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Introduction

Miao sour soup alleviates DSS-induced colitis in
mice: modulation of gut microbiota and intestinal
barrier functiont

+4 Hui Guo,? Lisi He,? Jieyu Chen,?
* and Zijun OuYang () *¥2

Lincao Li, & +® Haiyan Sun,1® Lunbo Tan,
Shuting Chen,? Dong Liu,*® Mingjun Zhu

Miao sour soup (MSS), a daily fermented food in Guizhou, China, is rich in microorganisms with various
beneficial activities, including anti-inflammatory and antioxidant activities. However, the therapeutic
effects of MSS on IBD remain unexplored. This study aimed to investigate the protective effect of MSS
against colitis in mice. In this study, we examined the microbial community structure of MSS by metage-
nomic sequencing and also explored the protective effect of MSS on DSS-induced colitis in mice. We
investigated the effects of MSS on intestinal inflammatory response and intestinal barrier function in mice.
Finally, the changes in intestinal flora were analyzed based on the 16S rRNA gene sequencing results.
Significantly, the experiment result shows that MSS ameliorated the severity of DSS-induced disease in
mice by mitigating colitis-associated weight loss, reducing the disease activity index of IBD, alleviating
colonic hemorrhagic lesions, increasing colon length, and improving colonic tissue damage. Moreover,
MSS preserved intestinal barrier integrity and restored intestinal epithelial function in mice. Additionally,
MSS modulated the structure and composition of the intestinal flora. Furthermore, MSS downregulated
pro-inflammatory factors and attenuated the NF-kB p65 expression, thereby mitigating the inflammatory
response. These findings highlight the protective effect of MSS against DSS-induced colitis, providing sub-
stantial scientific support for potential applications of MSS as a functional food.

increases in IBD rates pose significant health and economic
challenges.” Current treatment relies on medications,” but

Inflammatory bowel disease (IBD), is a group of chronic, non-
specific, recurrent inflammatory diseases occurring in the
colon and small intestine." Symptoms include abdominal
pain, diarrhea, rectal bleeding, and weight loss.> The patho-
genesis of IBD primarily involves genetic susceptibility,
environmental factors, epithelial barrier defects, dysregulated
immune response, and intestinal flora disorders.”> Global
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their high cost, temporary relief, and long-term side effects®
emphasize the urgent need for safe, natural, and cost-effective
measures to prevent and alleviate IBD.

Dietary therapy has emerged as an adjunctive IBD treat-
ment, offering improved patient acceptance and therapeutic
efficacy.” Fermented foods containing beneficial microorgan-
isms have garnered attention as dietary supplements for pre-
venting and treating IBD.® Numerous studies have confirmed
that water kefir, kefir-fermented milk, barley, soybean mix-
tures, and fermented rice extract all exhibit protective effects
against DSS-induced colitis in mice, which is the most widely
used mouse model of IBD.”** They mitigate inflammation,
enhance intestinal barriers, and regulate gut flora. These find-
ings highlight the potential of fermented foods as functional
candidates for alleviating IBD symptoms.

Miao sour soup (MSS), a daily fermented food from
Guizhou’s Miao region in China,'® is made by fermenting rice
in a confined environment at 30-35 °C for 5 to 6 days.'* This
mixture contains organic acids (like lactic acid, citric acid, tar-
taric acid, and malic acid), as well as other nutrients, includ-
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ing bacteriocins, amino acids, and vitamins, predominantly
synthesized by lactic acid bacteria, acetic acid bacteria, and
yeast through sugar fermentation.'®> MSS is also rich in short-
chain fatty acids (SCFAs) such as acetic acid, propionic acid,
and butyric acid, which energize the growth and reproduction
of intestinal flora.'® Studies highlight MSS’s various human
health benefits, including its antioxidant properties, protec-
tion against intestinal inflammation, and regulation of the
gut microbial balance.'”® Long-term consumption of MSS
aids appetite, digestion, and alleviates acute diarrhea.'*"”>°
Current MSS studies focus on improving flavour,'® optimizing
fermentation,?’>* and bacterial flora screening,”* but lacking
IBD-related investigation.

In this study, we aimed to evaluate the effect of MSS on
IBD-related colitis using DSS-induced colitis in mice and to
elucidate the mechanism by analyzing metagenomics-sequen-
cing of MSS alongside the physiological and pathological
changes, and the alterations in fecal microbial composition
after MSS treatment.

Materials and methods
Untargeted metabolomic analysis of MSS

MSS was prepared by washing cabbage, then precooking,
draining, and fermenting it with noodle or rice soup and
Laosuantang for 3-7 days, as reported previously."* MSS was
filtered with a 0.22 pm filter, and a portion of the filtrate was
diluted with LC-MS-grade water to achieve a methanol content
of 50%. Let the mixture stand for 5 min, then vortexed, ultra-
sound for another 5 min, and centrifuged for 15 min (15 000g,
4 °C). Finally, the supernatant was collected for the metabolo-
mics analysis. The LC-MS/MS analysis used a liquid chromato-
graph (LC-40D, SHIMADZU, Japan) coupled with a Q-TOF-MS/
MS (Zeno TOF 7600, SCIEX, USA). Chromatographic conditions
were as follows. Chromatographic column: ACQUITY UPLC
BEH C18 (1.7 pm, 2.1 x 50 mm, Waters, USA). The injection
volume was 5 pL, using a mobile phase was (A) 0.1% formic
acid aqueous water solution and (B) 0.1% formic acid aceto-
nitrile solution at the flow rate of 0.4 mL min~" and column
temperature of 40 °C. The gradient elution procedure was as
follows: 0-1.5 min, A: 95%; 1.5-5.5 min, A: 70%; 5.5-10 min,
A: 40%; 10-14.5 min, A: 2%; 14.5-20 min, A: 95%. The mass
spectrometry conditions were as follows: electrospray ion
source (ESI) positive and negative ion scanning modes were
adopted, the gas temperature was maintained at 550 °C, and
the curtain gas was set at 35 psi. The spray voltage was 5500
(+)/4500(—) V. Disclustering potential was set at 80 V, and col-
lision energy at 10 V. TOF Mass range was set at m/z 50-1500
Da. All data were collected and processed using SCIEX software
(083.0, USA).

Animal manipulation

All mouse experiments were approved by the Animal
Ethics Review Committee of the South China University of
Technology (permit no. 2022099). Female C57BL/6] mice
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were purchased from Guangdong GemPharmatech
Biotechnology Co (Foshan, China), at 8 weeks old and housed
in a 21 + 2 °C controlled pathogen-free room under a
12 h-light/12 h-dark cycle with free access to food and water.
After one week of acclimation, the mice were randomly
divided into four groups (n = 6 mice per group), and per-
formed intragastric administration every day for 7 days
(Fig. S1AT): the normal control (NC) group with phosphate-
buffered saline (PBS, Serviobo, China), the dextran sulfate
sodium (DSS, molecular weight: 36-50 kDa, MP Biomedicals,
USA) group with 2.5% of DSS, and the Miao sour soup (MSS)
group (2.5% DSS + 100 pL per 10 g MSS) or the cell-free super-
natant of MSS (CFS) group (2.5% DSS + 100 pL per 10 g CFS).
During the experiment, the mice were weighed simul-
taneously every day. At the same time, mice feces were col-
lected, and the characteristics of mice feces were recorded.
The fecal occult blood kit (Baso, China) was used to test the
blood status in mice. Disease activity index (DAI) scores were
calculated according to the previous study’s evaluation cri-
teria (Table S11).>® After euthanizing the mice using isoflur-
ane anesthesia, the whole intestinal tissue from the cecum to
the anus was collected.

For tissue preparation, the intestinal tissue was photo-
graphed, and its length was measured. A portion of the
colonic tissue was stored at —80 °C for subsequent analysis of
experiments such as western blotting and quantitative real-
time polymerase chain reaction (qRT-PCR). The remaining
colonic tissue was fixed in a 4% paraformaldehyde solution for
histological and related pathological experiments. The intesti-
nal feces samples were collected and stored at —80 °C until
further use.

Colonoscopy analysis. Following previously established
protocols, a colonoscopy was performed on day 7 in mice
using a microendoscope (TC200EN, STORZ, Germany).>®
Before the procedure, the mice underwent a 2 h fasting
and were anesthetized. Hold the fur just above the anus of
the mouse with one hand and the scope in the other hand.
Carefully insert the endoscope into the rectum and find a
clear view to photograph. The severity of colitis in mice was
assessed using the mouse endoscopic index of colitis sever-
ity (MEICS score in Table S2t) according to the previous
study.>®

Mesenteric microcirculation analysis. Laser speckle contrast
analysis (LASCA, RFLSI Pro, Reward, China) was used to detect
the mesenteric vascular microcirculation in mice on day 8.%”
Before the examination, the mice were anesthetized and dis-
sected after blood was drawn. After laparotomy, the intestines
of the mice were gently removed with two cotton swabs and
placed on the wet test paper. The cotton swabs were dipped in
normal saline, the mice’s intestines were spread and paved,
while the hair on the intestines was removed. The laser light
source of the instrument was pointed at the intestines of mice,
and the images were recorded.

Intestinal permeability analysis. The intestinal permeability
was evaluated by detecting the intestinal absorption of FITC-
dextran into the bloodstream on day 8. As previously
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described,?® mice were fasted overnight for approximately 12 h
and gavaged with 500 mg kg~' FITC-Dextran (Sigma, USA).
After 4 h, blood samples were collected before the sacrifice
and centrifuged at 2000g for 20 min at 4 °C, and the serum
samples were stored at —20 °C until analysis. The concen-
tration of FITC-Dextran in serum was determined using a
FITC-Dextran calibration curve (Exiation: 480 nm; Emission:
520 nm; Molecular Devices, USA).

Histological analysis. Fresh distal colon tissues were fixed
overnight in 4% paraformaldehyde, then 4 pm thick slices
were created through paraffin embedding. Haematoxylin
and eosin (H&E, Servicebio, China) staining was used to
assess the pathological lesions of the colon tissues,
and the histological evaluation methods were referred to
Table $3.7%° The Alcian Blue-Periodic Acid Schiff (AB-PAS,
Solarbio, China) staining,*® was used for evaluating goblet
cells in the colon tissues. The staining sections were
imaged using a microscope (Leica, Germany). The number
of goblet cells in the images was analysed using Image]
software (NIH, USA).

Immunofluorescence. The expression of myeloperoxidase
(MPO),*" nuclear factor kappa B (NF-kB) p65 was analyzed by
immunofluorescence.?® Briefly, colonic slices were incubated
with MPO primary antibody (Cat: AB208670, 1:200, Abcam,
USA), NF-xB p65 primary antibody (Cat: 8242S, 1:200, Cell
Signaling Technology, USA) overnight at 4 °C. Then the slides
were incubated at room temperature for 1 h with fluorescent
secondary antibody Goat Anti-Rabbit IgG HL (Alexa Fluor 594,
Cat: AB150080, 1:200, Abcam, USA) and Goat Anti-Rabbit 1gG
(Alexa Fluor 488, Cat: L3016, 1:200, SAB, USA), respectively.
Images were captured using confocal (ZEISS, Germany) and
microscope (Leica, Germany), respectively. The fluorescence
intensity of MPO was analyzed using Image] software (NIH,
USA).

Apoptosis staining. The level of apoptosis in colonic tissue
was detected using a terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) staining kit
(Promega, USA) as described previously.** Cell nuclei were
stained with DAPI (4',6-diamidino-2-phenylindole, Solarbio,
China) and images were obtained by fluorescence microscopy
(Leica, Germany).

Quantitative real-time PCR

Total RNA was extracted from colon tissue following the pro-
cedure of the Eastep Super kit (Promega, USA) and quantified
using a NanoPhotometer (NP80 Touch, Implen, Germany).
The reverse transcription reaction system was prepared accord-
ing to the instructions of the GoScript™ Reverse Transcription
Mix, Oligo (dT) kit (Promega, USA). Amplification for reverse
transcription was carried out using a PCR instrument
(Biometra TAdvanced 96 SG, Analytik Jena, Germany) follow-
ing these steps: annealing at 25 °C for 5 min for 1 cycle;
extension at 40 °C for 60 min for 1 cycle, and deactivation at
70 °C for 15 min for 1 cycle. The reaction system was pre-
pared according to the method of the GoTaq qPCR Master
Mix kit (Promega, USA), and the real-time fluorescence quan-
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titative PCR was performed using the PCR instrument
(QuantStudio 7 Pro, Thermo Fisher Scientific, USA) according
to the procedures of “Hold Stage, 95 °C for 10 min, 1 cycle;
PCR Stage, 60 °C for 1 min, 40 cycles, fluorescence collec-
tion; melt curve stage, 95 °C for 15 s, 60 °C for 1 min, and
95 °C for 1 s, fluorescence collection”. The mRNA expression
levels were normalized to f-actin expression. The relative
mRNA expression levels of each gene in the DSS, MSS and
CFS groups were calculated by the 27*%°* method with
respect to the NC group.*® The specific qPCR primers are
shown in Table S4.F

Western blot

Colon tissue samples were weighed, homogenized, and
lysed in RIPA buffer (Absin, China). Following 15 min of
centrifugation (12000g, 4 °C), the supernatants were col-
lected, and protein concentrations were determined using
the bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific, USA). The proteins separated by 8%
SDS-PAGE were transferred to polyvinylidene difluoride
(PVDF) membrane. After sealing with 5% skimmed milk,
the membranes were incubated overnight at 4 °C with the
following primary antibodies: E-cadherin, NF-kB p65, f$-actin
(Cat: 3195S, 8242S, 4970S, 1:500 dilution, Cell Signaling
Technology, USA), Occludin, Claudin-1 (Cat: sc-133256, sc-
166338, 1:500 dilution, Santa Cruz, USA), and Zonula
occludens-1 (ZO-1, Cat: AF5145, 1:500 dilution, Affinity,
China). Then, the corresponding secondary antibodies
(1:1000 dilution, Cell Signaling Technology) were incubated
for 1 h at room temperature. The blot images were captured
by ChemiDoc MP imaging system (BIO-RAD, USA). The den-
sitometry of immunoblots were quantified with Image] soft-
ware (NIH, USA).

Analysis of MSS microbiota and fecal microbiota

The total DNA extracted from MSS samples was performed
macro-genome sequencing using primers for amplification to
generate a library. The library was sequenced on the Nova plat-
form (Illumina, USA). The raw Illumina sequences were de-
posited to the NCBI sequence read archive with the project
accession number PRJNA1048723. Taxonomic information was
annotated using Kraken2 and Bracken pairs based on the
Kraken2 virus database.

Total DNA from fecal samples was extracted, followed
by the amplification of 16S rRNA primers 515F (5-CCTAYG
GGRBGCASCAG-3") and 806R (5-GGACTACNNGGGGTATCT
AAT-3') to prepare Illumina DNA libraries. Subsequently,
sequencing was performed on the Illumina platform. The
original Illumina sequences were saved into the NCBI
Sequence Read Archive with the project accession number
PRJNA1048719. These sequences were then analyzed for
a-diversity, and principal coordinate analysis (PCoA)using
QIIME2, PICRUSt respectively, and displayed using R software
(Version 2.15.3). Species annotation was performed using
QIIME2 software, and the annotation database is Silva
Database. Linear discriminant analysis Effect Size (LEfSe)

This journal is © The Royal Society of Chemistry 2024
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analysis (LDA score threshold: 2) was used for the analysis of
biomarkers within different groups. Correlation of microbial
structure with alterations of colitis index was performed by
Pearson correlation.

Short-chain fatty acids analysis in cecum contents

According to the method of short-chain fatty acids (SCFAs),
about 50 mg of cecum samples were weighed, diluted to a
suitable volume with 80% methanol, ground with steel
balls, vortexed, and centrifuged (20 000g, 4 °C) for 15 min.
20 pL supernatant was taken into 1.5 mL centrifuge tube, 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide =~ (EDC) and
3-nitrophenylhydrazine (3-NPH) solution were added for
derivation. Then, 500 pL of the initial mobile phase solu-
tion was added, vortexed, and 200 pL was taken into sample
vial for LC-MS/MS detection and analysis. The chromato-
graphic mass spectrometry condition parameters are as
follows: vanquish liquid chromatograph (Thermo Fisher
Scientific, USA); chromatographic column: Agilent Poroshell
120 EC-C18, (2.7 pm, 2.1 x 100 mm); column temperature:
40 °C; sample size: 2 pL; mobile phase: A: water, B: aceto-
nitrile solution of methanol (1:1). The mass spectrum con-
dition parameters are as follows: liquid chromatography
tandem mass spectrometry (TSQ Altis, Thermo Fisher
Scientific, USA); Multi-Reaction Monitoring (MRM); negative
ion mode.

Non-targeted metabolomics analysis of mice serum

50 pL of serum and 250 pL of methanol were taken in centri-
fuge tubes, vortexed for 3 min, and then centrifuged at 4 °C,

Statistical analysis

A Phylum B

Family
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12 000g for 10 minutes. After centrifugation, the supernatant
was evaporated under nitrogen, and then 100 pL of methanol
were added to the residue and vortexed for 3 min, sonicated
for 3 min, and then centrifuged at 4 °C, 12 000g for 10 min.
The supernatant was pipetted into a liquid phase vial for
detection. The chromatographic conditions and mass spec-
trometry conditions were reported previously in untargeted
metabolomic analysis of MSS.

Statistical analysis

All data were presented as mean + SEM, and the statistical
comparisons were analyzed in GraphPad Prism 9.0 software
with a One-way ANOVA test except for body weight change and
DAL The body weight change and DAI were analyzed with Two-
way ANOVA. The statistical significance was as follows: com-
pared with NC group, #: p < 0.05, ##: p < 0.01, ###: p < 0.001,
HHH: p < 0.0001; compared with DSS group, *: p < 0.05, **: p <
0.01, ***: p < 0.001, ****; p < 0.0001.

Results
Microbial composition of MSS

Metagenomics-Sequencing results showed that the domi-
nant phylum of MSS used in this study was Firmicutes
(91.50 + 0.20%) (Fig. 1A). Additionally, MSS contained
Proteobacteria (4.35 + 0.01%), Actinobacteria (3.81 + 0.13%),
and other phyla (0.34 + 0.01%). At the family level (Fig. 1B),
Lactobacillaceae (90.65 =+ 0.20%) from the Firmicutes
phylum, was the most abundant, followed by Acetobacteriaceae

Genus

|mmm 91.50% Firmicutes

| &% 90.65% Lactobacillaceae |—

90.65% Lactobacillus

| 4.35% Proteobacteria

| w7 2.79% Acetobacteraceae

77 2.51% Bifidobacterium

| 3.81% Actinobacteria

e 2.56% Bifidobacteriaceae

| 0.34% Others |

|
|
mm 2.11% Acetobacter |
|

% 0.28% Streptococcaceae

0.40% Komagataeibacter

D Species
| = 77.15% Lactobacillus_harbinensis | | 1.15% Acetobacter_ghanensis |
]w 5.44% LactobacilIus_parabuchneri| wwn 0.72% Lactobacillus_nagelii |
™ 3.72% Lactobacillus_paracasei | [1#® 0.41% Bifidobacterium_animalis |
|mmm 1.68% Lactobacillus_plantarum | == 0.43% Lactobacillus_casei |
|mm  1.17% Lactobacillus_buchneri | [== 0.45% |

Lactobacillus_amylolyticus

=

Fig. 1 The composition of microbiota in Miao sour soup (MSS). The relative ratios of microbiota in the MSS (n = 3), at the phylum (A), family (B),

genus (C), and species levels (D), based on metagenomics data.
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(2.79 £ 0.07%) from Proteobacteria, Bifidobacteriaceae
(2.56 + 0.11%) from Actinobacteria, and Streptococcaceae
(0.28 + 0.01%) from Firmicutes. Among genera (Fig. 1C),
Lactobacillus (90.65 + 0.20%) from the Lactobacillaceae, was
the most abundant, followed by Bifidobacterium (2.51 =
0.11%) from Bifidobacteriaceae, and Acetobacter (2.11 +
0.06%) from Acetobacteriaceae. At the species level (Fig. 1D),
the dominant species in the MSS were all from Lactobacillus
genus, including Lactobacillus harbinensis (77.15 + 0.91%),
Lactobacillus parabuchneri (5.44 + 0.59%), Lactobacillus para-
casei (3.72 = 0.07%), and Lactobacillus plantarum (1.68 +
0.14%).

Identification of metabolites in MSS

The metabolites in MSS were identified through non-tar-
geted metabolomics, and the total ion flow diagrams in
both positive and negative ion modes are depicted in
Fig. S2.1 A total of 123 metabolites were identified across
both ion modes, with specific information provided in
Table S5.1 The highest content was found to be 2-hydroxy-4-
methylpentanoic acid, followed by 3-phenyllactic acid
(Table 1). Moreover, nine amino acids were identified
among the top 30 metabolites: norleucine, p-alloisoleucine,
isoleucine, leucine, phenylalanine, proline, valine, trypto-
phan, and betaine.

Table 1 The top30 metabolites information of MSS
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MSS and CFS alleviated DSS-induced colitis in mice

After 7 days of induction (Fig. 2A), the body weight of the DSS
group significantly decreased by 9.16% + 1.97% from its base-
line on day 0, compared to the NC group. In contrast, the MSS
and CFS groups exhibited significantly less weight loss, with
reductions of 4.55% + 2.1% and 5.58% =+ 2.24%, respectively,
from their respective baselines on day 0. In the general dis-
eased evaluation, the DAI score increased to 2.53 + 0.40 in the
DSS group. At the same time, MSS and CFS reduced the DAI
score to 2.00 + 0.36 and 1.78 + 0.68, respectively, as compared
to that of the DSS group (Fig. 2B). Specifically, colonoscopy
revealed colonic wall lesions in mice from the DSS group
(Fig. 2C). Yet, MSS and CFS interventions significantly amelio-
rated these lesions and reduced the Colonoscopy score
(Fig. 2F). LASCA also showed mesenteric vascular microcircula-
tion hyperaemia in the DSS group, which notably decreased
following the MSS intervention compared to the DSS group of
mice (Fig. S1Bt). The colon length in the MSS group but not
the CFS group was significantly longer than that in the DSS
group and showed a similar shape to the NC group (Fig. 2E &
G). The H&E staining (Fig. 2D) showed that in the NC group,
the glands of the colonic tissue in mice were neatly aligned,
with intact colonic mucosa, uniform crypt depth, and abun-
dant goblet cells. In contrast, mice in the DSS group showed
histopathological scores higher than those in the NC group
(Fig. 2H), particularly exhibited disorganized colonic tissue

No. RT [min] mlz Metabolites name Ontology

1 4.060 131.072 2-Hydroxy-4-methylpentanoic acid Hydroxy fatty acids

2 4.444 165.056 3-Phenyllactic acid Phenylpropanoic acids

3 1.382 121.065 Phenylacetaldehyde Phenylacetaldehydes

4 7.864 415.212 Niranthin Dibenzylbutane lignans

5 1.430 132.102 Norleucine t-Alpha-amino acids

6 1.429 132.102 p-Alloisoleucine Isoleucine and derivatives

7 1.431 132.102 Isoleucine Isoleucine and derivatives

8 1.506 130.086 Leucine Leucine and derivatives

9 9.905 149.023 4-Methylthio-2-oxobutanoic acid Thia fatty acids

10 7.104 274.274 Lauryldiethanolamine 1,2-Aminoalcohols

11 1.682 164.072 Phenylalanine Phenylalanine and derivatives
12 1.980 181.051 3-(4-Hydroxyphenyl)lactic acid Phenylpropanoic acids

13 4.445 147.045 Cinnamic acid Cinnamic acids

14 1.161 116.071 Proline Proline and derivatives

15 1.201 118.086 Valine Valine and derivatives

16 4.445 119.050 4-Vinylphenol Styrenes

17 7.161 318.299 Phytosphingosine 1,3-Aminoalcohols

18 1.166 151.026 Oxypurinol Xanthines

19 1.166 151.026 Xanthine Xanthines

20 2.045 117.056 3-Hydroxyvaleric acid Hydroxy fatty acids

21 1.980 203.082 Tryptophan Indolyl carboxylic acids and derivatives
22 1.371 129.019 Itaconic acid Organic acids

23 4.655 204.066 Indolelactic acid Indolyl carboxylic acids and derivatives
24 16.18 118.086 Betaine Alpha amino acids

25 9.902 279.159 Di-n-butyl phthalate Benzoic acid esters

26 8.131 302.305 Tetradecyldiethanolamine 1,2-Aminoalcohols

27 7.161 230.247 N,N-Dimethyldodecylamine N-oxide Long-chain alkyl amine oxides
28 5.969 163.039 4-Methylphthalic anhydride Phthalic anhydrides

29 5.971 163.039 Umbelliferone 7-Hydroxycoumarins

30 7.396 593.129 [6-[2-(3,4-Dihydroxyphenyl)-8-hydroxy-4-oxochromen-7-yl] NA

oxy-3,4,5-trihydroxyoxan-2-yl| methyl (E)-3-(4-hydroxyphenyl)

prop-2-enoate
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Representative images of colons. (F) Colonoscopy score based on electronic colonoscopy, n = 3. (G) Statistical analysis of colon length, n = 6. (H)
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and ****: p < 0.0001.

glands, significantly reduced crypts and goblet cells, infil- these histopathological changes were reduced, and the
tration of inflammatory cells, and the damaged intestinal score was returned to the level observed in the NC group
mucosa (Fig. 2D). After the treatment with MSS and CFS, (Fig. 2H).
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MSS and CFS attenuated DSS-induced colonic inflammation intensity was significantly higher than that of the NC group

after DSS induction (Fig. 3A and B). Following MSS and CFS
MPO content is positively correlated with IBD disease sever- interventions (Fig. 3A and B), the MPO intensity decreased sig-
ity.>> Immunofluorescence analysis showed that the MPO nificantly (p < 0.001 and p < 0.01, respectively), with MSS
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Fig. 3 MSS and CFS attenuated DSS-induced intestinal inflammatory response. Representative immunofluorescence images of MPO in colonic
tissue (A) and quantitative analysis (B). The mRNA expression levels of IL-6, TNF-q, IL-14, IL-2, IL-17A, and iNOS, respectively (C—H). Data were shown
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IL-1p: interleukin-1p, IL-2: interleukin-2, IL-17A: interleukin-17A, iNOS: inducible nitric oxide synthase.
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capable of restoring the MPO intensity to the level of the NC
group. Additionally, mRNA levels of IL-6 (interleukin-6), TNF-a
(tumor necrosis factor-alpha), IL-1p (interleukin-1f), IL-2
(interleukin-2), IL-17A (interleukin-17A), and iNOS (inducible
nitric oxide synthase) were higher in DSS group colons com-
pared to NC group. However, significance was not observed in
IL-1p (Fig. 3C-H). After MSS and CFS intervention, the levels of
these proinflammatory cytokines were decreased.

MSS and CFS restored intestinal barrier function in DSS
induced colitis mice

As intestinal barrier dysfunction has been widely accepted as a
distinctive feature of colitis, we then use serum FITC-Dextran
leakage to evaluate the intestinal epithelial barrier. Briefly, the
concentration of the FITC-Dextran was usually detected after
4 hours of FITC-Dextran intragastric administration, which
can reflect the integrity of the intestinal epithelial barrier.
Serum FITC-Dextran concentration significantly increased (p <
0.05) in the DSS group. However, it was obviously decreased (p
< 0.05) in the MSS and CFS group (Fig. 4A), indicating that
MSS and CFS could reduce intestinal permeability. TUNEL
staining also showed that TUNEL signal and apoptosis rate (p
< 0.001 and p < 0.01, respectively) were reduced after the MSS
and CFS interventions, as compared to that in the DSS group
(Fig. 4B & D). The AB-PAS staining showed that (Fig. 4C & E),
in the NC group, the well-organized goblet cells exhibited the
mucin (blue and purple stained) positive stating in the mucus
layer. In contrast, the DSS group showed severe mucus layer
disruption and a reduced number of goblet cells. After MSS
treatment, this disruption was reversed, and the number of
goblet cells was also increased, but there was no significant
difference compared to the DSS group in the CFS group
(Fig. 4C & E).

Overall, when comparing MSS and CFS, MSS showed a
more effective treatment of DSS-induced colitis in mice.
Interestingly, consistent with the AB-PAS staining results, the
mRNA level of mucin 2 (MUC2) was significantly decreased in
the DSS group, which was reversed after MSS intervention
(Fig. S3A7). The protein expression levels of intestinal barrier
function makers (E-cadherin, ZO-1, Claudin-1, and Occludin)
were detected by western blotting (Fig. S3B-S3Ff). Compared
with the NC group, the levels of all the above proteins were sig-
nificantly reduced in the DSS group of mice. However, all
these levels were restored after the MSS intervention.

MSS modulated gut microbial composition in colitis mice

The DSS group had the lowest Chaol index (an indicator of
species richness) of 136.91 + 37.70, followed by 175.44 + 65.61
in the MSS group, and the highest Chaol index was 367.89 +
54.92 in the NC group (Fig. 5A). PCoA analysis based on Bray-
Curtis showed that all groups were distinctly separated from
each other (Fig. 5B). The analysis of intestinal flora compo-
sition showed that the flora changed at the phylum level after
DSS induction (Fig. 5C). Verrucomicrobiota decreased signifi-
cantly, along with Firmicutes, while Proteobacteria increased
significantly (Fig. 5E, F and S4At). However, after MSS inter-
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vention, there was a substantial recovery in the abundance of
Firmicutes, Lachnospiraceae, and Peptococcaceae (Fig. 5E, S4B
& S4D7) and a decrease in Proteobacteria (Fig. 5F). Moreover,
DSS significantly increased the relative abundance of
Enterobacteriaceae, Deferribacteraceae, and Enterococcaceae
(Fig. S4E-S4GT). The abundance of these families was reduced
after the intervention of MSS (Fig. S4E-S4Gt). At the genus
level, the relative abundance of  Bifidobacterium,
Lachnospiraceae NK4A136, and Akkermansia decreased in the
DSS group (Fig. 5G-I). After MSS intervention, the relative
abundance of the above genera was increased, while the rela-
tive abundance of Enterococcus significantly decreased
(Fig. 5G-J). In addition, MSS significantly improved DSS-sup-
pressed levels of propionic acid, butyric acid, isobutyric acid,
and isovaleric acid in the cecum (Fig. S51).

MSS’s effect on mice’s gut microbiota was further investi-
gated using LEfSe analysis, and the results are presented as a
LDA score. High scores were observed for Rikenella and
Eubacterium coprostanoligenes group in the NC group,
Eukaryota, Erysipelotrichaceae, and Ruminococcaceae in the
MSS group, and Rodentibacter-heylii, Pasteurellaceae, and
Pasteurellales in the DSS group (Fig. 6A).

The correlation coefficients between gut bacteria at the
genus level and colitis-related indicators (common para-
meters, intestinal barrier, SCFAs, and inflammation) were cal-
culated to investigate further the potential role of MSS-regu-
lated gut microbiota in colitis. As shown in Fig. 6B, the clus-
tering results showed that the bacteria genera can be divided
into two groups. The abundance of most genera in Group 1
increased in the MSS group, showing a negative correlation
with DAI, FITC-Dextran, and inflammatory parameters (TNF-
a, IL-17, IL-6, IL-1f, IL-2) but showed a positive correlation
with weight change, colon length, intestinal barrier (Goblet
cells, E-cadherin, Claudin-1), and SCFAs (Acetic acid,
Propionic acid, Butyric acid, Isobutyric acid, and Valeric
acid). In contrast, the abundance of Group 2 genera increased
in the DSS group, showing a positive correlation with DAI,
FITC-Dextran, and inflammatory parameters and a negative
correlation with weight change, colon length, intestinal
barrier, and SCFAs.

MSS restored the serum metabolic profile in mice

Metabolic changes are crucial indicators of intestinal disease.
During inflammation, the metabolic profile shifts, affecting
host pathways. Using non-targeted metabolomics, we identi-
fied critical changes in mice serum. PCA and PLS-DA analyses
(Fig. S6A and S6BT) distinguish DSS and NC groups, with MSS
in between, closer to NC group. Colitis significantly alters
mouse serum metabolism, but MSS intervention helps nor-
malize it. We found 36 metabolites between DSS and MSS
groups, highlighted in a heatmap (Fig. S6CY) and detailed in
Table S6.7

KEGG analysis shows key pathways altered between DSS
and MSS groups, including glycine, serine, and threonine
metabolism, biosynthesis of unsaturated fatty acids, and
primary bile acid biosynthesis (Fig. S6DY).
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MSS attenuated DSS-induced colitis through NF-KkB pathway

Metabolomics analysis found that 16 of the top 50 metabolites
in MSS appeared in the serum of mice after the intervention
MSS, as shown in the Venn diagram (Fig. 7A). Interestingly, we
performed KEGG signaling pathway enrichment analysis for

8378 | Food Funct., 2024, 15, 8370-8385

these 16 shared metabolites and found that the NF-xB pathway
ranked among the top 5 metabolite enrichment analyses
(Fig. 7B). Furthermore, this alteration was further confirmed
in the colon tissue, where NF-kB p65 was found to be signifi-
cantly increased in the cytoplasm and nucleus of the DSS
group and decreased in the MSS group (Fig. 7C). Western blot

This journal is © The Royal Society of Chemistry 2024
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analysis also confirmed DSS-induced p65 expression, which
was decreased by MSS treatment (Fig. 7D and E).

Discussion

The DSS-induced colitis model, known for its rapidity, con-
trollability, and reproducibility, is widely used in mouse colitis
studies.*® In this study, mice induced with acute colitis by con-
suming 2.5% DSS in their drinking water for seven consecutive
days exhibited various clinical symptoms, including weight
loss, diarrhea, blood in the stool, colonic fibrin exudation,

8380 | Food Funct, 2024, 15, 8370-8385

colon shortening, mucosal edema, inflammatory cell infiltra-
tion, and goblet cell loss. These findings align with previous
studies.>®*’

Numerous studies have reported that intestinal flora plays a
crucia role in the pathogenesis of IBD.’® Diet can shape gut
flora, potentially alleviating related diseases, including
IBD.>>*® IBD patients and DSS-induced colitis mice show
notably reduced microbial diversity compared to healthy con-
trols.** The Firmicutes, known for producing beneficial butyric
acid, decreased in IBD patients, whereas the Proteobacteria,
associated with various pathogens, showed an increase in IBD
patients.*” In the present study, DSS-induced gut microbiota

This journal is © The Royal Society of Chemistry 2024
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increased genera known to worsen inflammation, which is
aligned with prior studies: Desulfovibrio, belonging to the
Proteobacteria, produces H,S, contributing to intestinal
inflammation;** Mucispirillum is recognized as a mucus-para-
sitic organism implicated in causing disease and tends to
increase during colitis-related inflammation.** Bacteroides is
associated with colitis in IBD-susceptible mouse models;*’
Enterococcus has been shown to increase the risk of intestinal
inflammation;*® Escherichia-Shigella promotes worsening of
IBD;® The susceptibility of Parasutterella to enterocolitis and
sepsis has detrimental effects on intestinal health.*’

Our study found that MSS is predominantly composed of
Lactobacillus (90.56%) and Bifidobacterium (2.51%). These

This journal is © The Royal Society of Chemistry 2024

genera include probiotics known for anti-inflammatory and
gut-protective effects.*® Interestingly, the present study showed
that MSS treatment not only can reduce the abundance of DSS-
induced pathogenic bacteria, but also increased the richness
of microbial diversity in colitis mice, and mainly reduced the
percentage of Proteobacteria in mice. Moreover, the MSS inter-
vention restored the abundance of Verrucomicrobiota in colitis
mice, which provide energy and nutrients and produce SCFAs,
among other things, which are essential for intestinal health
and immune system regulation.*®

SCFAs, products of dietary fiber fermentation, are beneficial
to hosts.’® IBD patients often lack SCFA-producing bacteria
and show reduced SCFAs levels.>* After DSS induction, mice in
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their cecum exhibited significantly lower acetic, propionic, and
butyric acid levels.”* However, after MSS intervention, a signifi-
cant increase in SCFAs in the cecum of mice likely resulted
from the enhancement of SCFAs-producing intestinal flora,
represented by genera such as Lachnospiraceae NK4A136
group,®® Akkermansia,>*® Bifidobacterium,>® and Dubosiella,”®
known for their roles in modulating immunity and producing
beneficial acids. This suggests potential protective effects of
MSS treatment against colitis and inflammatory diseases.

Intestinal barrier dysfunction reflects IBD development,®
which correlates with inflammation. In our study, DSS-
induced damage increased intestinal permeability and
reduced crucial barrier maintenance proteins (E-cadherin,
Z0-1, Occludin, Claudin-1).>’*® Elevated pro-inflammatory
factors (IL-1f, IL-6, TNF-a)°° and MPO (a biomarker for gut
inflammation in IBD)*® in DSS-induced colitis contribute to
inflammation. Moreover, excess iNOS induces NO production
and inflammation.®! Interestingly, the cell-free supernatant of
MSS also ameliorates DSS-induced colitis by restoring the
barrier function and reducing these DSS-induced pro-inflam-
matory factors, albeit with less effect compared to MSS,
suggesting that the fermentation nutrients of MSS play an
important role in the intervention’s effectiveness. However, the
complete product with microorganisms, MSS, demonstrates a
superior effect.

The potential mechanism of MSS treatment on DSS-
induced colitis may involve the NF-kB pathway, which regu-
lates the transcription of various pro-inflammatory factors and
could in turn aggravate inflammation.® In our study, non-tar-
geted metabolomics analysis on both serum with MSS treat-
ment and MSS identified 16 shared metabolites. Interestingly,
NF-kB stood at the top of the pathway enrichment list.
Moreover, we confirmed that the expression of NF-xB p65
increased in the DSS-induced colon and decreased with MSS
treatment. Thus, the NF-xB pathway appears to be the most
relevant pathway under MSS intervention in DSS-induced
colitis. This suggests that MSS may reduce inflammation by
acting on the NF-xB pathway, thus treating colitis.

Conclusions

In this study, MSS demonstrates efficacy in lessening DSS-
induced colon damage via NF-kB pathway, reducing inflam-
mation, and restoring intestinal health. This study under-
scores its potential as a functional food for IBD. Further
research is required to identify the specific bioactive com-
ponents responsible for alleviating IBD symptoms, aiding the
development of tailored foods for IBD patients.

Data availability

The raw Illumina sequences of MSS microbiota were deposited
to the NCBI sequence read archive with the project accession
number PRJNA1048723. The original Illumina sequences of
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fecal microbiota were saved into the NCBI Sequence Read
Archive with the project accession number PRJNA1048719.
Processed data files are included as supplementary excel files
with this article.
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