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New pathway ameliorating ulcerative
colitis: focus on Roseburia intestinalis

and the gut-brain axis
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Abstract

Background: The community of gut microbes is a key factor controlling the intestinal barrier
that communicates with the nervous system through the gut-brain axis. Based on our clinical
data showing that populations of Roseburia intestinalis are dramatically decreased in the gut of
patients with ulcerative colitis, we studied the efficacy of a strain belonging to this species in
the context of colitis and stress using animal models.

Methods: Dextran sulfate sodium was used to induce colitis in rats, which then underwent

an enema with R. intestinalis as a treatment. The disease activity index, fecal changes

and body weight of rats were recorded to evaluate colitis, while histological and
immunohistochemical analyses were carried out to examine colon function, and 165 rRNA
sequencing was performed to evaluate the gut microbiota change. Behavioral assays and
immunohistochemical staining of brain were performed to assess the effect of R. intestinalis

on the gut-brain axis.

Results: Colitis-related symptoms in rats were significantly relieved after R. intestinalis
enema, and the stool traits and colon length of rats were significantly recovered after
treatment. The gut epithelial integrity and intestinal barrier were restored in treated rats, as
evidenced by the higher expression of Zo-1 in colon tissues, accompanied by the restoration
of gut microbiota. Meanwhile, depressive-like behaviors of rats were reduced after treatment,
and laboratory experiments on neuronal cells also showed that IL-6, IL-7 and 5-HT were
downregulated by R. intestinalis treatment in both serum and brain tissue, while Iba-1

expression was reduced in treated rats.

Conclusions: The administration of R. intestinalis contributes to restoration of the gut
microbiota, promoting colon repair and the recovery of gastrointestinal function. These
alterations are accompanied by the relief of depressive-like behaviors through a process
modulated by the neuronal network and the regulation of inflammation by the gut-brain axis.
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Introduction

Ulcerative colitis (UC) is a chronic and relapsing
disease of the intestinal tract that substantially
decreases patients’ quality of life.! In addition to
diarrhea, abdominal pain, malnutrition and other
gastroenterological abnormalities, psychiatric dis-
orders are also associated with UC.2 Dysbiosis of

the gut microbiota was shown to induce mental
health disorders through the gut-brain axis by
modulating the inflammatory response, neuronal
network or immunological regulation.? Clinical
studies have indicated that the incidence of
fatigue, anxiety, depression, and other psychiatric
disorders is significantly higher in patients with

Ther Adv Gastroenterol
2021, Vol. 14: 1-14

DOI: 10.1177/
17562848211004469

© The Authorl(s), 2021.
Article reuse guidelines:
sagepub.com/journals-
permissions

Correspondence to:
Yanling Wei

Department of
Gastroenterology, Army
Medical Center of PLA
Affiliated with Army
Medical University,
Chonggqing 400042, China
lingzi016@126.com

Fenghua Xu

Yi Cheng

Guangcong Ruan
Ligin Fan

Yuting Tian

Zhifeng Xiao
Dongfeng Chen
Department of
Gastroenterology, Army
Medical Center of PLA
Affiliated with Army
Medical University,
Chongqing, China

journals.sagepub.com/home/tag

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/tag
mailto:lingzi016@126.com

Therapeutic Advances in Gastroenterology 14

UC than in healthy controls.#® Although the
cause and effect of neurological disorders associ-
ated with UC are unclear, clinical trials have sug-
gested that the remission of digestive diseases is
often accompanied by the relief of mental health
disorders.”8

To date, the pathogenesis and etiology of UC are
not clear and might involve genetic, environmen-
tal and immunological factors.®-1! As the intesti-
nal mucosa is a complicated environment where
the gut microbiome plays a vital role in intestinal
functioning, dysbiosis of the gut microenviron-
ment is closely related to the incidence of UC.1%13
The depletion of “anti-inflammatory” taxa has
been observed in patients with UC, along with
expansion of proinflammatory microorganisms.!4

Microbiota modulation for the treatment of colitis
is a hot research topic,!%1% and various reports have
proven that probiotic bacteria exert a satisfactory
effect on repairing the intestinal barrier and can
help reestablish intestinal homeostasis.!” Recently,
our clinical data revealed that the abundance of
Roseburia intestinalis is significantly decreased in
patients suffering from colitis. R.ntestinalis is a
butyrate-producing obligate anaerobe that belongs
to the Roseburia genus in Clostridium cluster XIVa
of the Firmicutes phylum, which is essential for
host metabolism.!%1° Recent studies of animal
models of colitis have also suggested that R. inzesti-
nalis exerts a positive effect on colitis by suppress-
ing inflammatory immune responses and improving
the gut barrier.20:21

However, researchers have not determined
whether R. intestinalis might act on colitis and the
nervous system to ameliorate dysbiosis-related
neurological disorders through the gut—brain axis.
Here, we hypothesize that the restoration of gut
microbiota by R.intestinalis might protect the
nervous system. Our work aims to assess whether
R. intestinalis protects rats from mental health
conditions caused by gut dysfunction.

Materials and methods

Fecal biodiversity analysis on an ulcerative

patient

One male patient aged 52years was diagnosed
with UC and underwent fecal microbiota trans-
plantation (FMT) using FMT capsules (patent
NO. Z1.201510304041.4). Colonoscopy was

carried out to evaluate UC before and after FMT
treatment. Stool samples were collected from this
patient before and after FMT treatment and
stored at —80°C until a further gut microbiota
analysis using 16S rRNA sequencing. Stool sam-
ples were sent to G-Bio, Hangzhou, China for
16S rRNA sequencing and an analysis of the stool
composition.

Roseburia intestinalis culture and

identification

R. mtestinalis (DSMZ-14610) (Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH,
Braunschweig, Germany) was used in this study
and stored in cryotubes at —80°C. The bacteria
were grown under strict anaerobic conditions at
37°C for 24h in BD BACTEC Lytic/10
Anaerobic/F medium (Becton Dickinson and
Company, United States) until they reached the
stationary phase and a working culture was
obtained.

R. intestinalis samples were sent to BGI genomics
(Shenzhen, China) for 16S rRNA sequencing
using 16S primers: 27f (AGAGTTTGATCMT
GGCTCAG) and 1492R (TACGGYTACCTTG
TTACGACTT). The sequencing results were
compared with the NCBI sequence database to
identify the strain using the Basic Local Alignment
Search Tool (BLAST).

Morphology of R. intestinalis

The morphology of the R. intestinalis cells was
analyzed using Gram staining and scanning elec-
tron microscopy (SEM).

The sample was prepared for the SEM analysis as
described below. The isolated and purified bacte-
ria were inoculated in a shake flask containing
40ml of BD BACTEC™ Lytic/10 Anaerobic/F
Culture Vials liquid medium and cultured with-
out shaking for 48h. After culture, 500 ul of the
bacterial solution were aspirated and centrifuged
at 3000rpm for 3min. The supernatant was
removed, and 800 ul of phosphate-buffered saline
(PBS) were added to wash the pellet 2-3 times.
Then, 1 ml of 2.5% glutaraldehyde was added to
the precipitate, and the sample was mixed and
incubated at 4°C overnight; the sample was cen-
trifuged at 3000 rpm for 3min, and the superna-
tant was removed. Gradient ethanol dehydration
was performed with a 20%, 50%, 80%, and 100%
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ethanol, with dehydration for 10 min each, and
centrifugation was performed at 3000rpm for
3min; then, 100% 2-methyl-2-propanol was
added 2-3 times for washing, and the samples
were observed using SEM.

For Gram staining, the bacterial suspension was
fixed on glass slides using a flame. Crystal violet
solution A was added and incubated for 2min.
The slide was washed with running water to
remove the excess dye. Iodine-potassium iodide
solution B was added and incubated for 5min.
The slide was washed with running water. Excess
water was allowed to run off, and then the sections
were immediately placed in absolute acetone. Four
changes of absolute acetone were used for a total of
100s. The sample was briefly washed with running
water until the acetone was removed. Carbolfuchsin
solution C was added and incubated for 1-11 min,
followed by a brief wash with running water, and
the sample was observed after drying.

Animals and groups

Adult male Sprague-Dawley rats were purchased
from the Experimental Animal Center, Institute
of Field Surgery, Committee of Army Medical
Center, and housed at 22°C on a 12:12-h light-
dark cycle with free access to water and food. The
rats were randomly assigned to the following
groups (=10 per group): control, dextran
sodium sulfate (DSS) alone, and DSS plus
R. intestinalis (DSS + R.I). The control rats were
fed sterile drinking water daily. The rats in the
DSS group were treated with 4% DSS daily for
7 days, followed by sterile drinking water treat-
ment (without DSS) for 7days. The rats in the
DSS + R.I group were treated with 4% DSS daily
for 7days and then treated with R. intestinalis
daily for the next 7 days by enema. All experimen-
tal protocols were conducted in accordance with
the recommendations of the Daping Hospital
Animal Experiment Center Guidelines and
Animal Ethics Committee of Daping Hospital
affiliated with Army Medical University. The
protocol (AMUWEC2020639) was approved by
the Laboratory Animal Welfare and Ethics
Committee of Third Military Medical University.

Induction of colitis and R. intestinalis

treatment

The animals were allowed to adapt to the envi-
ronment for 1week before the experiment. The

whole experiment lasted for 17 days (Figure 3a).
Specifically, 4% (w/v) DSS (M.W.: 36,000-
50,000 Da, MP Biomedical, United States) in
drinking water was used to induce acute colitis in
rats for 7 days (DSS group), and the control group
of rats received only regular sterile drinking water
(control group). A freshly prepared DSS solution
was administered every 2days. Rats in the
DSS +R.I group received 10° CFU/100ul of
R. intestinalis enterally by enema for 7 days after
challenge with DSS. The food and water/DSS
consumption, weight, feces and living conditions
were monitored daily. The disease activity index
(DAI) was calculated by scoring changes in
weight loss, stool consistency, and intestinal
bleeding, according to the classic scoring system
reported by Cooper et al.?22 On the 15th day, the
rats were weighed and euthanized under anesthe-
sia. Peripheral blood was collected and centri-
fuged (1500X g, 15min), and the supernatant
was frozen at —80°C until further analysis using
enzyme-linked immunosorbent assays (ELISAs).
The colon was removed and measured. After
rinsing with PBS, the colon was cut into several
sections: some sections were fixed with 4% (w/v)
paraformaldehyde for histopathological and
immunohistochemical (IHC) staining, and the
others were fixed at —80°C and frozen for western
blotting analysis, ELISA and quantitative reverse
transcription PCR (QRT-PCR).

Behavioral tests

Behavioral tests were performed 24 h after the last
treatment as described in a previous report.?3
After 1week of DSS exposure with or without
7 days of R. intestinalis treatment, the assays were
conducted on three consecutive days in the fol-
lowing order: open field test (OFT), tail suspen-
sion test (TST) and light/dark box (LDB) test.

Open field test. Each rat was gently placed in a
100 X 100 X 45 cm square box. The bottom of the
box was divided into 25 small squares, and the
nine small center squares were defined as the cen-
tral area and the other 16 squares as the periph-
eral area. Each rat was slowly placed into the box
along the corner of the wall and allowed to explore
the apparatus for 15 min. During the experiment,
the chamber was kept quiet, and the box was
cleaned after testing. Movements were digitally
captured and analyzed using EthoVision XT
video tracking software (Noldus Information
Technology, Inc., Netherlands) to evaluate the
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rat’s ability to explore the center or surrounding
area and the walking distance.?3

Tail suspension test. The TST involves a trans-
parent square box with hooks. Approximately
1cm of the rat’s tail was taped on the hook, and
the rat was hung upside down 40cm from the
ground. The suspension lasted for 6 min; the first
minute was considered the adaptive time (latency
period), and the recording continued from the
2nd to the last minute. During the experiment,
the room was kept quiet. Movements were digi-
tally captured and analyzed using EthoVision XT
video tracking software to assess the rats in a state
of immobility.23

Light/dark box. The LDB assay was performed as
previously reported.?* Rats were individually
placed in a light and dark box apparatus, that is, a
box (60 X30X30cm) divided into a dark area
and a light area (30 X 30 cm each), and allowed to
explore for 10min. Rats were placed in the light
area and allowed to move freely. The time spent in
the dark side and the number of transitions
between the light side and dark side were
evaluated.

Hematoxylin-eosin staining (H&E]

Harris> hematoxylin (YuanYe Biotechnology,
Shanghai, China) was used to stain the samples
for 5min, which were then gently washed with
water. Differentiation was carried out for 5s with
a 1% hydrochloric acid alcohol solution (1ml),
and the color of the slice was observed to change
from blue to red. Then, after the sections were
washed with tap water for 1.5 h, they were stained
with 0.5% eosin (water-soluble, Aladdin Bio-
Chem Technology, Shanghai, China) for 2min.
After the aforementioned staining process, the
sections were dehydrated with different concen-
trations of ethanol and cleared with 100% xylene.
Cover slips were mounted over the sections before
they were assessed under a microscope (Carl
Zeiss, Oberkochen, Germany).

Masson’s trichrome staining

After 5min of staining with Harris’ hematoxylin,
the sections were washed with running water.
The samples were differentiated with 1% hydro-
chloric acid for 1 min and then rinsed for 1.5h.
Next, Ponceau (Aladdin Bio-Chem Technology,
Shanghai, China) was added for 7min, and

distilled water was used for washing. The samples
were treated with a 1% aqueous solution of phos-
phomolybdic acid (Fuguang Fine Chemical
Research Institute, Tianjin, China) for approxi-
mately 5min without washing with water and
directly counterstained with an aniline blue
(Aladdin Bio-Chem Technology, Shanghai, China)
solution for 5 min. Finally, the sample was treated
with 1% glacial acetic acid (Tianjin Tianli
Chemical Reagent Co., Tianjin, China) for 1 min
and shaken. After staining, the slices were dehy-
drated with different concentrations of ethanol
and cleared with 100% xylene. Cover slips were
mounted over the sections before they were
assessed under a microscope.

Immunohistochemical staining

The histological sections were subjected to anti-
gen retrieval, cooled for 2h, treated with 0.3%
(w/v) H,O, for 15min, blocked with PBS con-
taining 5% (w/v) bovine serum and 0.1% (w/v)
Triton X-100 for 15min, and incubated with a
goat anti-Iba-1 antibody (1:500, Abcam, United
Kingdom), rabbit anti-Zol antibody (1:500,
Abcam, United Kingdom) or mouse anti-GFAP
antibody (1:500, Sigma-Aldrich, United States)
overnight at 4°C. After the sections were washed,
they were incubated with biotinylated secondary
antibodies (1:200, Thermo Fisher Scientific,
United States) for 1h, followed by staining with
the avidin—biotin—peroxidase complex (ABC,
Vector Laboratories, United States). The diam-
inobenzidine (DAB) reaction was visualized
from the immunoprecipitated product. After the
aforementioned staining procedures, the sec-
tions were dehydrated with different concentra-
tions of ethanol and cleared with 100% xylene.
Cover slips were mounted over the sections,
which were then assessed under a microscope
(Carl Zeiss, Oberkochen, Germany).

Western blotting

Proteins were extracted from the brains and intesti-
nal tissues using RIPA lysis buffer (KeyGen Biotech,
Nanjing, China) containing phenylmethylsulfonyl
fluoride (Biosharp Life Sciences, Hefei, China) and
aphosphatase inhibitor cocktail (MedChemExpress,
Shanghai, China). The total protein concentration
was determined with a BCA Protein Assay Kit
(KeyGen Biotech, Nanjing, China). For western
blotting, the samples (30mg protein) were sepa-
rated on 10% (w/v) acrylamide SDS-PAGE gels
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and then transferred to a nitrocellulose membrane
(Pall Corporation, United States). The membrane
was then blocked with 5% (w/v) BSA (Gentihold,
Beijing, China) before an overnight incubation with
goat anti-Iba-1 (1:500, Abcam), mouse anti-GFAP
(1:500, Sigma-Aldrich), rabbit anti-ZO1 (1:500,
Abcam), and mouse anti-B-actin (1:500, Santa
Cruz Biotechnology, United States) primary anti-
bodies at 4°C. After three washes for 10min with
Tris-buffered saline containing 0.1% (v/v) Tween
20 (TBST), the nitrocellulose membranes were
incubated with a fluorescent dye-labeled secondary
antibody (1:15000; LI-COR Biosciences, United
States) for 60min at room temperature. After the
incubation with the appropriate secondary antibod-
ies, the membranes were analyzed and quantified
using an Odyssey CLx Imager and Image Studio
software (LI-COR Biosciences).

RNA extraction and gRT-PCR

Total RNA was extracted from the brains and
intestinal tissues using TRIzol reagent (Thermo
Fisher Scientific, United States) according to the
manufacturer’s protocol. The RNA concentra-
tion was quantified using ultraviolet spectropho-
tometry at 260/280 nm (Nanodrop 2000, Thermo
Fisher Scientific, United States). The PrimeScript
First-Strand ¢cDNA Synthesis Kit (Takara Bio,
Japan) was used to reverse transcribe cDNAs.
PCR was performed in an Mx3000P qPCR
System (Agilent Technologies, United States)
with the corresponding primers (Takara Bio,
Japan) and SYBR Green PCR master mix (Takara
Bio, Japan). The primer sequences were as fol-
lows: il-17a (sense primer: 5' TCAACCGTTCCA
CTTCACCC 3', anti-sense primer: 5' ACTTC
TCAGGCTCCCTCTTCAG 3", il-6 (sense
primer: 5 CAACGATGATGCACTTGCAGA
3', anti-sense primer: 5' CTCCAGGTAGCTA
TGGTACTCCAGA 3.

Enzyme-linked immunosorbent assay

The changes in the levels of cytokines and neuro-
transmitters in the serum, colon and intestine
were determined using ELISAs. Blood samples
were collected, stored at 4°C overnight and cen-
trifuged at 3000 ¢ for 20 min, and serum samples
(supernatant) were collected for further experi-
ments. ELISAs were performed according to the
protocols provided with the IL-6, IL-17 and

5-HT kits (PeproTech, Rehovot, United States).
An iMark Microplate Absorbance Reader (Bio-
Rad, United States) was used to measure the
absorbance at 450 nm.

Analysis of the gut microbiota using 16S rRNA
sequencing

Rat stool samples were collected daily by stimu-
lating the anus and were stored at —80°C. The
stool samples and FMT bacterial fluid were sent
together to Sangon Biotech (Shanghai, China) for
16S rRNA sequencing with the Illumina MiSeq
platform. The biodiversity of the microbiota was
analyzed by performing principal component
analysis and clustering analysis.

Statistical analysis

SPSS statistics software 17.0 (SPSS, United
States) was used for all quantitative analyses. Data
are presented as the means = SE of the number
(n) of samples analyzed in all experiments. Data
with one variable were analyzed using one-way
ANOVA with the Newman—Keuls post hoc test.
Data with two variables were analyzed using two-
way ANOVA with Tukey’s post hoc test when
appropriate. When significantly unequal variance
existed, the data were transformed prior to statisti-
cal analysis. Statistical significance was established
with a=0.05, *indicates “p<<0.05”, *“indicates
“p<0.01” and *indicates “p<0.001”.

Results

Changes in the gut microbiome in patient with

FMT treatment

A colonoscopy examination was used to detect
the remission of colonic ulcers in a patient with
UC after the FMT treatment (Figure 1). We also
analyzed the microbiome composition of stool
samples from this patient before and after the
FMT treatment, and the results revealed that the
population of R. intestinalis was increased after
UC remission (Figure 1). The proportion of
R. intestinalis was only 0.05% of the total micro-
biota before the FMT treatment and increased to
27.25% after UC remission (Figure 1). Based on
this finding, we hypothesized that R. intestinalis
might play an essential role in the recovery of
patients with UC.
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Figure 1. Comparison of colonoscopy pictures and intestinal bacterial composition of a patient receiving FMT.
(a)-(d) Contrast colonoscopy photos of the same patient with UC after FMT treatment. (a) and (c) Colonoscopy
pictures before FMT treatment, with diffuse and multiple ulcers on the colonic mucosa, as well as blurred
blood vessels, a fragile texture, bleeding, and purulent secretions. The images shown in (b) and (d) were
captured after FMT treatment, showing ulcer remission with pseudopolyps and a smoother mucosal layer. (e)
Diagram of the composition of the fecal microbiota when the patient had not received FMT; (f) diagram of the
composition of the fecal microbiota after the patient received FMT.

Figure 2. (a) Gram staining results showing that R. intestinalis is gram-variable. Red is generally considered to
be gram-negative, and blue-violet is gram-positive. (b) Scanning electron microscopy images of R. intestinalis.

Identification and characterization of

R. intestinalis

R. intestinalis is a saccharolytic, butyrate-produc-
ing bacterium that was first isolated from human
feces.?> In this study, Gram staining and SEM
were first performed to assess the morphology of
R. intestinalis (Figure 2). The SEM image showed
a slightly crooked bacillus shape wrapped by

flagella for the strain used in this study (Figure 2),
consistent with the distinctive characteristics of
R. intestinalis.?6 We used the first three results
from the NCBI database to compare the genome
of the R.I strain and further assess and identify the
strain used in this study. According to the results
(Table 1), the strain used in our research shares
the closest genetic relationship with R. mtestinalis.

journals.sagepub.com/home/tag


https://journals.sagepub.com/home/tag

F Xu, Y Cheng et al.

Saline water

<— Pre-
a)Control | ser:siﬂzam;)’
1

| Saline water

<— Behavior tests —>

DSS | UL { NS | —> Sacrifice
RI
DSS+R.I DS I
D1 D7 D14 D17
5
(b) =0 »- Control (C) - Control
8 340 , e s DSS 4 — = DSS
= 2 o + DSS+RI 3 Ay & DSS#R|
3 il i £ @ X e
2N s I 7 xS
z 2804 F77 L k\‘ P ¥ o /!f
@ 260 e S A
(030 a8t gheogssst
T T T 1 ¥ -+ T T 1
9 8 10 15 0 5 10 15
Days Days
(d) (e) = o () 2s-
& ; - *
o £ 20+ Kk
; &
| = 15—
= o
3
‘ ’ ‘ § ol
; : =
& \ S 59
i )
e“e\ §F & | © o
N <4 2 ]
€ & s IR S &L
& 9 &
> ¢ &
S & &
X X Q
QOQ Q %%
Q
Open field test Tail suspension test Light/dark box
h i j
(g)loo— ( ) 8000_ * ¥k *% ( ) 400_ (.]) 600- S i
= HEk *% E a
N . S > ok k% o
g8 T 6000 £ 300 =
< = £ =< 4004
5 60 ks ° &
= 5 4000 £ 200 =
E ) =3 £
40+ 3 = o
= s Z E 200
2 < 2000 S 100 &
= 204 2 £
o £
& E
0 s~ . 0- 0-
3 S A N > > & O
960\ 0%% X > (PQ“ Q% éﬁ)& e&é Q% %‘5& e““e Q% %‘5)8.
8 & 9 © 9 & 9

Figure 3. Health conditions of rats and colon histology. (a) Experimental design. (b) Body weight change in each
group. (c] Disease activity index (DAI) scores of each group. (d) Fecal traits of each group. Stool samples were
collected from each group on the 17th day. (e) The length of colon from rats in each group. (f] Comparison of colon
length in each group of rats. (g) Time spent by rats in the center area during the open field test (OFT). (h) Effects of R.
intestinalis on the total distance traveled by the DSS-treated rats in open field test (OFT). (i) Examination of immobility
in the tail suspension test (TST). (j) Time spent by rats in the dark environment of the light/dark box (LDB.

Data are presented as the means = SEM (n=6 per group). The results were analyzed using one-way ANOVA.

*p < 0.05, **p<0.01, ***p<0.001 compared with the DSS group.

R. intestinalis improved health in colitis rats

During the period of DSS challenge, the body
weight of rats with colitis in both the DSS and
DSS +R.I groups was significantly decreased
compared with the control group (Figure 3).
When DSS stimulation was stopped, rats showed
a recovery in body weight and the change in the
DSS + R.I group was more rapid than in the DSS

group. The stool samples from each group also
presented different characteristics. Feces from the
DSS group appeared watery and bloody, but the
stool samples from the R. intestinalis-treated rats
showed healthier traits. The DAI scores of each
group were recorded as well, which increased dra-
matically with DSS administration and then
decreased after DSS was stopped accompanied
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Table 1. Identification of Roseburia intestinalis.

Description Max score Total score Query cover  Evalue Per.ldent Accession
Roseburia intestinalis gene for the 16S 2575 2575 100% 0 99.93% AB661435.1
ribosomal RNA, partial sequence,

strain: JCM 17583

Roseburia intestinalis XB6B4 draft 2575 2575 100% 0 99.93% FP929050.1
genome

Roseburia intestinalis partial 16S 2575 2575 100% 0 99.93% AMO055815.1

rRNA gene, strain XB6B4

The NCBI database was searched and the first three results were compared. According to the strain identification results, the strain used in this
study shares the closest genetic relationship with Roseburia intestinalis.

by the R. intestinalis treatment (Figure 3). This
result is consistent with the trend of the body
weight, showing that R. intesunalis therapy
induced colitis remission. When the week of
R. intestinalis treatment ended, the rats were euth-
anized and dissected. The colon length of the rats
in the DSS + R.I group was significantly longer
than in the DSS group (Figure 3).

R. intestinalis has ameliorated depressive-like
behaviors in colitis rats

Rats were subjected to behavioral tests at the end
of treatment to evaluate whether the remission of
colitis was accompanied by neuroprotective
effects. We evaluated the locomotor activity of
the rats using the OFT, TST and LDB assays,
and significant differences were observed in all
groups (Figure 3).

Specifically, the OFT, TST and LDB assays
showed that the administration of R. intestinalis
alleviated depressive and anxiety-like behaviors,
such as poor performance in the OFT, longer
immobility time in the TST, and remaining in the
dark in the LDB, in rats with colitis.

The recovery of intestinal function induced

by R. intestinalis

We next carried out 168S ribosomal RNA sequenc-
ing to assess the diversity and composition of the
gut microbiota in rats from different groups. A
heatmap of the operational taxonomic unit profiles
showed variation before (DSS S) and after (DSS
E) DSS challenge, while the abundance of the
fecal microbiota from the rats in the DSS+R.I
group showed insignificant changes before and
after R. intestinalis treatment (Figure 4). Collinearity

diagrams and violin plots also revealed significant
changes in the rats with DSS-induced colitis, but
the R. intestinalis treatment abolished these changes
(Figure 4). These results indicate that although gut
dysbiosis occurs in rats with colitis, treatment with
R. intestinalis efficiently restored a healthy microe-
cology in the digestive system, contributing to
functional recovery.

We performed histological assays to examine rats
subjected to different treatments to further inves-
tigate the effect of R. intestinalis on restoring colon
function. First, morphological changes in the
colon and collagen fibers, which are representa-
tive indicators of gastrointestinal (GI) barrier
function, were investigated. The rats in the DSS
group exhibited sparse and short crypts and thin
intestinal walls with increased numbers of colla-
gen fibers (Figure 5). These abnormal structures
indicate malfunctioning of the GI barrier and
digestive system dysfunction. A gqRT-PCR analy-
sis of colon tissue revealed that the proinflamma-
tory factors IL-6 and IL-17 were upregulated in
rats with colitis but then decreased significantly
after the R. intestinalis treatment (Figure 5).
Moreover, 5-hydroxytryptamine (5-HT) expres-
sion in the DSS+ R.I group was significantly
decreased compared with the DSS-treated rats
(Figure 5).

We examined the mucosal integrity and tight
junctions of colon tissues from the rats in differ-
ent groups by performing IHC assays and western
blotting to further investigate the restoration of
GI function mediated by the R. intestinalis treat-
ment. The colons of rats treated with DSS exhib-
ited significantly decreased expression of Zo-1,
while the R. intestinalis treatment increased its
expression levels (Figure 6).27” GFAP was also
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Figure 4. Effects of R. intestinalis on the intestinal microbiota of the DSS group. (a) Functional abundance heat
map of the different groups. Each column in the figure represents a sample, and the color block represents
the functional abundance value. Redder colors represent higher abundances, and greener colors represent
lower abundances. (b) and (c] Collinearity diagrams of different groups. The semicircle on the right represents
the species abundance in the sample, and the semicircle on the left represents the distribution of species in
different samples. (d) The a-diversity estimated using the Chao1 index in different groups; each box in the

figure represents a group.

evaluated to confirm the recovery of the GI bar-
rier mediated by R. intestinalis (Figure 6).28

Anti-inflammatory effect of R. intestinalis on

the central nervous system of rats with colitis

As behavioral tests showed that R. ntestinalis alle-
viated depressive-like symptoms in rats with coli-
tis, we next studied the inflammatory condition in
both serum and brain samples from all groups.

The ELISA of rat serum samples showed that
both IL-6 and IL-17 were upregulated in the rats
with colitis, but decreased in rats that underwent
the R. intestinalis treatment (Figure 7), and a sim-
ilar change was observed in rat brain tissues using
gRT-PCR (Figure 7). Moreover, we used
5-hydroxytryptamine (5-HT) as an indicator of
inflammatory cell activation, and the elevated lev-
els of 5-HT detected in both serum and the brain
were reversed by the R. mtesunalis treatment
(Figure 7). This synchronism of inflammatory
regulators in both the serum and brain suggests
that R. intestinalis potentially affects the gut—brain
axis of rats with colitis.

The dorsal motor nucleus of the vagus nerve and
the hypothalamus regulate the intestinal nervous
and immune systems through nerves or neuroen-
docrine pathways, and their functions may also be
affected by neuroinflammation due to the activa-
tion of microglia. Therefore, we examined the
activation of microglia in the hypothalamus by
performing Iba-1 IHC and western blotting. After
the DSS challenge, microglial cells were activated
and presented remarkably enlarged cellular bod-
ies and hyper-ramified and thick processes; how-
ever, these alterations were alleviated in the
DSS +R.I group (Figure 7). The quantification
of Iba-1 was also confirmed through western blot-
ting (Figure 7).

Discussion

Although the etiology and pathogenesis of UC
have not been confirmed, the connection between
gut microbiota dysbiosis and intestinal malfunc-
tion has been verified in many preclinical and
clinical studies.!3:29-31 In this study, we found that
the abundance of R. intestinalis differed in patients
before and after UC remission, and, for the first
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Figure 5. Representative images of changes in the intestinal morphology of each group. (a) Representative
images of H&E-stained colon sections from rats with different treatments after 7days. (b) Representative
images of Masson’s trichrome-stained colon sections from rats with different treatments after 7 days.
Treatment with R. intestinalis alleviated mucosal lesions in the colon. (c] Relative measurement of colonic
mRNA expression of IL-6 and IL-17 in rats. (d) The expression level of 5-HT in the colon was measured using

an ELISA.

Data are presented as the means = SEM (n=3 per group). The results were analyzed using one-way ANOVA.
*p<0.05, **p<0.01, ***p<0.001 compared with the DSS group.

time, we confirmed that probiotic therapy using
R. intestinalis ameliorated colitis and neurological
disorders by modulating the gut—brain axis.

FMT is regarded as an effective method for treat-
ing intractable inflammatory bowel diseases. Our
group has been using this approach for a long time
to treat patients with UC in clinical practice and
has achieved desirable results. Moreover, colitis
remission correlates with the relief of mental
health disorders through the microbiota—gut—
brain axis.?332:33 Based on our findings in clinical
patients with UC, we hypothesized that exogenous

supplementation with R. intestinalis would
improve intestinal function and the gut barrier,
and neurological inflammation related to colitis
would also be relieved. We performed a series of
analyses of GI function, the gut microbiota and
inflammation of the central nervous system in a
colitis model to study the effect of R. ntestinalis
ontheinflammatorycascadethoughthemicrobiota—
gut-—brain axis.

In this study, we constructed a colitis model in
rats by administering DSS as a representative
platform to study the effect of R. wntestinalis on
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Figure 6. The expression of molecules related to the gut barrier. The astrocyte phenotype was assessed by
performing GFAP IHC in the colon. Representative image of IHC staining for (a) Zo-1 and (b) GFAP in colonic
mucosal epithelial cells of the control group, DSS group and DSS + R.I group. (c) Levels of the Zo-1 and GFAP

proteins were analyzed using western blotting.

colitis. Murine models of various diseases and
physiological dysfunctions are used in preclinical
studies to study etiologies and pharmacological
treatments, and the choice of an appropriate
model with a strong connection and similarity
would provide reliable evidence.?*3> In a recent
study that compared the gut metagenome
between rats and mice with humans, the data
showed a higher pairwise overlap in humans and
rats than in mice and rats, where 97% of func-
tional pathways in the human catalog were
expressed in the rat catalog.36:37

Based on our results, R. intestinalis exerted a ther-
apeutic effect on DSS-challenged rats. Sparse
and short crypts with a thin intestinal mucosal
layer in the rat colon, as well as the symptoms
caused by colitis, were significantly relieved by
the R. intestinalis treatment, and the greater num-
ber of collagen fibers in colon tissue also sug-
gested a protective effect on GI function and gut
barrier recovery. To our knowledge, the gut bar-
rier plays a vital role in the interaction between
the enteric environment and extraintestinal

functions.?® In UC, a disrupted gut barrier is not
sufficient to block enteric toxins or proinflamma-
tory regulators from entering the extraintestinal
system, and disorders of distant tissues are thus
induced. Among these disorders, neurological
inflammation and mental disorders are typical
extraintestinal responses caused by UC through
the gut-brain axis.??

We also investigated behavioral changes in rats to
study whether R. intestinalis could be applied as a
therapeutic agent to relieve UC and neuroinflam-
mation by modulating the gut-brain axis. Our
data showed that DSS induced depressive-like
behavior in rats with colitis, while the R. inzesti-
nalis  treatment relieved these symptoms.
Moreover, treatment with R. intestinalis altered
the gut microbiota composition and diversity.
This change in the fecal microbiota indicates the
restoration of the gut microecology, which is
essential for maintaining a balanced intestinal
microenvironment.?® Further analyses of intesti-
nal function and the colonic barrier using western
blotting and THC indicated the recovery of the
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Figure 7. The effects of R. intestinalis on rats with colitis. The levels of (a) IL-6, IL-17, and (b) 5-HT in serum
were detected using ELISAs. (c] Expression of the IL-6 and IL-17 mRNAs in rat brains evaluated using RT-
gPCR. (d) 5-HT concentrations in the brain were measured using an ELISA. (e) The activation of microglial
cells in the hypothalamus and dorsal motor nucleus of the vagus nerve. (f] Levels of the Iba-1 protein were

analyzed using western blotting.

Data are presented as the means = SEM (n=3 per group). The results were analyzed using one-way ANOVA.
*p<0.05, **p<0.01, ***p<0.001 compared with the DSS group.

epithelial structure, suggesting that R. intestinalis
exerts a protective effect on the gut barrier in rats
with colitis by restoring the gut microbiota. The
evaluation of GFAP as an indicator of an intact
functional intestinal barrier is also consistent with
the abovementioned results.40:41

Furthermore, the changes in the levels of IL-6
and IL-17 in both serum and brain also suggests
an effect of R. intestinalis on the gut—brain axis. A
similar change was observed in the expression of
5-HT, a neurotransmitter that extensively affects
cerebral activity and modulates emotion and
memory, acting as a mediator in neuronal net-
works through the gut-brain axis.*> THC and
western blotting results both illustrated that

microglial cells were activated after DSS chal-
lenge, while this activation was reversed by
R. intesuinalis administration, indicating that R.
intestinalis exerted a protective effect on the cen-
tral nervous system through the gut—brain axis.

In conclusion, this study is the first to report the
therapeutic and protective effects of R. intestinalis
on UC and neurological disorders. Our data
together suggest that R. intestinalis might serve as
a beneficial treatment for the establishment and
maintenance of a healthy gut microbiota, contrib-
uting to the restoration of the intestinal barrier,
and it might exert a protective effect on colitis-
related brain inflammation through the microbi-
ota—gut—brain axis.
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