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Impact statement

At present, no cure for ulcerative colitis
(UC) is known. The side effects of con-
ventional drugs are strong, and the disease
has an easy relapse. Many studies have
shown that its pathogenesis is associated
with the involvement of immune cells and
inflammatory cytokines. Dysbiosis can
stimulate various types of autoimmune and
inflammatory diseases through Th1, Th2,
Th17, and Treg cell imbalance. Abnormal
release of inflammatory cells and media-
tors may occur as a result of immune-
regulation imbalance, ultimately leading to
intestinal mucosal tissue damage. Fecal
microbiota transplantation (FMT) involves
transferring functional intestinal microbiota
in the feces of healthy individual into the
gastrointestinal tract of patients to recon-
struct the intestinal microbiota with normal
functions. The findings of this study sug-
gested that FMT benefied UC by improving
the balance of Th1/Th2 and Th17/Treg
through intestinal microbiota regulation.

Abstract

Restoring intestinal microbiota dysbiosis with fecal microbiota transplantation is considered
as a promising treatment for ulcerative colitis. However, the mechanisms underlying its
relieving effects remain unclear. Ulcerative colitis pathogenesis is associated with the
involvement of immune cells and inflammatory cytokines. Here, we aimed to investigate
the effect of fecal microbiota transplantation on T cell cytokines in a dextran sulfate sodium-
induced ulcerative colitis mouse model. Five-aminosalicylic acid (5-ASA) was used as the
positive control. Male C57BL/6 mice were randomly assigned to control, model (UC),
UC + FMT, and UC + 5-ASA groups. Each group consisted of five mice. The establishment
of the mouse model was verified by fecal occult-blood screening and hematoxylin—eosin
staining. Results showed that fecal microbiota transplantation reduced colonic inflamma-
tion, significantly decreased T helper (Th)1 and Th17 cells, interferon-gamma, interleukin-2
and interleukin-17, as well as significantly increased Th2 and regulatory T (Treg) cells,
interleukin-4, interleukin-10, and transforming growth factor-beta, and improved routine
blood count. Furthermore, 16S rRNA gene-sequencing analysis showed a significant
increase in the relative abundance of genus Akkermansia and a significant decrease in
the relative abundance of genus Helicobacter in the ulcerative colitis group. Fecal micro-

biota transplantation restored the profile of the intestinal microbiota to that of the control group. These findings demonstrated the
capability of fecal microbiota transplantation in controlling experimentally induced ulcerative colitis by improving Th1/Th2 and
Th17/Treg imbalance through the regulation of intestinal microbiota.
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Introduction

Ulcerative colitis (UC) is a chronic nonspecific inflamma-
tion disorder belonging to the category of inflammatory
bowel disease (IBD). It primarily affects the rectum,
and the colonic mucosa and submucosa. Its main clinical
abdominal
mucoid, purulent, and bloody stools.! The disease starts

manifestations include
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in the rectum and typically extends proximally over a
variable length of the colon, whereas some may have
inflammatory cecal patch.® It is characterized by an
alternation of attack, remission, and relapse, and occurs
mostly in young people aged 20-40. It is a common, fre-
quently occurring, and difficult disease of the digestive
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pain, diarrhea,
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The incidence of UC is increasing yearly worldwide, yet
its etiology and pathogenesis remain unclear. Modern med-
icine believes that a combined effect of genetic, environ-
mental, psychological, and other factors can lead to
intestinal mucosal barrier damage, neuroendocrine dys-
function, and immune imbalance, resulting in local ulcers
in the intestinal mucosa.’

At present, UC has no known cure. In principle, the drug
treatment of this disease involves controlling an acute
attack, repairing mucosa, maintaining remission, reducing
recurrence, and preventing complications. Drug treatment
includes aminosalicylic acid (ASA) preparations and glu-
cocorticoids.®” The side effects of conventional drugs are
strong, and the disease has an easy relapse. Fecal micro-
biota transplantation (FMT) involves the transfer of func-
tional intestinal microbiota in the feces of healthy
individuals into the gastrointestinal tract of patients in cer-
tain ways to reconstruct intestinal microbiota with normal
functions, and it treats certain intestinal and extraintestinal
diseases. This method has a long history and is included in
the US Food and Drug Administration’s guidelines for
treating Clostridium difficile infection in 2013. Its safety
and effectiveness have been further confirmed, and the
indications have been expanded.®’

Many studies have shown that the pathogenesis of UC is
associated with the involvement of immune cells and
inflammatory cytokines. Disrupted intestinal microbiota
may cause harmful bacteria in the intestine to increase rap-
idly and cause inflammatory intestinal responses.'’ The
imbalance of immune-regulation results in the abnormal
release of inflammatory cells and mediators, eventually
leading to intestinal mucosal tissue damage."

This study was carried out to access the efficacy of FMT
in mice with experimentally induced UC and to explore its
possible mechanism of action. The therapeutic effect was
evaluated by analyzing the balance of Th1/Th17 and Th17/
Treg, as well as related inflammatory factors. The possible
mechanism of action was explored using 165 rRNA gene-
sequencing. 5-ASA was used as the experimental (positive)
control. We hypothesized that FMT could achieve its ther-
apeutic effect in mice with experimentally induced UC by
improving the balance of Th1/Th2 and Th17/Treg through
intestinal microbiota regulation.

Materials and methods

Ethics approval

All procedures involving animals were approved by the
Animal Use and Care Committee of Jiangxi University of
Traditional Chinese Medicine. They were conducted in
compliance with the principles and procedures outlined
in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health (revised 2011).

Experimental animals

Male C57BL/6 mice (four weeks old) weighing 16.5+25 g
were provided by Hunan SJA Laboratory Animal Co., Ltd,
Hunan, PR. China [license number: SCXK (Xiang) 2019-
0004]. The mice were kept in standard cages and allowed

access to food and water ad libitum. The room was well
ventilated and maintained under natural light-dark
conditions.

Main reagents and instruments

Supplementary Tables 1 and 2 show the main reagents and
instruments used in this study.

Experiment grouping and modeling

Mice were randomly assigned to four groups (n=5 per
group; 8 mice in the normal control group, 3 of which
were used for model verification; 18 in the UC mouse
model, 3 were used for model verification; and 5 in each
groups of (2), (3), and (4), which were used for
experiments).

Normal control group (control) . The mice had free access
to normal drinking water, fed normal food, raised at normal
temperature (temperature and humidity settings were the
same as those of the normal model), and had no other spe-
cific treatment.

For groups (2), (3), and (4), after the model was success-
fully established, the mice had free access to normal drink-
ing water, fed normal food, and raised under normal
temperature. They were also given intervention according
to the specific group as follows:

UC model group (UC). Mice received an enema of 0.2 mL
of phosphate buffer saline (PBS), once every 2 days for 10
consecutive days and a total of 5 times.

UC model + FMT group (UC + FMT). Mice received an
enema of 0.2 mL of fecal bacteria solution, once every
2 days for 10 consecutive days and a total of 5 times; and

UC model +5-ASA group (UC +5-ASA). Mice received
an enema of 0.0195 g/kg (drug concentration of
0.0195g/mL, 0.2 mL enema per 20 g mice), once every
2 days for 10 consecutive days and a total of 5 times.

Establishment of UC mouse model

Mice were subjected to seven days of adaptive feeding and
then raised under an individually ventilated cage system
(setting parameters: temperature, 20°C; humidity, 45%; 12h
per day). They were fed normal food and allowed free
access to distilled water containing 2% dextran sulfate
sodium (DSS) for 10 consecutive days. After modeling,
three mice from the UC model were selected for observa-
tion, and the samples were taken for model verification.

Fecal microbiota preparation

About 5 g of fresh morning stool samples from the normal
control mice were dissolved in 10 mL of sterile PBS, thor-
oughly mixed, filtered through 2.0, 1.0, 0.5, and 0.25mm
stainless-steel sieves, and centrifuged for 15min at
6000 x g. Bacteria were collected, washed with sterile PBS
(3x), resuspended in 25 mL of PBS, and stored at 4°C.
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Fecal occult-blood screening

Each mouse model was screened for fecal occult-blood.
Those with positive results were selected for verification
by hematoxylin-eosin (HE) staining, whereas those with
negative results were excluded, to ensure that the model
established was indeed successful for subsequent
experiments.

Animal sampling

Upon completion of the intervention, mice in each group
were anesthetized with an intraperitoneal injection of
45mg/kg sodium pentobarbital. After opening the abdom-
inal and thoracic cavities, 0.02 mL of ethylenediamine tetra-
acetic acid saturated solution was drawn with a 1-mL
syringe to moisten the tube. Blood was obtained from the
mouse heart for flow-cytometry analysis and routine blood
test. The colon and cecum were collected, and the blood
stains on the surface were washed. The intestinal contents
were extruded with sterile cotton swabs for 165 rRNA
gene-sequencing analysis. The cecum was removed, and
the remaining colon and rectum were divided into three
parts for HE, transmission electron microscope (TEM),
and enzyme-linked immunosorbent assay (ELISA)
detection.

HE staining

After rinsing with running water for several hours, tissues
were dehydrated in 70%, 80%, and 90% ethanol solution.
Then, they were placed in pure alcohol-xylene (1:1), xylene

Control

UC+FMT
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I, and xylene II until clear, followed by xylene-paraffin (1:1)
(15min each), and paraffin I and paraffin II (50-60 min
each). The embedded tissues were sectioned, baked, dew-
axed, and hydrated. After performing hematoxylin staining
for 3min, hydrochloric acid ethanol differentiation was
conducted for 15s. The sections were slightly washed and
placed in blueing solution for 15s. They were rinsed with
running water, and eosin staining was performed for 3 min.
The sections were rinsed, dehydrated, cleared, mounted,
and examined under a microscope. A comparison was
made between the UC and control groups for model veri-
fication, followed by a comparison between groups (UC,
control, and the treatment groups UC+FMT and
UC+5-ASA).

TEM observation

Tissues were fixed for more than 2h in 2.5% glutaralde-
hyde, rinsed with 0.1M phosphoric acid, fixed for 2h
with 1% osmic acid, and rinsed with 0.1 M phosphoric
acid. The tissues were subjected to gradient ethanol
(50%-90%) followed by acetone dehydration, paraffin
embedding, and solidification. Then, the specimens were
sliced into 70 nm-thick sections, double stained with 3%
uranium acetate-lead citrate, and observed under TEM.

Flow-cytometry detection

Detection of T helper (Th)17 cells. About 100 pL of blood
from each group was taken and placed in a 12-well plate.
After adding 150 uL of 1640 complete medium followed by
1pL of phorbol myristate acetate/ionomycin mixture, the

Figure 1. HE staining of the intestinal tissue of mice in each group. For the model group, the mice that tested positive for fecal occult-blood screening were selected
for verification by HE staining. A comparison between the UC and control groups was made for model verification, followed by a comparison between groups (UC,
control, and the treatment groups UC+FMT and UC + 5-ASA). Note: scale 50 um. Control: normal control, UC: ulcerative colitis model, UC+FMT: ulcerative colitis
model + fecal microbiota transplantation, UC + 5-ASA: ulcerative colitis model 4 5-aminosalicylic acid. (A color version of this figure is available in the online journal.)

HE: hematoxylin-eosin.
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mixture was incubated for 30 min. Then, 1 L of Brefeldin
A/monensin mixture was added, and incubation was per-
formed for 24h. The blood was transferred into an
Eppendorf tube, the mixture was centrifuged, and 150 uL
of supernatant was discarded. The cells were blown evenly,
after which 5 uL of CD4 APC-Cy7 was added, and the mix-
ture was incubated for 15min in the dark. After adding
1mL of PBS, centrifugation for 5min at 400 x g and wash-
ing (2x) were performed. The supernatant was discarded,
500 uL of fixation and permeabilization solution were
added, and the mixture was incubated for 40 min in the
dark. The specimen was centrifuged for 5min at 400 x g,
1mL of 1x BD permeabilization (Perm)/Wash™ buffer
was added, and washed (2x). After resuspending the
cells in 100 uL of 1x BD Perm/Wash™ buffer, 5 uL of inter-
leukin (IL)-17A PE was added, and the mixture was incu-
bated for 15 min in the dark. Then, 1mL of 1x BD Perm/
Wash™ buffer was added, and washing (2x) was per-
formed. The cells were resuspended in 500 pL of 1x BD
Perm/Wash™ buffer, and flow-cytometry detection was
performed.

Detection of Th1, Th2, and regulatory T (treg) cells. The
procedures were the same as above. After incubation with
CD4 APC-Cy7 and cell resuspension, interferon-gamma
(IFN)-y PE and IL-4 PE were added for Th1l and Th2 cell
detection, respectively, and reincubation was performed.

Control

A

UC+FMT

For Treg cell detection, the cells were incubated with 5L
of CD4 APC-Cy7/CD25 PE, followed by 5puL of FOXP3
Alexa Fluor® 488 after cell resuspension.

ELISA detection

The kit components and reagents were restored to room
temperature (RT). To set up the standard wells, 50 pL of
standards at various concentrations were added to each
well of the microplate. Then, the blank and sample wells
were set up. Each sample well was added 40 pL of sample
diluent, followed by 10 pL of sample and 100 pL of enzyme-
labeled reagent. The microplate was covered with sealing
film and incubated for 60 min at 37°C. The sealing film was
then removed, and the liquid was discarded. The wells
were washed and the microplate was patted dry.
Developer A followed by developer B (50 uL. each) were
added into each well, which was then gently shaken and
mixed. Color development was achieved after 15min at
37°C in the dark. Subsequently, each well was added
50 uL of stop solution. The OD values were determined
at 450 nm.

Routine blood test

After the blood of each group was fully anticoagulated, a
veterinary hematology analyzer was used to complete the
routine blood test within 4h under RT. This step was

uc

Figure 2. Ultrastructure of the intestinal tissue of mice in each group by TEM. Tissues were fixed for more than 2 h in 2.5% glutaraldehyde, and for 2 h with 1% osmic
acid, followed by gradient ethanol (50-90%) and acetone dehydration, paraffin embedding and solidification. Then, the specimens were sliced into 70 nm-thick
sections, and double stained with 3% uranium acetate-lead citrate. Note: scale 1 um. Control: normal control, UC: ulcerative colitis model, UC+FMT: ulcerative colitis
model + fecal microbiota transplantation, UC + 5-ASA: ulcerative colitis model 4+ 5-aminosalicylic acid. TEM: transmission electron microscope.
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performed to detect the number of white blood cells
(WBCs), red blood cells (RBCs), platelets (PLTs), and hemo-
globin (HGB) content.

Diversity analysis of intestinal microbiota

The intestinal contents were filtered, and the extracted total
DNA was quantified with a spectrophotometer. In general,
target sequences such as microbial ribosomal RNA that can
represent the composition and diversity of the microbiota
are usually used as targets. The corresponding primers are
designed based on the conserved regions in the sequence to
perform polymerase chain reaction (PCR) amplification.
The PCR-amplification products were determined by 2%
agarose-gel electrophoresis. The target fragments were cut
and recovered. The recovered products were quantified
using fluorescence. High-throughput sequencing was con-
ducted, and analysis was performed using Quantitative
Insights Into Microbial Ecology software. UCLUST
sequence-alignment algorithm was used. Based on 97%

sequence similarity, the sequences acquired from
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high-throughput sequencing were merged and divided
into operational taxonomic units (OTUs). The most abun-
dant sequence in each OTU was selected as the representa-
tive sequence of the OTU. Classification and identification
of results were performed by comparing the ribosomal
database project.

Statistical analysis

Data analysis was performed using SPSS 19 (SPSS Inc.,
Chicago, IL, USA). Measurement data were expressed as
the mean+standard deviation (X +s). Comparisons
between groups were conducted by one-way ANOVA
with P <0.05 as statistically significant.

Results

HE staining

The colonic mucosa in the control group was intact, and the
glands were arranged neatly. No inflammatory-cell infiltra-
tion was observed. The layers were tight, and the structure
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Figure 3. Scatter plots of flow-cytometry detection of Th1 cells in intestinal tissue of mice in each group. The cells were incubated with 5 uL of CD4 APC-Cy7, followed
by 5 uL of IFN-y PE for Th1 cell detection. Note: Control: normal control, UC: ulcerative colitis model, UC+FMT: ulcerative colitis model + fecal microbiota trans-
plantation, UC + 5-ASA: ulcerative colitis model + 5-aminosalicylic acid. (A color version of this figure is available in the online journal.)

IFN-y: interferon gamma; PE: phycoerythrin; CD: cluster of differentiation; APC-Cy7: allophycocyanin-cyanine 7; Th: T helper.
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was clear. In the UC group (as indicated by the arrows),
varying degrees of defects or exfoliation and necrosis on the
intestinal mucosal surface were observed, part of which
formed wulcers. Disappeared crypts and numerous
inflammatory-cell infiltrations into the lamina propria
were noted. Thickening and edema of the muscularis
mucosa and submucosal vasodilation were found. More
erythrocytes and eosinophils infiltration were observed.
After treatment with FMT or 5-ASA, significant improve-
ment was noted. The intestinal mucosa was basically intact;
very few of them remained incomplete and broken.
Additionally, the glands proliferated and were neatly
arranged. The goblet cells increased. The bleeding points
disappeared, and a small amount of inflammatory-cell
infiltration was found (Figure 1).

TEM analysis

In the control group, the microvilli had regular morphology
and neat arrangement. Relatively, more goblet cells, abun-
dant mitochondria, clear cristae structure, and no changes
in the rough endoplasmic reticulum were observed. In the
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UC group, the epithelial-cell surface had sparse microvilli,
with variable lengths and irregular shapes. The gap
between cells widened, the goblet cells decreased, and
vacuoles were found in the cytoplasm. Swollen mitochon-
dria, partial cristae disappearance, and some endoplasmic
reticulum expansion or vacuole changes were noted. After
FMT or 5-ASA treatment, a significant improvement was
found. The microvilli were denser, the morphology was
normal, the number of goblet cells increased, the mitochon-
dria were slightly swollen, and the rough endoplasmic
reticulum lesions were not obvious (Figure 2).

Flow-cytometry detection

After UC modeling, the CD4+/IFN-y+ positive Th1 cells
and CD4+/IL-17+ positive Th17 cells increased signifi-
cantly, whereas the CD4+/IL-4+ positive Th2 cells and
CD4+/CD25+/FOXP3+ positive Treg cells decreased sig-
nificantly (all P < 0.05). After treatment with FMT or 5-ASA,
the Thl cells and Th17 cells decreased significantly,

whereas the Th2 cells and Treg cells increased
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Figure 4. Scatter plots of flow-cytometry detection of Th2 cells in intestinal tissue of mice in each group. The cells were incubated with 5 pL. of CD4 APC-Cy?7, followed
by 5uL of IL-4 PE for Th2 cell detection. Note: Control: normal control, UC: ulcerative colitis model, UC+FMT: ulcerative colitis model + fecal microbiota trans-
plantation, UC + 5-ASA: ulcerative colitis model + 5-aminosalicylic acid. (A color version of this figure is available in the online journal.)

IL: interleukin; PE: phycoerythrin; CD: cluster of differentiation; APC-Cy7: allophycocyanin-cyanine 7; Th: T helper.
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significantly (P < 0.05, all). The levels were close to normal
(Figures 3 to 7).

ELISA detection

The serum levels of IFN-y, IL-2, and IL-17 in the UC group
increased significantly, whereas the serum levels of 1L-4,
IL-10, and transforming growth factor-beta (TGF-B)
decreased significantly compared with those of the control
group (all P <0.05). The serum levels of IFN-y, IL-2, and
IL-17 in the UC+FMT and UC + 5-ASA groups decreased
significantly, whereas the serum levels of IL-4, IL-10, and
TGEF- increased significantly compared with the UC group
(P <0.05, all). The levels were close to normal (Figure 8).

Routine blood test

The number of WBCs and PLTs in the UC group increased
significantly, whereas the number of RBCs and the HGB
content decreased significantly compared with those of
the control group (P <0.05, all). After treatment with FMT
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or 5-ASA, the routine blood data improved and
approached the values of the control group (Table 1).

Diversity analysis of intestinal microbiota

Results of the 16S rRNA gene-sequencing analysis of the
intestinal contents of mice in each group are shown in
Figure 9. The abundance of the species was represented
by the length of the curve on the horizontal axis in
Figure 9(a) (rank abundance curve). A broader curve cor-
responded with a richer species composition, whose uni-
formity was reflected by the shape of the curve. A flatter
curve indicated greater uniformity. Results of non-metric
multidimensional scaling analysis, beta diversity principal
component analysis, and principal coordinate analysis are
presented in Figure 9(b) to (d), respectively. Higher close-
ness of the samples to one another corresponded with
higher microbial community similarity. Intestinal micro-
biota was restored to the pattern close to that of the control
group following treatment with FMT or 5-ASA, suggesting
an improvement in intestinal microbiota.
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Figure 5. Scatter plots of flow-cytometry detection of Th17 cells in intestinal tissue of mice in each group. The cells were incubated with 5 uL of CD4 APC-Cy?7,
followed by 5 pL of IL-17 PE for Th17 cell detection. Note: Control: normal control, UC: ulcerative colitis model, UC+FMT: ulcerative colitis model + fecal microbiota
transplantation, UC + 5-ASA: ulcerative colitis model + 5-aminosalicylic acid. (A color version of this figure is available in the online journal.)

IL: interleukin; PE: phycoerythrin; CD: cluster of differentiation; APC-Cy7: allophycocyanin-cyanine 7; Th: T helper.
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Figure 6. Scatter plots of flow-cytometry detection of Treg cells in intestinal tissue of mice in each group. The cells were incubated with 5 uL of CD4 APC-Cy7/CD25
PE followed by 5 uL of FOXP3 Alexa Fluor® 488 for Treg cell detection. Note: Control: normal control, UC: ulcerative colitis model, UC+FMT: ulcerative colitis
model + fecal microbiota transplantation, UC + 5-ASA: ulcerative colitis model 4 5-aminosalicylic acid. (A color version of this figure is available in the online journal.)
CD: cluster of differentiation; PE: phycoerythrin; FOXP3: forkhead box P3; FITC: fluorescein isothiocyanate; Treg: regulatory T.

Compared with the control group, the genera that sig-
nificantly increased in abundance in the UC group were
Akkermansia and unclassified Lachnospiraceae, whereas the
genera that significantly decreased in abundance were
Helicobacter,  Saccharibacteria_genera_incertae_sedis, — and
unclassified Porphyromonadaceae. After treatment with FMT,
intestinal microbiota was restored to the pattern close to
that of the control group, suggesting an improvement in
intestinal microbiota (Figure 10).

Discussion

At present, the mechanism of FMT in UC treatment is asso-
ciated with improving the structure of the intestinal micro-
biota, acidifying the intestinal tract to suppress the growth
of pathogenic bacteria, increasing the level of intestinal
anti-inflammatory metabolites such as short-chain fatty
acids, increasing the abundance of beneficial bacteria,
improving the balance of Th1/Th2 and Th17/Treg, regulat-
ing the balance of pro-inflammatory and anti-inflammatory

factors, and stimulating the body’s immune system to
develop immune tolerance to intestinal microbiota.'*"?

Th17 and Treg cells are two key lymphocyte subsets with
opposing roles.'"* A number of studies have shown that
intestinal microbiota was closely related to the balance
between Th17 and Treg."® A previous research has demon-
strated that the immune imbalance of Th17/Treg could
play a critical role in UC development. Inducing Treg cell
and TGF-B1 production and inhibiting the levels of Th17
and IL-17 could restore the immune balance of Th17/Treg,
which may suggest new therapeutic targets for UC.'® The
results of this study revealed that FMT significantly affect-
ed the UC mouse model, and the effect was not inferior to
that of 5-ASA. At the same time, the results of 16S rRNA
gene-sequencing analysis suggested that FMT could restore
the profile of intestinal microbiota to that of the control
group.

T lymphocytes play a key role in the body’s immune
response and immune regulation. Th cells are effector
cells derived from the activation of native CD4™" T cells.
They exert immune effects through the release of cytokines,
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Figure 7. Histogram of flow-cytometry detection of Th1, Th2, Th17, and Treg cells in intestinal tissue of mice in each group. The cells were incubated with 5 uL of CD4
APC-Cy7, followed by 5 uL of IFN-y PE, IL-4 PE, and IL-17 PE for Th1, Th2, and Th17 cell detection, respectively. For Treg cell detection, the cells were incubated with
5uL of CD4 APC-Cy7/CD25 PE followed by 5 uL of FOXP3 Alexa Fluor® 488. Note: All data were presented as mean + standard deviation. Compared with control
group, *P < 0.05; compared with UC group, #P < 0.05. Control: normal control, UC: ulcerative colitis model, UC+FMT: ulcerative colitis model + fecal microbiota
transplantation, UC + 5-ASA: ulcerative colitis model 4 5-aminosalicylic acid. CD: cluster of differentiation; IFN-v: interferon gamma; IL: interleukin; FOXP3: forkhead
box P3; Th: T helper; Treg: regulatory T.
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Figure 8. Histogram of ELISA detection of serum levels of IFN-y, IL-2, IL-17, IL-4, IL-10, and TGF-f3 in mice of each group. The standard wells were set up by adding
50 uL of standards at various concentrations to each well. Then, the blank and sample wells were set up. Each sample well was added 40 pL of sample diluent, followed
by 10 uL of sample, and 100 uL of enzyme-labeled reagent. The microplate was covered with sealing film, and incubated for 60 min at 37°C. Color development was
achieved after 15 min at 37°C in the dark. The OD values were determined at 450 nm. Note: All data were presented as mean + standard deviation. Compared with
control group, *P < 0.05; compared with UC group, #P < 0.05. Control: normal control, UC: ulcerative colitis model, UC+FMT: ulcerative colitis model + fecal
microbiota transplantation, UC + 5-ASA: ulcerative colitis model + 5-aminosalicylic acid. ELISA: enzyme-linked immunosorbent assay; IFN-vy: interferon gamma; IL:
interleukin; TGF-p: transforming growth factor beta.
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Table 1. Routine blood analysis of mice in each group.

Group Number of mice WBC (x 10%/L) RBC (x 10'%/L) PLT (x 10°%/L) HGB (g/L)

Control 5 3.54+0.74 5.38 +0.20 264.2 +37.16 109.92 +4.35
uc 5 9.64 +1.32* 3.57+£0.18* 333 +29.34* 90.5 £ 5.65"
UC +FMT 5 6.16 - 0.86** 5.05+0.30* 322 +25.4* 108 + 7.84*
UC +5-ASA 5 4.3540.44* 4.9840.27* 310+ 30.7* 103.8 + 6.26*

Note: Blood was obtained from the mouse heart. After it was fully anticoagulated, a veterinary hematology analyzer was used to complete the routine blood test
within 4 h under RT. All data were presented as mean + standard deviation. Compared with control group, *P < 0.05; compared with UC group, *P < 0.05. Control:
normal control, UC: ulcerative colitis model, UC+FMT: UC model + fecal microbiota transplantation, UC 4+ 5-ASA: UC model 4+ 5-aminosalicylic acid.

WBC: white blood cell; RBC: red blood cell; PLT: platelet; HGB: hemoglobin; RT: room temperature.
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Figure 9. Diversity analysis of intestinal microbiota in mice. The intestinal contents were filtered, and the extracted total DNA was quantified with a spectrophotometer.
The PCR-amplification products were determined by 2% agarose-gel electrophoresis. The target fragments were cut and recovered. The recovered products were
quantified using fluorescence. High-throughput sequencing was conducted. Analysis was performed using QIIME software. UCLUST sequence-alignment algorithm
was used. Based on 97% sequence similarity, the sequences acquired from high-throughput sequencing were merged and divided into OTUs. The most abundant
sequence in each OTU was selected as the representative sequence of the OTU. Classification and identification of results were performed by comparing the RDP. (a)
Rank abundance curve, (b) NMDS analysis based on UniFrac distance, (c) PCA beta diversity, (d) PCoA. Note: A. control, B. UC, C. UC+FMT. Control: normal control,
UC: ulcerative colitis model, UC+FMT: ulcerative colitis model + fecal microbiota transplantation. (A color version of this figure is available in the online journal.)
PCR: polymerase chain reaction; NMDS: non-metric multidimensional scaling; PCA: principal component analysis; PCoA: principal coordinate analysis; QIIME:
Quantitative Insights Into Microbial Ecology; OTU: operational taxonomic unit; RDP: ribosomal database project.

assist in B cell activation to produce antibodies, and direct
contact with cells.”” After being regulated by different anti-
gens and cytokines in the local microenvironment, Th cells
can be differentiated into two subtypes, namely, Th1l and
Th2. Thl cells predominantly secrete IL-2 and IFN-y, and
involve in the cellular immune response, inflammation
and acute rejection, whereas Th2 cells primarily secrete
IL-4 and IL-5 and contribute to the humoral immune
response.'®? According to this study, Th1 cells dominate

the UC model. After treatment with FMT, Th2 cells become
dominant, and the Th1/Th2 balance tends toward the con-
trol group. Th17 cells belong to a newly discovered unique
Th subgroup. They are activated with the participation of
various cytokines such as TGF-B, IL-6, and IL-23 and are
involved in the inflammatory response, immune response
to bacterial infection, and autoimmune diseases through
the secretion of IL-17, IL-22, and other cytokines.20
Studies have shown that the expression of Th17 cells and
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Figure 10. Comparative analysis of intestinal microbiota of mice at the genus level. The relative abundances were determined by dividing each OTU read count by the
total read count of the corresponding sample. (a) 3D histogram of relative abundance at the genus level, (b) heatmap of the community composition and abundance at
the genus level. Note: A: control, B: UC, C: UC+FMT. Control: normal control, UC: ulcerative colitis model, UC+FMT: ulcerative colitis model + fecal microbiota

transplantation. (A color version of this figure is available in the online journal.)
OTU: operational taxonomic unit; 3D: three-dimensional.

its related factors, IL-17 and IL-21, increases in the active
stage of UC and increases gradually with increased disease
activity.”! Treg is a type of CD4" CD25" FOXP3" T cell
subgroup with negative regulation. FOXP3 is an important
transcription factor of Treg, which is a marker of Treg and is
involved in its differentiation and functional regulation.”
Studies have shown that Treg plays an immunosuppressive
role by releasing cytokines such as TGF-f and IL-10 and is
closely associated with IBD pathogenesis. A study using

flow-cytometry analysis has shown that the number of
Treg cells in mouse colon with DSS-induced colitis signifi-
cantly increases after treatment, indicating the participation
of Treg cells in the pathogenesis of UC.*

Normal mammals are “superorganisms,” which are
symbiotic bodies composed of hosts and microorganisms.
The mammalian digestive tract is inhabited by trillions of
symbiotic microorganisms, known as intestinal micro-
biota.*** Nearly 1.5kg of microorganisms exist in the
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intestinal tract of an adult, and they affect all aspects of
health of the host through co-development with it.** In
addition to internal factors such as genotype, age, and
physiological state of the host, the structure of the intestinal
microbiota depends on the environmental factors such as
diet and living conditions.”” The functions of intestinal
microbiota include formation of the host immune system,
food digestion and nutrient absorption, and regulation of
drug and bile-acid metabolism.?® Intestinal microbiota is
related to many pathological processes, such as colorectal
cancer,”’ IBD,*° metabolic disease,®! atherosclerosis,®> and
neurological diseases.*

Intestinal flora disorder is closely associated with the
occurrence of various diseases, such as asthma, obesity, dia-
betes, and specifically gastrointestinal diseases.* The
healthy intestinal microbiota is dominated by Firmicutes
and Bacteroidetes, and to a lesser extent by Proteobacteria,
Actinobacteria and Verrucomicrobia. An imbalance of these
phyla can lead to dysbiosis.* In the present study, results
of microbiota diversity analysis at the genus level signifi-
cantly differed in Helicobacter and Akkermansia in the UC
group compared with those of the control, which may be
related to the occurrence and treatment of the disease. Host
immunity could be the dominant forces shaping the intes-
tinal microbiota assembly.>®

Among the various immune cells, microbiota has been
shown to be related to Th1, Th2, Th17, and Treg cell devel-
opment.””~** Dysbiosis can stimulate various types of auto-
immune and inflammatory diseases through an imbalance
of the T-cell subpopulations, such as Th1, Th2, Th17, and
Treg cells.*® Dysbiosis can lead to increased intestinal per-
meability and trigger inflammation.*! Intestinal microbiota
modulation by FMT and normobiosis restoration activates
the immune pathways, inducing immune cells to be
involved in the resolution of inflammatory processes.*?

In conclusion, FMT had the capability to control exper-
imentally induced UC with obvious effects via intestinal
microbiota regulation, thereby improving the balance of
Th1/Th2 and Th17/Treg. This study provided a theoretical
basis for the treatment of UC by FMT, although further
research is needed to validate the findings.
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