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Purpose: Total flavone of Abelmoschus manihot (TFA), the effective constituents extracted
from Flos Abelmoschus Manihot, has been reported to inhibit inflammation. However, the
effect of TFA on ulcerative colitis (UC) progression in patients with depression is unknown.
The purpose of our research was to explore the anti-UC effects of TFA in the context of
depression in mice with UC by regulating the gut microbiota to drive the intestinal barrier.
Methods: In this study, chronic stress (CS) and dextran sodium sulfate (DSS) were used to
induce depression and UC, respectively, in C57BL/6J mice. Fecal microbiota transplantation
(FMT) was used to evaluate how treating mice modeling UC and depression with TFA
effected their gut microbiota.

Results: Our results showed that TFA effectively improved UC aggravated by CS. In
addition, TFA treatment improved the depression-like phenotype, the disturbed gut micro-
biota, and the intestinal barrier function in CS mice. It is worth noting that FMT from the CS
mice to the receptor group further aggravated the damage of the intestinal barrier and the
disturbance of the gut microbiota in the recipient DSS mice, thus further aggravating UC,
however, treatment of the intervention of TFA in the CS fecal microbiota transplant with
TFA also played its therapeutic outcome.

Conclusion: Taken together, our results show that CS disrupts the gut microbiota, triggers
intestinal barrier injury and aggravates DSS colitis, while TFA is a promising drug for the
treatment of UC in patients with depression.

Keywords: total flavone of Abelmoschus manihot, ulcerative colitis, depression, gut

microbiota, intestinal barrier

Introduction

Inflammatory bowel disease (IBD) is a group of chronic inflammatory diseases that
includes Crohn’s disease (CD) and ulcerative colitis (UC). The chronic, unpredict-
able, and uncertain nature of UC is an important feature that can trigger anxiety and
depression.’? Recent clinical-research evaluated depression in individuals who
subsequently develop UC.® Compared with those without depression, patients
with depression had an approximately 41% increased risk of UC, an increased
risk of the relapse of UC, and an increased number of surgeries and hospitaliza-
tions, which affect the prognosis of UC.*” UC patients with depressive symptoms
have a lower quality of life and the course of disease is worse in patients with
depression.® However, the underlying mechanisms by which depression aggra-

vates UC remain unclear.
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A study showed that in patients with UC, gut microbial
diversity decreases, the number of potentially pathogenic
bacteria increases, and their biodiversity decreases, which
can aggravate colitis.'” In addition, experiments have
found that changes in the gut microbiota can aggravate
or alleviate colitis.'" Therefore, alleviating gut microbiota
disorders may be a potential treatment for UC. The micro-
biota plays an important role in maintaining the intestinal
barrier. The composition of the gut microbiota can influ-
ence the development of the immune system and regulate
immune mediators, thus affecting the intestinal barrier.
Dysbiosis impinges on the epithelial barrier, leading to so-
called intestinal leakage, which brings the intestinal con-
tents into contact with the periphery of the host, inducing
an inflammatory response.'>'* Members of the gut micro-
biota coexists to regulate the maturation of the mucosal
immune system, and pathogenic bacteria cause immune
dysfunction, while the intestinal mucosal immune system
can protect the integrity of the intestinal barrier.'> In
addition, a large number of clinical trials have found that
the gut microbiota structure of depressed individuals is
significantly different from that of healthy individuals,
generally manifested as decreases in the diversity and
richness of gut microbiota.'®!” These results suggest that
gut microbes regulate the intestinal barrier and may be the
link between depression and colitis.

As a traditional Chinese medicine, Flos Abelmoschus
manihot is often used as the main drug of the Huang Kui
Lian Chang Decoction in the treatment of UC.'® The total
flavone of Abelmoschus manihot (TFA) is an effective

constituent extracted from Flos Abelmoschus manihot

that has significant therapeutic effects on IBD, chronic
glomerulonephritis and poststroke depression.' ! High
performance liquid chromatography (HPLC) analysis
showed that TFA is mainly composed of eight flavonoid
glycosides, including quercetin-3-O-robinobioside, gossy-
petin-3-O-glucoside, quercetin-3'-O-glucoside, isoquerce-
tin, hyperoside, myricetin, gossypetin and quercetin.?’ In
this study, we verified that TFA has therapeutic effects on
dextran sodium sulfate (DSS) induced colitis with depres-
sion. Then, we used fecal microbiota transplantation
(FMT) to provide evidence that the gut microbiota drives
the intestinal barrier and is involved in the susceptibility of
chronic stress to DSS colitis (Graphical Abstract).

Materials and Methods

Drugs

TFA was extracted from the flowers of Abelmoschus man-
ihot at the Affiliated Hospital of Nanjing University of
Chinese Medicine, Nanjing, China. Flos Abelmoschus
manihot was immersed in 75% ethanol for 60 min. The
mixture was refluxed for 60 min at 90°C and then filtered
with analytical filter paper. Finally, rotary evaporation was
used to evaporate the extracts under vacuum at 60°C.*
The purity of TFA was 90%. TFA was suspended in 1%
carboxymethyl cellulose solution at different concentra-
tions for oral administration (62.5 and 125 mg/kg).

TFA was analyzed by HPLC. There were eight stan-
dards (purity >98%) purchased from Shanghai Yuanye
Bio-Technology Co., Ltd. A Waters 2694 series HPLC
instrument (Waters Corporation) was used for examination
with TFA. The sample was separated on a C18 column
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(4.6x250 mm, 5 pm) and the mobile phase gradient con-
tained acidified water with acetonitrile (solvent A) as well
as phosphoric acid (solvent B, 0.2%). The gradient pro-
gram was performed as follows: 0-10 min, 86% B; 10-15
min, 92% B; 15-25 min, 92% B; 25-30 min, 81% B; 30-65
min, 81% B; 65-70 min, 86% B. Chromatography was
performed at a flow rate of 1.0 mL/min at 30°C and
aliquots of 10 pL were analyzed.*

Animals and Reagents

Six-week-old male C57BL/6J mice were purchased from
Beijing Vital River Laboratory Animal Technology Co.
Ltd (Jiaxing, Zhejiang, China). The mice were raised in
the laboratory of Basic Pharmacology, Affiliated Hospital
of Nanjing University of Chinese Medicine (Nanjing,
Jiangsu, China). Sterilized standard rodent chow food
and sterilized water were not restricted during the experi-
ment, the temperature was controlled at 23 + 1°C, the
humidity was controlled at 50 + 5%, and the light system
was set at 12 hours/day. Dextran sulfate sodium (DSS,
molecular weight of 36-50 kDa) was provided by
German MP Biopharmaceutical Company, and UC was
induced by administering 2.5% DSS through the drinking
water for 7 days, while the control group was given
normal drinking water.”> Ampicillin, neomycin, metroni-
dazole and vancomycin were purchased from Sigma-
Aldrich Company (USA). The experiments were approved
by the Animal Ethics Committee of The Affiliated
Hospital of Nanjing University of Chinese Medicine. The
project identification code of the ethical statement is
2020DW-30-01. The experiments were conducted in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Chronic Stress (CS)

A depression model of chronic stress was induced by the
chronic restraint stress (CRS) method. Mice were sub-
jected to chronic stress after acclimation to the facility
for 7 days. Mice were restrained in a 50 mL Falcon tube
that was fitted to allow them to breathe. Mice were immo-
bilized for 3 hours once daily for 30 consecutive days to
induce depressive-like behavior. The mice could not
access water and food during the chronic restraint stress
period but could freely access them at the end of it.**

Behavioral Tests
The open field test (OFT) was used to assess the locomotor
and depression-like behaviors of mice. Each mouse was

individually and gently placed in a chamber
(50 cmx50 cmx*30 cm) for one minute of adaptation. The
distance moved was measured using a video tracking
system over 5 min.?

The tail suspension test (TST) and forced swimming
test (FST) were both used to assess behavioral despair. In
the TST, each mouse was individually placed on a tail
suspension monitor 2 cm from the tail tip in a suspended
state, and the head was more than 10 cm from the bottom;
this lasted for a total of 6 min. After 2 min of adaptation,
the immobility time was recorded over 4 min. In the FST,
each mouse was individually placed in an organic glass
drum (height: 40 cm, diameter: 30 cm) filled with water
(depth of 20 cm, water temperature 23 £+ 2°C) and was
forced to swim in the tank for 6 min, and the immobility

duration in the last 4 min was recorded.

Fecal Microbiota Transplantation (FMT)
Briefly, the mice in the recipient group were freely given
an antibiotic mixture for 4 weeks. Mixed antibiotics were
prepared proportionally as follows: ampicillin (1 g/L),
neomycin (1 g/L), metronidazole (1 g/L) and vancomycin
(0.5 g/L).*® Mice in the donor group were euthanized at
the end of modeling, and the cecum contents were col-
lected and weighed. The contents of the cecum were
placed into sterile PBS, and the contents were fully shaken
with a suspension instrument for homogenization and then
centrifuged at 600 g for 3 min. The supernatant was taken
and prepared as a bacterial solution at a ratio of 100 g/L.
Mice in the recipient group were given 0.1 mL of bacterial
solution by gavage every day for 14 consecutive days.?’

Assessment of the Disease Activity Index
(DA)

Mice were monitored daily for body weight. The DAI was
recorded every day during DSS treatment using three
parameters: body weight loss (0 points = no loss, 1 point
= 1-5% loss, 2 points = 5-10% loss, 3 points = 10—15%
loss, 4 points = over 15% loss), fecal consistency (0 points
= normal, 2 points = loose stools, 4 points = watery
diarrhea), and hematochezia (0 points = no bleeding, 2
points = slight bleeding, 4 points = gross bleeding). The

DAI was the total score of these three parameters.?®

Histopathological Assessment
Distal colon specimens were fixed in Carnoy’s solution after
mice were sacrificed. Then, distal colon specimens were
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paraffin-embedded. Finally, the tissues were sectioned and
stained with hematoxylin and eosin, and pathological
changes were observed with a light microscope. The follow-
ing parameters were assessed: infiltration neutrophils, extent
of crypt damage, crypt abscesses, submucosal edema, loss of
goblet cells and reactive epithelial hyperplasia.”

Staining of PAS-AB

Paraffin sections were dewaxed with water, stained with
Alcian blue, periodic acid, Schiff’s reagent and hematox-
ylin solution, dehydrated and sealed, and finally observed
under a microscope. The colonic epithelium was stained
positive, and the PAS-AB cells were stained blue. Three
high-power fields (200x) were randomly selected from
each section, and the number of intestinal villi under
each microscope was divided to obtain the number of
PAS-AB-positive cells in the colon of each mouse.

Immunohistochemical Staining
Immunohistochemistry was performed based on the pro-
cedure described in an earlier study.*® The following anti-
bodies were used in the immunohistochemistry assay:
MUC2 (Abcam, GB11344), KLF4 (Abcam, 11880-1-A),
and ZO-1 (Abcam, GB111981). Digital images at 200X
magnification were acquired using a light microscope.

Quantitative Real-Time Polymerase Chain
Reaction (qPCR)

Total RNA was extracted from colon tissues using TRIzol
reagent, the concentration of the RNA was measured, and
the RNA was then reverse transcribed according to the
manufacturer’s instructions using 5x PrimerScript. The
primer sequences are shown in Table 1. GAPDH was
used as a reference gene. The AACt method was used to
compute the relative gene expression levels.

16S rDNA Gene High-Throughput

Sequencing

The V3-V4 variable region of the bacterial 16S rRNA gene
was amplified by F338 (5'-ACTCCTACGGGAGGCAGCA
-3) and R806 (5-GGACTACHV GGGTWTCTAAT-3').
Using the Illumina MiSeq platform, the extracted PCR pro-
ducts were analyzed by isomolecular 250-bp double-
terminal sequencing. The original pyrophosphate sequence
was uploaded to the NCBI Data Center database SRA
(Sequence Read Archive). High-quality sequence merge
overlap generated fastq files. QIIME (version 1.9.1)

Table | Primers Used in the Real-Time PCR Assays

Gene Primer Sequences(5’-3’)
Muc-2
Forward TGCCCACCTCCTCAAAGAC
Reverse TAGTTTCCGTTGGAACAGTGAA
KLF4
Forward CAGGATTCCATCCCCATCCG
Reverse GAGAGGGGACTTGTGACTGC
ZO-I|
Forward GGGGCCTACACTGATCAAGA
Reverse TGGAGATGAGGCTTCTGCT
TNF-a
Forward CACCACGCTCTTCTGTCTACTG
Reverse GGGCTACAGGCTTGTCACTC
IL-1B
Forward CTCGTGCTGTCGGACCCAT
Reverse GCTTGTGCTCTGCTTGTGA
IL-6
Forward GAGGATACCACTCCCAACAGACC
Reverse AAGTGCATCATCGTTGTTCAT
GAPDH
Forward AGAACATCATCCCTGCATCC
Reverse CTGGGATGGAAATTGTGAGG

software was used to multichannel decode and quality con-
trol filter the fastq file output.

Statistical Analysis

GraphPad Prism 8.0.2 statistical software was utilized to
analyze the above experimental data. Measurement data
are represented as the mean =+ standard deviation;
Student’s f-test, one-way ANOVA or two-way ANOVA
was applied to compare differences between multiple
groups. A value of P < 0.05 indicated that the difference
was statistically significant.

Results
TFA Ameliorated UC Aggravated by

Depression in Mice

As shown in Figure 1A, we treated depression UC mice with
TFA(L) (low-dose, 62.5 mg/kg) or TFA(H) (high-dose,
125 mg/kg) for 37 days to investigate the protective role of
TFA on intestinal inflammation in depression UC. In this
study, the CS+DSS mice had shorter colon lengths than DSS
mice, and this change was obviously ameliorated by TFA
treatment in a dose-dependent manner (Figure 1B and xC).
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Figure | TFA ameliorated UC aggravated by depression in mice (A) experimental procedures. (B) Colon appearance. (C) Colon length. (D) DAI during DSS treatment. (E)
Histology score. (F) Representative images of H&E staining (200 x). (G-1) The mRNA expression levels of IL-1B, TNF-a and IL-6 in colonic tissues. *P < 0.05, **P < 0.01,
compared with the DSS group. #P < 0.05, ##P < 0.01, compared with the CS+DSS group.
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The CS+DSS mouse group had a higher DAI score than the
DSS mice, while TFA administration markedly decreased
the DAI score (Figure 1D). Therefore, TFA treatment sig-
nificantly ameliorated the disease symptoms of intestinal
inflammation in depression UC mice.

Histological analyses revealed obvious inflammatory
cell infiltration, mucosal thickening, goblet cell depletion,
structural destruction and crypt loss in colonic tissues in
the CS+DSS group, with a markedly high histological
score. However, the histological score decreased with
increasing TFA dose (Figure 1E and F). The expression
levels of the proinflammatory cytokines IL-6, IL-1p and
TNF-a were significantly increased in the colons of mice
with depression UC, as shown by qPCR, while the expres-
sion levels of proinflammatory cytokines were efficiently
decreased by high-dose TFA administration (Figure 1G-I).
Overall, TFA treatment significantly improved the inflam-
mation of colonic tissues in depression UC mice.

TFA Treatment Rescued Depressive-Like
Behaviors of CS Mice

The depression model was induced by exposing mice to
chronic stress for 30 days (Figure 2A). The results showed
that TFA treatment restored CS-induced depression in an
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extended range of motion in the OFT (Figure 2B).
Moreover, the immobility duration reduction caused by
CS in the TST and FST was restored by TFA treatment
in a dose-dependent manner (Figure 2C and D).

TFA Treatment Improved the Intestinal

Barrier Function of CS Mice

To explore the differences in the colonic physical barrier
between the experimental groups, the expression profiles of
PAS-AB, MUC2, KLF4 and ZO-1 were investigated. Goblet
cell loss, as a hallmark of UC, can lead to a reduction in mucus
secretion and can exacerbate colitis. To determine whether
TFA treatment could increase colonic goblet cell differentia-
tion in CS mice, mature goblet cells were examined by PAS-
AB staining. PAS-AB staining revealed that the abundance of
PAS-AB-positive cells was downregulated in CS mice.
However, PAS-AB-positive cells were improved with TFA
supplementation in a dose-dependent manner. (Figure 3A
and E). Additionally, immunohistochemical staining showed
that the MUC2, KLF4 and ZO-1 proteins were observably
suppressed in CS colitis mice compared with those of control
check (CK) mice. In contrast, TFA promoted the expression of
the above three proteins in a dose-dependent manner
(Figure 3B-D). Consistently, the mRNA expression levels of
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Figure 2 TFA treatment rescued the depressive-like behaviors of CS mice (A) Experimental procedures. (B) OFT. (C) TST. (D) FST. *P < 0.05, **P < 0.01, compared with

the CK group; #P < 0.05, ##P < 0.01, compared with the CS group.
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Figure 3 TFA treatment significantly improved depressive-like behavior and intestinal barrier function in the mouse model of depression. (A-D) Representative images
(%200 magnification, scale bar 50 um) of PAS-AB, MUC2, KLF4 and ZO-1 staining of the colons of CK, CS and TFA+CS mice. (E) Quantification of staining intensity per
crypt with PAS-AB by Image] analysis was based on 5 representative images per mouse. (F-H) The mRNA expression levels of the intestinal barrier markers MUC2, KLF4
and ZO-1 in colonic tissues. *P < 0.05, **P < 0.01, compared with the CK group; #P < 0.05, ##P < 0.0, compared with the CS group.

MUC2, KLF4 and ZO-1 were also significantly upregulated in
the CS group and were downregulated following TFA treat-
ment in a dose-dependent manner (Figure 3F-H). Collectively,
these data indicate that TFA might prevent CS-induced dis-
ruption of the intestinal barrier.

TFA Attenuated CS-Induced Gut
Microbial Dysbiosis

To determine whether TFA (high-dose, 125 mg/kg) atte-
nuated CS-induced gut microbial dynamics, high-
throughput gene-sequencing analysis of 16S rRNA in
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fecal bacterial DNA was conducted. As shown in
Figure 4A, the Shannon curve indicated that most of the
diversity in the CS group was lower than those in the
control and TFA groups. Beta-diversity to generate
a principal coordinate analysis (PCoA) was used to extend
our understanding of the role of microbiome diversity.
A significant clustering separation between OTUs revealed
the different community structures among the three groups
(Figure 4B).
Subsequently, the which

Proteobacteria, and

most abundant phyla,

included Firmicutes, Bacteroidetes,
Actinobacteria, were detected in the fecal microbiota by 16S
rRNA sequencing analysis. Firmicutes was the most abundant
phylum in these three groups., The relative abundance of
Bacteroidetes was decreased remarkably in the CS group
compared with the CK group, while that of Firmicutes was
significantly increased. After administration of TFA, these
changes were markedly reversed (Figure 4C). A reduction
was also observed in the ratio of Firmicutes to Bacteroidetes
(F/B) after TFA therapy (Figure 4D). There were 10 major
genera in the three groups at the genus level (Figure 4E). The
abundance of Lactobacillus increased, while those of
Desulfovibrio, Enterorhabdus and Bacteroides decreased in
the CS group. TFA treatment reversed the depletion of
Bacteroides and the overgrowth of Lactobacillus. At the

same time, TFA treatment decreased the abundance of levels

Helicobacter, Candidatus_Saccharimonas, Enterorhabdus
and  Lachnospiraceae UCG-006 and increased the
proportions  of  Roseburia,  Alistipes,  Oscillibacter,

Rikenellaceae RC9 _gut group, Ruminiclostridium_9, and
Alloprevotella (Figure 4F). Overall, these data indicate that

TFA corrected CS-induced gut microbiota dysbiosis.

Correlations Between Gut Microbes and

Microenvironmental Factors

To investigate whether the changes in intestinal microflora
in mice were related to intestinal barrier indicators, corre-
lation analysis was conducted between genera with rich-
ness greater than 0.1% and intestinal barrier indexes
(MUC2, KLF4, ZO-1). Bacteroides abundance exhibited
positive correlations with MUC2, KIF4 and ZO-1, while
Lactobacillus abundance was negatively correlated with
MUC?2, KIF4 and ZO-1. Alistipes abundance, which was
increased in the TFA-treated groups, was positively corre-
lated with KLF4 and ZO-1. Desulfovibrio abundance,
which was lower in the CS group, was significantly posi-
tively correlated with MUC2 and KIF4 levels (Figure 5).

These results revealed that TFA improved intestinal barrier
function and was related to increases in Alistipes,
Desulfovibrio and Bacteroides abundance and decreases
in Lactobacillus abundance.

TFA Fecal Microbiota Transplantation
Reduces Inflammation in Depression UC
Mice

To investigate whether the intestinal protective effects of
TFA (high-dose, 125 mg/kg) against colitis injury aggra-
vated by depression are dependent on the presence of the
gut microbiota, we created a “germ-free” mouse model.
Then, the corresponding feces from mice treated with
bacteria were transplanted into “germ-free” mice. Finally,
DSS colitis was modeled (Figure 6A). Analysis of the
FMT mice indicated that CS fecal microbiota transplants
decreased the colon length and increased the DAI score.
TFA
(Figure 6B-D). In addition, histopathological examination

However, treatment reversed these changes

of colon tissue revealed exacerbation of inflammatory
infiltrates and mucosal injury with CS fecal microbiota
TFA
remission (Figure 6E and F). As shown in Figure 6G-I,

transplants. Consistently, intervention achieved
TFA treatment of fecal microbiota transplants also signifi-
cantly decreased the mRNA expression levels of IL-6, IL-
1B and TNF-a in the colonic tissues of depression UC

mice.

TFA Fecal Transplantation Attenuated

Intestinal Barrier Injury in Depression UC
Mice

As shown in Figure 7A and E, PAS-AB staining revealed
the decreased abundance of mature PAS-AB-positive cells
in the colons of CS(FMT)+DSS mice compared with
CK(FMT)+DSS mice, however, TFA treatment signifi-
cantly upregulated PAS-AB goblet cells. Additionally,
immunohistochemical staining with MUC2, KLF4 and
Z0-1 showed that CS(FMT)+DSS mice had reduced num-
bers of these positive cells, while TFA treatment reversed
these changes (Figure 7B-D). Accordingly, the mRNA
expression levels of MUC2, KLF4 and ZO-1 were also
significantly lower in the CS(FMT)+DSS group and were
increased in the TFA+CS(FMT)+DSS group (Figure 7F-
H). Collectively, these data show that TFA fecal transplan-
tation corrected intestinal barrier injury in depression UC
mice.
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Figure 4 TFA attenuated CS-induced gut microbial dysbiosis. (A) The Shannon index. (B) PCoA based on Bray-Curtis metric distances of beta diversity. (C) Phylum-level
distribution of fecal microbiota. (D) Ratio between the relative proportions of Firmicutes and Bacteroidetes. (E) Heatmap of selected relative abundances greater than 0.1% at
the phylum level. (F) and the genus level. Blue represents the least abundant, red represents the most abundant and white represents intermediate abundance. *P < 0.05,
**P < 0.01, compared with the CK group. #P < 0.05, ##P < 0.01, compared with the CS group.
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Figure 5 The correlation between gut microbes and intestinal barrier indicators was analyzed by the Spearman correlation coefficient with hierarchical clustering and
heatmap analysis. Correlation analysis between the genera selected relative abundances greater than 0.1%. The red and blue blocks represent positive and negative

correlations. The color grade shows the correlation degree. *P < 0.05, **P < 0.01.

TFA Fecal Microbiota Transplantation
Modulates Gut Microbiota in Depression
UC Mice

To confirm that TFA fecal microbiota transplantation pro-
motes remodeling of microbiota, 16S rRNA from isolated
fecal bacterial DNA was analyzed. The Shannon index
showed that the CS(FMT)+DSS group had decreased micro-
bial diversity compared to the CK(FMT)+DSS group. TFA

treatment induced ascending microbial diversity (Figure 8A).
PCoA analysis was used to expand our understanding of the
role of microbiome diversity. In the OTU cluster separation
table, the three groups were different in terms of community
composition structure (Figure 8B). We evaluated the gut
microbiota landscapes of available samples from all FMT
groups to further investigate potential differences in compo-
sition. As illustrated in Figure 8C, a total of 10 phyla were
three groups, with Firmicutes,

detected in these
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Figure 6 TFA fecal microbiota transplantation reduces inflammation in depression UC mice. (A) Experimental procedures. (B) Colon appearance. (C) Colon length. (D)
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TNF-0) in colonic tissues. **P < 0.01, compared with the CK(FMT)+DSS group; #P < 0.05, ##P < 0.01, compared with the CS(FMT)+DSS group.
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Figure 7 TFA fecal transplantation attenuated intestinal barrier injury in depression UC mice. (A) PAS-AB staining of the colon sections. (B-D) Immunohistochemical
staining of colon sections with MUC2, KLF4 and ZO-1. Representative images (X 200 magnification, scale bar 50 um). (E) Quantification of PAS-AB positive cells. (F-H) The
intestinal barrier mRNA expression levels of MUC2, KLF4 and ZO-1I in colonic tissues. *P < 0.05, **P < 0.01, compared with the CK(FMT)+DSS group; ##P < 0.01,

compared with the CS(FMT)+DSS group.

Bacteroidetes and Proteobacteria as the most predominant

phylum. More importantly, a higher abundance of
Proteobacteria and lower abundance levels of Firmicutes
and Bacteroidetes were observed in the CS(FMT)+DSS
group than in the CK(FMT)+DSS group, and TFA treatment
almost modulated these differences. Moreover, the F/B ratio
was higher in the CS(FMT)+DSS group than in the
CK(FMT)+DSS group. However, TFA treatment decreased
the F/B ratio (Figure 8D). At the genus level, the CS(FMT)
+DSS group had a lower abundance of Alistipes and higher
abundance levels of Escherichia-Shigella and Enterococcus

than the CK(FMT)+DSS group. TFA treatment successfully

reversed these changes. In addition, the TFA+CS(FMT)
+DSS group had higher abundance levels of Bacteroides,
Helicobacter, Mucispirillum and Ruminiclostridium 9 than
the CS(FMT)+DSS group (Figure 8E and F). Overall, these
results indicated that the TFA microbiota alleviated gut

microbiota disorders in depression UC mice.

Correlations Between Gut Microbes and

Microenvironmental Factors in FMT Groups
As summarized in Figure 9, the relationships between
selected genera with relative abundance levels greater than

https://doi.org/10.2147/DDDT.S313150
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Figure 8 TFA fecal microbiota transplantation modulates the gut microbiota in depression UC mice. (A) The Shannon index. (B) PCoA based on Bray-Curtis metric
distances of beta diversity. (C) Bar chart of the bacterial community composition at the phylum level. (D) F/B. (E) Bar chart of the bacterial community composition at the
genus level. (F) Heatmap of selected relative abundances greater than 0.1% at the phylum level. *P < 0.05, **P < 0.01, compared with the CK(FMT)+DSS group. #P < 0.05,
##P < 0.01, compared with the CS(FMT)+DSS group.
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**P < 0.01.

0.1% and intestinal barrier indicators (MUC2, KLF4 and
Z0-1) and the expression levels of three inflammatory cyto-
(IL-6, IL-1B, and TNF-o) were
Escherichia_Shigella, Enterococcus and Klebsiella abun-

kines analyzed.
dance levels exhibited significant positive correlations with
IL-6, IL-1B and TNF-a and obvious negative correlations
with MUC2, KLF4 and ZO-1. Additionally, the abundance

levels of Alistipes, Turicibacter, Ruminiclostridium 9,

Dubosiella, Family XIII AD3011 group and Mucispirillum
were similarly positively correlated with MUC2, KLF4, and
Z0-1 and negatively correlated with IL-6, IL-1p and TNF-a.
These results indicated that TFA fecal microbiota transplan-
tation ameliorated intestinal barrier and intestinal inflamma-
tion in depression UC mice and was associated with
increases in Alistipes, Turicibacter, Ruminiclostridium 9,
Dubosiella, Family XIII AD3011 group and Mucispirillum
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abundance and decreases in Escherichia_Shigella,

Enterococcus and Klebsiella abundance.

Discussion

Recent research suggests that individuals with UC have
a higher prevalence of depression in the years prior to UC
diagnosis, and depression has been identified to worsen the
clinical course of UC.? In addition, CS-induced depression
may disturb the gut microbiota, and the resulting injury to
the intestinal barrier can then facilitate UC in mice.”**! In
this study, we investigated the effect of the gut microbiota
on the intestinal barrier and the anti-UC effects of TFA in
depression UC mice. Although the anti-UC effects of Flos
Abelmoschus manihot extract are accomplished through
regulating gut microbiota and Th17/Treg balance,*” the
role of TFA in depression UC mice remains unclear. We
first demonstrated the anti-UC effects of TFA in depres-
sion UC mice. To clarify whether the anti-inflammatory
mechanism of TFA in depression UC can be achieved by
regulating its susceptibility factor depression, we verified
that TFA can improve depression, the intestinal barrier and
the gut microbiota in CS mice. Fecal microbiota transplan-
tation precisely indicated that TFA ameliorates stress-
induced microbial alterations that drive intestinal barrier
injury in DSS colitis.

Consistent with previous research, we found that the
expression levels of IL-6, IL-1p and TNF-a were signifi-
cantly increased in the CS+DSS group compared with the
DSS group, but were suppressed by TFA intervention.
Additionally, the severity of inflammation was also closely
related to the DAI
histopathology.®* This study suggested that TFA treatment

score, colon length, and
effectively ameliorated intestinal inflammation in CS-
aggravated mice with UC, and through FMT experiments,
we confirmed that TFA can achieve the effect of treating
UC in the presence of depression by regulating the gut
microbiota.

In our results, depression behavioral detection was
performed with three detection models (OFT, FST and
TST), which are in line with the internationally recognized
animal detection model of affective disorder.** Studies
have shown that quercetin, a major component of TFA,
has antidepressant effects by improving oxidative stress,
and hyperoside has antidepressant effects by regulating
HPA 35,36

Consistently, our research showed that TFA treatment res-

axis activity and antioxidant activity.

cued depressive-like behaviors in CS mice.

In addition to the dysregulation of inflammatory cyto-
kines, the impairment of intestinal barrier function also
induces UC.*” The intestinal mucus barrier is the first
physical barrier to the invasion of pathogenic organisms
in the intestinal lumen. The MUC2 protein secreted by
goblet cells is the most important substance constituting
the intestinal mucus layer.®® The destruction of the mucus
layer and pathological changes in goblet cells are closely
related to the progression of enteritis.”® KLF4 plays an
important role in the differentiation and maturation of
goblet cells.*® ZO-1 is associated with intestinal barrier
dysfunction and increased permeability.*' It has been
shown that intestinal flora can regulate intestinal barrier
function by affecting the tight junctions of intestinal
epithelial cells and the secretion of lipopolysaccharide
(LPS) endotoxin.*** Consistently, we found that intest-
inal barrier function was impaired in a CS-induced mouse
model of depression. Through the FMT experiment, we
verified that CS could damage the intestinal barrier in
a manner mediated by the gut microbiota.

Intestinal barrier function can be triggered by the gut

microbiota,44

and the microbiomes of UC patients are
altered, with decreased beneficial bacteria and increased
pathogenic bacteria.*” In this study, depression also caused
these changes in the gut microbiome. A distinct microbial
landscape indicated an observably changed composition of
the microbiota in each group. Our results showed that TFA
and TFA-microbiota treatment decreased the abundance of
Firmicutes and increased the abundance of Bacteroidetes.
Notably, as a dominant bacterial group in the gastrointest-
inal tract of mammals, Bacteroides plays a fundamental
role in the processing of complex molecules in the host
intestinal tract, which is reduced in CS and CS(FMT)
+DSS mice and is enriched in TFA+CS and TFA
+CS(FMT)+DSS although
Lactobacillus is probiotic, our research has shown an

mice.*®  Interestingly,
increase in its abundance under CS, consistent with
a previous study.*’” Moreover, the abundance of
Escherichia-Shigella 1is positively correlated with the
severity of UC, and its increase is one of the basic char-
acteristics of mucosal inflammation in UC patients.*** In
this study, Escherichia-Shigella abundance was decreased
in TFA+CS(FMT)+DSS mice and was negatively corre-
lated with MUC2, KLF4 and ZO-1 and positively corre-
lated with IL-6, IL-1p and TNF-a in correlation analysis in
FMT groups. In particular, as a relatively newly described
genus of bacteria, Alistipes has been reported to protect

50-52

against UC in patients and mice. Alistipes is an
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anaerobe and has a good protective effect on mucus barrier
function.”>>* To our surprise, Alistipes was not only
enriched in TFA+CS and TFA+CS(FMT)+DSS mice but
also showed positive correlations with intestinal barrier
indexes and negative correlations with proinflammatory
factors in the corresponding correlation analyses.
Alistipes may be an important genus that is negatively
correlated with UC aggravated by depression, and TFA
treatment might relieve UC by increasing Alistipes abun-
dance in depression UC mice.

Our current study demonstrates that TFA treatment can
improve the intestinal inflammation, gut microbial distur-
bance, and intestinal barrier damage that are aggravated by
depression. Through FMT, we observed that the gut micro-
biota affected the anti-UC effects of TFA in depression UC
mice. TFA may achieve a therapeutic effect by regulating
these bacterial genera related to UC. We will further investi-
gate the roles of these genera, particularly Alistipes, in TFA

therapy.

Conclusion

In conclusion, TFA treatment ameliorated intestinal
inflammation exacerbated by depression, and this effect
could be achieved by regulating the intestinal barrier in
a gut microbiota-dependent manner. Therefore, TFA might
be a potential drug candidate for the treatment of UC in

patients with depression.
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