treatment of
UC. This finding has been rarely reported.

3.6 Overall mechanisms of LRS for the treatment of UC

Considering that the genera are significantly regulated by LRS
or FMT, it leads to the conclusion that LRS administration
reduces the abundance of DAI-related pathogenic genera and
enhances the SCFA-producing genera, inducing increases in
the expression of IL-10 and the production of SCFAs, as well as
an improvement in the gut barrier function. The influenced
change in the gut microbiota (FMT) can directly treat UC.
These are summarized in Fig. 10. The decrease in pathogenic
Escherichia/Shigella and the increase in SCFA-producing bac-
teria Akkermansia, Bilophila, and Bifidobacterium may be the
key mechanisms underlying the therapeutic effects of LRS.
The change in gut microbiota increased the expression of
mucins and ZO-1 in the gut barrier and the anti-inflammatory
factors. The increases in intestinal SCFAs may induce the
expression of IL-10, promote the growth of therapeutic genera,
and inhibit the pathogenic genera. The therapeutic effects can
be enhanced by gut microbiota changes caused by LRS admin-
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istration, as evidenced by the more significant effects of FMT
than those of LRS.

4. Discussion

In this study, L. rhamnosus SHA113, a strain isolated from
healthy human breast milk, was first used to treat DSS-
induced UC in mice. The results indicated that L. rhamnosus
SHA113 exerted a superior therapeutic effect on UC, as evi-
denced by reductions in body weight loss, DAI, colon length,
and the integrity of the colon structure. FMT was used to
confirm that the mechanisms were attributable to the change
in gut microbiota. Many single strains have been reported to
treat diseases via the regulation of intestinal microbiota, such
as Lactobacillus plantarum NA136 for nonalcoholic fatty liver
disease,” L. plantarum LIP-1 for hyperlipidaemic rats,>
B. pseudocatenulatum LI09 and B. catenulatum LI10 for liver
injury,®® and S. boulardii for UC carcinogenesis.”” FMT was
also used to alleviate experimental colitis in mice®® and pedi-
atric UC cases of clinical patients.”* Modulation of gut
mucosal microbiota has been proved as a mechanism of pro-
biotic-based adjunctive therapy for UC,** which is consistent
with the results of the current study. L. rhamnosus LRa05 regu-
lates gut microbiota to improve lipid accumulation in mice fed
with a high-fat diet by regulating the intestinal microbiota,
reducing glucose content, and promoting carbohydrate metab-
olism in the liver.’" The present study is the first to report on
the capability of L. rhamnosus to exert therapeutic effects on
UC via the regulation of gut microbiota. This finding indicated
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that the administration of a single strain, L. rhamnosus
SHA113, is sufficient to cause a change in the gut microbiota
to treat UC. Therefore, this strain has the potential to be devel-
oped as a microbial drug for the treatment of UC.

Using DSS to induce the occurrence of UC provides
reliability to the results. The construction of animal models
often determines the success or failure of experiments.
Numerous animal models have been developed to characterize
the complexity of the pathogenesis of IBD, delineate the under-
lying molecular mechanisms, and evaluate potential human
therapeutics.®* DSS, as a chemical agent for inducing experi-
mental UC, is widely used because of its rapidity, simplicity,
reproducibility, controllability, and many similarities with UC
in humans.”*?* The mechanism by which DSS induces intesti-
nal inflammation is yet to be determined, but damage to the
epithelial monolayer lining in the large intestine is a possible
mechanism, which allows the dissemination of pro-inflamma-
tory intestinal contents (bacteria and their products) into the
underlying tissue.’” In the current study, 3.0% DSS was used
to successfully induce UC, and a certain process was deter-
mined as the mechanism of DSS-induced UC. The results
showed that DSS disrupted the diversity and composition of
gut microbiota and the intestinal tissue structure, increased
the expression levels of the pro-inflammatory factors IL-6,
TNF-a, and IL-1f, and decreased the expression levels of the
anti-inflammatory factor IL-10 and mucins. Moreover, the
expression levels of the two anti-microbial peptides Camp and
S100A8°° decreased.

A change in gut microbiota is vital to successfully treat UC
by LRS administration. The microbiome in UC is different
from that in healthy individuals, as indicated by the alpha
diversity boxplot (which evaluates species richness or the pres-
ence of the taxa), p-diversity (determines the presence and
abundance of the taxa and how they are related to the commu-
nity), the relative abundance of the flora, the contents of pro-
biotics and harmful bacteria, and the composition of the intes-
tinal flora.>”*® Dysbiosis (a state of imbalance or altered com-
position or altered function of the microbiota, leading to
altered host-microbe interactions) occurs when harmful
microbes overtake the beneficial ones, which is particularly
observed in diseased states.’*** The proportions of several
butyrate-producing bacteria, such as those of the genera
Roseburia, Coprococcus, and Ruminococcus, were significantly
reduced; meanwhile, the pathogens Escherichia/Shigella and
Enterococcus were prevalent in patients with IBD.** An increase
in Escherichia/Shigella and a decrease in Faecalibacterium indi-
cate the onset of a newly diagnosed untreated inflammatory
bowel disease associated with an increase in pro-inflammatory
cytokines and a decrease in anti-inflammatory bacteria.** A
decrease in a single species of Clostridium subcluster XIVa was
observed in UC patients.*” Remission of UC by FMT was
associated with the proportions of Clostridium clusters IV and
XIVa in the patients.*® In the current study, Escherichia/Shigella
and Clostridium subcluster XIVa were increased, whereas the
genus Roseburia was decreased in DSS-induced UC mouse
models. Microbial dysbiosis (mainly characterized by an

This journal is © The Royal Society of Chemistry 2021
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increased abundance in Escherichia/Shigella) and a skewed
negative correlation between Escherichia/Shigella and the
phylum Firmicutes are two characteristics of inflamed
mucosae in patients with UC.*” This observation is consistent
with previous studies on mice and patients. In addition, an
increase in cytotoxin-producing Klebsiella was also found.
However, some genera that were positively correlated with the
remission of UC (Oscilibacter, Parabacteroides, Butyricimonas,
Bacteroides and Mucispirillum) were increased in DSS-induced
mice. In contrast to the previous reports, these genera were
negatively correlated with mucins, SCFAs, and IL-10, but posi-
tively correlated with the DAI and pro-inflammatory cytokines.
Moreover, except for Mucispirillum, these increased genera in
the DSS-induced group were reduced by LRS and/or FMT
administration.

Targeted regulation of the microbiota by the administration
of probiotics has been successfully used in certain intestinal
diseases.*® In the present study, the DSS-treated group exhibi-
ted low alpha diversity, and LRS and FMT could reverse the
changes. Relative to the CK group, the DSS-treated group pre-
sented an increase in the abundance of Firmicutes and
Proteobacteria, as well as a decrease in the abundance of
Bacteroidetes at the phylum level. The reason is that
L. rhamnosus SHA113 belongs to Firmicutes. The Firmicutes/
Bacteroidetes (F/B) ratio increased significantly, and studies
have shown that changes in the F/B ratio are often related to
the occurrence and development of diseases.”® The increase in
the relative abundance of Firmicutes has been reported as the
remission of UC by FMT in mice.*® This finding is consistent
with the results of the current study.

L. rhamnosus SHA113 alleviated UC by increasing the abun-
dance of beneficial bacteria and decreasing the abundance of
harmful bacteria. The inner mucus layer contained no bacteria
in the healthy control group. In patients with UC, the mucus
layer was damaged, and the permeability of the intestine
increased. Consequently, the microbiota interacted with the
epithelial surface that was inaccessible under normal con-
ditions, causing inflammatory reactions.’>' The adminis-
tration of FMT significantly increased the genera (Prevotella,
Enterorhabdus, and Parvibacter) that were positively correlated
with the expression of mucins and negatively correlated with
the expression of inflammatory cytokines and the DAI in mice.
The abundance of the SCFA-producing genera Bifidobacterium,
Akkermansia, Olsenella, and Flavonifractor was largely increased
by LRS and FMT administration. However, LRS administration
also prompted an increase in the opportunistic pathogen
Parasutterella. The difference in the change in gut microbiota
may be the key reason that LRS and FMT caused different
remissions of inflammation and gut barrier damage in view of
the expression of mucins and ZO-1. The therapeutic effects of
FMT on UC were noted in the previous studies.>*>® Therefore,
the influenced change in the gut microbiota, the decrease in
the genera Escherichia and Shigella, and the increase in the
SCFA-producing genera Roseburis, Bifidobacterium, and
Akkermansia are key factors that contribute to the therapeutic
effect of L. rhamnosus SHA113. However, in contrast to the pre-
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vious studies, LRS and FMT administration prompted an
increase in the lipopolysaccharide-producing bacteria
Bilophila and a decrease in Parabacteroides, which were
reported to be associated with the remission of the patient’s
condition.>®

SCFAs are metabolites of the intestinal flora, and can
provide energy for the colon cells, regulate the pH value in the
intestinal lumen, participate in host immune regulation and
enhance the intestinal barrier function. Among the SCFAs,
butyric acid plays a particularly important role in relieving UC.
Butyrate has been shown to inhibit the expression of pro-
inflammatory factors and promote the expression of tight junc-
tion proteins.>*>® The use of butyrate preparations can help
relieve UC. The present study determined the contents of
SCFAs (acetic acid, propionic acid, butyric acid, caproic acid,
isobutyric acid, isovaleric acid, and valeric acid) in mouse
cecal contents to explore the effects of the two treatments on
SCFAs. The contents of 7 SCFAs in the feces of the mice in the
DSS group were significantly reduced, which is consistent with
previous research.>® After the intervention, the contents of 6
SCFAs (except for caproic acid) in the contents of cecum in
mice were significantly increased, which was consistent with
the pathological results. This increase indicates that
L. rhamnosus SHA113 can further alleviate colitis in mice by
increasing the content of intestinal SCFAs.

The anti-inflammatory effect is one of the major reasons for
the successful treatment of UC by LRS administration. The
enlargement of immune organs is a manifestation of inflam-
mation in the body.>® In the present study, LRS and FMT alle-
viated the enlargement of the spleen, liver, and kidneys in
mice with DSS-induced enteritis. This finding showed that the
degree of inflammation was alleviated to a certain extent.
Moreover, TNF-a is a major pro-inflammatory cytokine
involved in IBD. TNF-a can induce the expression of other pro-
inflammatory cytokines (IL-6, IL-1p, etc.). It is required for leu-
kocyte attachment and infiltration via the intestinal mucosa,
acting as a critical step in the inflammation and tissue injury
encountered in IBD.>””®* Numerous studies have been con-
ducted on the use of TNF-a as a therapeutic target against
IBD.”>®° In the present study, the LRS-treated group exhibited
lower expression levels of TNF-a, IL-6, and IL-1f, suggesting
that LRS uses TNF-a as a therapeutic target to alleviate UC.
IL-10 is an anti-inflammatory cytokine known to critically
maintain intestinal immune homeostasis.®"*** This cytokine is
crucial in preventing the progression of IBD.®* In the present
study, the DSS-treated group showed a lower expression of
IL-10, compared with the LRS-treated group. This result
suggests that LRS relieves inflammation in UC by affecting the
pathway where IL-10 is located.

The induction of mucin expression is another major reason
for the successful treatment of UC by LRS administration.
Mucus forms a physical barrier that prevents microorganisms
and noxious substances from reaching the surface of the epi-
thelium.®* The major building blocks of the mucus consist of
high-molecular-weight glycoproteins called mucins (Mucl-
Muc21).%®> Mucins are essential in the treatment of UC.**®’
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Various probiotics (Bifidobacterium, Enterococcus faecium,
Lactobacillus, Saccharomyces, Bacillus, etc.) can relieve UC by
increasing the expression of mucins.®' In the present study,
L. rhamnosus SHA113 increased the expression levels of Muc1,
Muc2, Muc3, and Muc4 in the colon tissue. FMT exhibited
similar results. ZO-1, as a tight junction protein, is vital in the
intestinal barrier. One of the pathogenesis of UC is the
destruction of intestinal barrier, which leads to the entry of
harmful bacteria and induces enteritis.®*”’° In the present
study, the results showed that the expression of ZO-1 in the
DSS group decreased significantly, which was consistent with
the previous findings.”"”> However, after the administration of
LRS and FMT, the expression of ZO-1 increased and reached a
significant level. Camp and S100A8 usually exert anti-inflam-
matory effects.>® The expression levels of them significantly
decreased in the DSS group, but significantly increased after
LRS and FMT intervention, potentially contributing to the
anti-inflammatory effect of LRS.

Overall, L. rhamnosus SHA113 alleviates UC by increasing
the expression of mucins, anti-inflammatory cytokines, and
anti-inflammatory peptides; changing the structure of intesti-
nal flora; and increasing the content of intestinal SCFAs. The
increases in Bacteroides, Oscillibacter, Clostridium XVIII,
Escherichia/Shigella, Butyricimonas, and Parabacteroides and the
decreases in Alloprevotella, Prevotella, Roseburia, Odoribacter,
and Parvibacter, among others, were related to the occurrence
of UC. The reductions in mucins, anti-inflammatory factors,
and SCFAs might be also related to the development of UC.
The decrease in the genera Escherichia/Shigella and the
increase in  the SCFA-producing genera  Roseburis,
Bifidobacterium, and Akkermansia are identified as the key
factors that contribute to the therapeutic effect of L. rhamnosus
SHA113.
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