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Ulcerative colitis (UC) is a global disease for which there is little of effective
treatment options, thus creating an urgent need for the development of new
drug candidates from natural and functional foods. Amomum tsaoko Crevost et
Lemarie is a kind of medicinal and food herb that is rich in flavonoids. However,
the pharmacological effects of Amomum tsaoko flavonoids (ATF) on UC have not
yet been reported. The present study established a mouse model of UC using 3%
dextran sulfate sodium (DSS), and modern molecular biology techniques such as
IHC, RT-gPCR, Western blot, and 16S rRNA gene analysis were used to investigate
the effect of ATF in UC mice. The results demonstrated that a high dose of ATF
(100 mg/kg) led to a significant restoration of body weight, disease activity index
score, and colon length, in addition to ameliorating colonic tissue damage in UC
mice. ATF reduced the serum levels of lipopolysaccharides (LPS), inhibited the
activation of the colonic TLR4/NF-kB/NLRP3 signaling pathway, and increased
the mRNA expression of tight junction proteins such as ZO-1, Occludin, and
Claudin4. Furthermore, ATF was found to reduce the relative abundance of the
DSS-induced conditional pathogenic (Escherichia-Shigella, Colidextribacter, and
Oscillibacter), increase the potential probiotic taxa (Akkermansia, Bifidobacterium
and unclassified_f__Atopobiaceae). Interestingly, these genera were found to
be significantly correlated with the UC core phenotypic indicators. These findings
indicated that ATF may alleviate UC symptoms by modulating the gut microbiota-
LPS/TLR4/NF-kB/NLRP3 axis. The present study has the potential to serve as a
valuable reference point for understanding the role of natural flavonoids in the
prevention of inflammatory diseases, and to expand the future applications of
ATF in the fields of food and medicine.
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1 Introduction

Ulcerative colitis (UC) is a chronic inflammatory bowel disease
(IBD) that is characterized by periodic relapses, most often with
recurrent abdominal pain and diarrhea, mucus-thickened blood
stools, severe weight loss, and a long-term inflammatory state of the
colon. These clinical manifestations increase the risk of colon
cancer (Sun et al., 2021). The aetiology of UC is multifaceted and
closely associated with immune dysfunction (Powell et al., 2015),
impaired intestinal barrier function (Zhen and Zhang, 2019) and
dysbiosis of the gut microbiota (Kim S. G. et al., 2019). At this
juncture, the management of UC remains largely dependent on the
utilization of pharmacological agents, predominantly anti-
inflammatory drugs, immunosuppressants and biosuppression,
such as sulfasalazine, azathioprine and mesalazine. However, these
therapeutic modalities have been associated with an increased risk
of disease exacerbation and deterioration (Klein and Eliakim et al.,
20105 Pauly et al., 2017). It is therefore imperative to identify a safe
and effective natural edible resource as an alternative drug for the
treatment of UC.

In China, herbal medicine represents a typical and long-
established intervention for the treatment of intestinal inflammation,
utilizing plant-derived active ingredients. The composition of Chinese
herbal medicine is complex, comprising large molecules that are
primarily polysaccharides and water-soluble proteins, while small
molecules may consist of flavonoids, alkaloids, amino acids, organic
acids, nucleotides, and other substances. These small molecules
generally exhibit fewer side effects. It has been established that the
anti-UC properties of active compounds derived from herbal
medicines primarily target inflammation or oxidative stress, which is
associated with increased levels of anti-inflammatory cytokines (IL-4,
IL-10, SOD), and decreased levels of pro-inflammatory cytokines
(TNE-a, IL-1B, and IL-6 etc.) (Cao et al,, 2019). These findings suggest
that the study of natural drug compounds related to UC is of
great value.

A substantial body of evidence from previous studies has
demonstrated that flavonoids can alleviate IBD through a range of
mechanisms. To illustrate, soybean isoflavones have been
demonstrated to impede IkB protein phosphorylation and IKK
degradation (Kim S. E. et al., 2019). Naringenin inhibits the TLR4/
NE-kB pathway, inducing M2 macrophages and accelerating colonic
recovery (Chaen et al., 2019). Quercetin enhances intestinal barrier
function through the assembly of zonula occludens-2, occludin, and
claudin-1 and the expression of claudin-4 (Suzuki and Hara, 2009).
Nobiletin targets oxidative stress, NLRP3 inflammatory vesicle
activation and immune responses in UC mice (Yang et al., 2024).
Kaempferol alleviates colitis by restoring the gut microbiota and
inhibiting the LPS-TLR4-NF-xB axis (Qu et al., 2021). The overall
pharmacological mechanisms by which flavonoids alleviate UC
appear to be related to the modulation of the body’s immune
response, inflammatory response, intestinal barrier and
gut microbiota.

Amomum tsaoko Crevost et Lemarie (AT) is one of the most
widely used Chinese medicinal herbs, with a multitude of
applications. It is also used as a spice to remove the fishy flavor and
has the effect of warming the spleen and stomach, stopping vomiting,
eliminating the hostage, and expelling the cold and pain in the
abdomen. Nevertheless, AT is predominantly employed as a
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seasoning, and its potential therapeutic benefits remain largely
untapped (Hu et al., 2018). The gradual study of AT has resulted in
the isolation of over 300 compounds, with flavonoids representing
the primary components of AT (Yang S. et al., 2022; Cai et al., 2021).
The flavonoids present in AT have been demonstrated to possess
high antioxidant activity, which has been shown to significantly
improve the symptoms of type II diabetic mice (Zhang et al., 2022).
Moreover, these flavonoids have been demonstrated to inhibit the
production of NO in LPS-stimulated RAW 264.7 murine
macrophages, which have been shown to exhibit potent anti-
inflammatory activity (Whan et al, 2018). The flavonoids have
display  enhanced
pharmacological activity in mice with constipation (Hu et al., 2023).

additionally been demonstrated to
These previous studies implied that the flavonoids present in AT may
possess ameliorative properties in the context of IBD. However, no
studies have been reported on the utilization of total flavonoids in
AT (ATF) in IBD. In the present study, the anti-UC properties of
high-purity ATF, which had been successfully prepared in our
previous work (Hu et al., 2018) were evaluated in the experimental
UC mouse model induced by dextran sulfate sodium (DSS).
Furthermore, the anti-UC mechanism of ATF was explored from the
perspectives of inflammatory signaling pathway and intestinal
microecology, with a view to providing theoretical bases for the
application of ATF in functional foods or medicines.

2 Materials and methods

2.1 Preparation of ATF

The AT fruits were sourced from Gongshan County, Yunnan
Province of China. The preparation of ATF was outlined in brief, with
reference to the published literature of our group (Huang et al., 2025).
The AT was pulverized and then extracted using a sonicator.
Subsequently, a specific concentration and pH of the upper sample
solution were prepared. Adsorption and desorption were conducted
with HPD300 macroporous resin, and the 20 and 30% ethanol eluates
were concentrated and vacuum-dried, and stored for spare parts. The
ATF obtained from the preparation primarily comprised
(+)-Epicatechin (30.88%), Isoquercitrin (17.33%), Astragalin (9.52%)
Kaempferol-3-O-rutinoside (8.46%), Procyanidin B2 (6.82%), and
other compounds.

2.2 Design of animal experiments

A total of 60 male C57/6 ] mice (20-23 g) were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd. (SPF
grade). The animals were housed in the Yunnan key laboratory of
precision nutrition and personalized food manufacturing. All the
procedures were reviewed and approved by the life science ethics
committee of Yunnan agricultural university (Approval no.
202312008). The animals were maintained at a temperature of
24 £1°C under a 12-h light/dark cycle, on an ad libitum diet
(LAD3001M, Trophic Animal Feed High-tech Co. Ltd., China.) and
water, and experiments were conducted in groups after 1 week
acclimatization. The average body weight of mice in each group
was similar.
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Dextran sulfate sodium (DSS) is a common inducer of UC, and
an acute UC model can usually be established by feeding with 3% DSS
for 5-7 days. Five experimental groups were set up ad follows. (a)
CON group (sterilized water, n = 12); (b) DSS group (3% DSS, n = 12);
(c) DSS + LATF group (25 mg/kg-bw ATF + 3% DSS, n=12); (d)
DSS + MATF group (50 mg/kg:-bw ATF +3% DSS, n=12); (e)

10.3389/fmicb.2025.1557778

DSS + HATF group (100 mg/kg-bw ATF + 3% DSS, n = 12). Gavage
volume was set at 0.2 mL/10 g body weight. Figure 1A shows the
experimental procedure. Fourteen days prior to the DSS intervention,
mice were gavaged with sterilized water in the CON and DSS groups,
and mice were gavaged with 25, 50, and 100 mg/kg-bw oxalic acid
flavonoids in the ATF dose group, respectively. Water was freely
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FIGURE 1
Amomum tsaoko flavonoids (ATF) is effective in alleviating symptoms of the DSS-induced colitis. (A) Animal experiment design; (B) survival curves;
(C) mice body weights were recorded daily; (D) calculate the DAI score; (E,F) bowel images and colon length stats; (G-1) liver, spleen and kidney index;
(J) images of colon sections stained with H&E. All data presented in mean + SEMs, n = 10-12. # compared with the CON group; * compared with the
DSS group. #p < 0.05, #*p < 0.01, *##p < 0.001; *p < 0.05, **p < 0.01, ***p < 0.001.
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consumed by the mice for the rest of the time. The 3% DSS solution
was provided from day 15 to 22 to all groups except the CON. On the
21st day of the experiment, it was observed that the weight loss rate of
mice in the model group exceeded 20%, which was considered to
be the weight loss criterion for animal ethics. The experiment was
therefore terminated on the 22nd day, and the mice were euthanized.
Mice were executed with CO, at the end day of experiment. Blood was
collected and incubated to obtain serum. The livers, spleens and
kidneys of the mice were weighed. The entire intestine was extracted,
the mesentery and other associated tissues were excluded, and the
proximal colon and cecum were harvested. The length of the colonic
segments from each mouse was meticulously recorded. The colonic
segments and the contents of the cecum were then collected and
stored in a —80°C refrigerator for future use.

2.3 DAl score

During the course of DSS-induced UG, a daily record was kept of
body weight change, fecal status and blood in stool in mice. The mean
of the sum of the three scores was then used to calculate the disease
activity index score (DAI). The calculation of weight loss was
performed as the ratio of daily body weight change to initial body
weight. The fecal status was slightly modified with reference to the
Bristol stool typing method, and blood was discriminated by the
instructions of the fecal occult blood kit (BC8270, Solarbio, Beijing).
The detailed DAI scoring criteria are shown in Supplementary Table S1.

2.4 Serum biochemical analysis

Lipopolysaccharides, TNF-a and IL-1p in serum were detected by
Mouse Lipopolysaccharides (LPS) ELISA Kit (CSB-E13066m,
Cusabio, Wuhan), Mouse TNF-a ELISA Kit (E-EL-M3063,
Elabscience, Wuhan) and Mouse IL-13 ELISA Kit (E-EL-M0037,
Elabscience, Wuhan) were used for the assay. All the assays were
performed according to the instructions of the kits.

2.5 RNA extraction, reverse transcription
and real-time quantitative PCR

RNA was extracted from 10 to 20 mg of each mouse colon tissue
sample using a bead-beating method and the FastPure Cell/Tissue
DNA Isolation Mini Kit (RC101-01, Vazyme, Nanjing). RNA
concentration and purity were determined using a spectrophotometer.
Total RNA were then reverse transcribed to cDNA using HiScript IIT
RT SuperMix for qPCR (+gDNA wiper) kit (R323-01, Vazyme,
Nanjing). The obtained cDNA was stored at —30°C.

The real-time quantitative PCR reactions system was prepared
according to the instructions of the ChamQ Universal SYBR qPCR
Master Mix kit (Q711-02, Vazyme, Nanjing). Gene expression was
determined using a LightCycler® 480 System (Roche Diagnostics,
PCR
Supplementary Table S2. PCR reactions were set up in duplicate. As

Switzerland) instrument, as outlined in the

the reference gene, RPL-19 was used to calibrate target mRNA

Z-AACt

expression. The method was used to calculate the results, with

primer sequences given in Supplementary Table S3.
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2.6 H&E staining of colonic tissue

A 4% formaldehyde solution was used to fix the colon. After
embedding, all the colons were then cut into 3 pm sections for
hematoxylin and eosin (H&E) staining. Two H&E-stained sections
were obtained from each mouse for analysis. H&E-stained sections
were imaged using a biological microscope.

2.7 Immunohistochemistry

The 3 pm wax blocks were dewaxed in xylene and rehydrated in
graded ethanol. Following quenching of endogenous peroxidase
activity and blocking of non-specific binding, the sections were
subjected to an overnight incubation at room temperature with F4/80,
TLR4, and NLRP3 mouse monoclonal antibodies (28463-1-AP,
66350-1-Ig, and 68,102-1-Ig respectively, Proteintech, Wuhan). This
was followed by an incubation for 20 min at room temperature with
biotinylated secondary antibodies (Zymed Laboratories, Carlsbad,
CA, United States). The slides were then incubated with reagents from
the Avidin-Biotin (SP-2001, Vector Laboratories, CA, United States)
and 3,3’-diaminobenzidine kits (SK-4100, Vector Laboratories, CA,
United States). Images obtained using Olympus CX43 microscope and
CellSens Entry. The sections were photographed top-to-bottom and
left-to-right and images of undamaged tissue structure were selected
for analysis. The images were digitized using Image Pro-Plus 6.0
software (Media cybernetics, United States).

2.8 16S rRNA gene sequencing

Samples of cecal content were sent to Shanghai Majorbio
Bio-pharm Technology Co., Ltd. for 16S rRNA gene sequencing. The
microbial DNA was extracted from the cecum contents of the mice in
the CON, DSS and DSS + HATF groups using the EZN.A.® Soil
DNA kit (Omega Bio-tek, United States). Final DNA concentration
and purity were determined using a NanoDrop 2000 UV-Vis (Thermo
Scientific, United States). The DNA quality was evaluated using 1%
agarose gel electrophoresis. The V3-V4 highly variable region of the
bacterial 16S rRNA gene was amplified using a thermal cycling PCR
system (GeneAmp 9,700, ABI, United States) and primers 338F (5’-
ACTCCTACGGGGAGGCAGCAG3’) and 806R (5’- GGACTACHVG
GGTWTCTAAT -3’). PCR was performed using the following
procedure: denaturation at 95°C for 3 min; annealed at 95°C and
55°C for 30 s, respectively, and extended at 72°C for 45 s, 27 cycles;
extended at 72°C for 10 min. PCR was conducted three times in a
20 pL mixture comprising 4 pL of 5 x FastPFU buffer, 2 pL of
2.5 mM dNTPs, 0.8 puL of each primer (5 pM), 0.4 pL of FastPFU
polymerase, and 10 ng of template DNA. PCR products obtained
from 2% agarose gels were purified using the Axyprep DNA Gel
Extraction Kit (Axygen Biosciences, United States) and quantified
using Quantifluor™-ST (Promega, United States) according to the
manufacturer’s protocol. The purified amplicons were pooled in
equimolar amounts and subjected to paired-end sequencing
(2 x 300) on the Illumina MiSeq platform (Illumina, United States).
The RDP Classifier was used to classify and analyze the Silva
(SSU123) 16S rRNA database. Bioinformatics analysis was
conducted on Majorbio’s cloud platform.
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2.9 Data analysis

Data analysis were conducted using GraphPad Prism 8.0, with
results expressed as the means * standard errors of the means (SEMs).
Analysis of variance was conducted using the statistical software
package SPSS 26.0 (SPSS Inc., Chicago, IL, United States). Statistical
analysis of the results was conducted using analysis of variance
(ANOVA) with Duncan’s test. Advanced Cor link was performed
using the OmicStudio tools at https://www.omicstudio.cn/tool.
Multivariate analyses were conducted using the Majorbio platform.
Unless stated otherwise, results were statistically significant at p < 0.05.

3 Results

3.1 ATF relieved the DSS-induced colitis in
mice

Figure 1A illustrates the flow of the animal experiment. The CON
group showed no unusual symptoms during the experiment. The DSS
group, the DSS + LATF group, the DSS + MATF group, and the
DSS + HATF group, respectively, had mortality in 2, 2, 1, and 0 mice
following DSS ingestion (Figure 1B). From day 5, DDS-treated mice
lost weight (p < 0.01) and had diarrhea and blood in their stool. They
showed a big increase in DAI score compared to the CON group
(p <0.01). The DSS + HATF group showed a strong effect on body
weight and DATI score (p < 0.01, Figures 1C,D). Interestingly, low,
medium, and high doses of ATF inhibited colon shortening and
alleviated DSS-induced liver, spleen, and kidney swelling, with the
high dose exhibiting a pronounced effect (p < 0.01, Figures 1E-I).
Pathological sections showed severe damage to the mucosal layer of
the colon in mice in the DSS group, with a marked reduction in crypt
and goblet cells. The DSS + HATF group showed less inflammation
than the model group, with more goblet cells and a more intact
mucosal structure (Figure 1]). In sum, high doses of ATF could
effectively treat UC in mice.

3.2 ATF could regulate the expression of
inflammatory factors

Abnormal increases in the levels of inflammatory factors are an
important feature of UC. As shown in Figure 2, serum levels TNF-a
and IL-1, plus colonic TNF-a, IL-1, COX-2, and MCP-1 mRNA
levels were higher in the DSS group than CON. The ATF intervention
significantly reduced the levels of these factors (p < 0.05, Figures 2A-F)
and tended to down-regulate IL-6, IFN-y, and IL-18 mRNA
expression, though not statistically significant (p > 0.05, Figures 2G-1I).
The findings showed that the ATF decreased the DSS-induced
inflammation in UC.

ATF DSS-induced
up-regulation of the mRNA expression of colonic F4/80, CD68,
CD11b, CDI14, and Ly-6G (p < 0.05), with no significant effect on
CD115 (p > 0.05, Figures 2J-0). Furthermore, immunohistochemistry
was utilized to investigate the expression of the macrophage marker,

intervention reversed the

Similarly,

F4/80, in mice. The analysis revealed that F4/80 expression within the
colon exhibited an increase in the DSS-induced UC model, concurrent
with a decrease in response to ATF treatment (Figures 2P,Q). These
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observations are consistent with the results obtained from RT-qPCR,
suggesting that ATF exerts a regulatory effect on inflammatory
responses and contributes to the preservation of colonic
tissue integrity.

3.3 ATF reduced the DSS-induced
endotoxaemia and damage to the intestinal
barrier

The release of toxins from the body is intimately associated with
disrupting the gut barrier (Di Tommaso et al., 2021). Serum LPS and
TLR4 levels in the colon increased in mice in the DSS group compared
to the CON group (p < 0.01), indicating metabolic endotoxemia. LPS
and TLR4 levels were lower in the ATF group than the DSS group
(p < 0.05). TLR4 immunohistochemistry results were similar to the
ATF group and close to those of the CON group (Figures 3A-D). In
parallel, the mRNA expression of Muc2, ZO-1, Occludin and Claudin4
were markedly reduced in the DSS-induced colitis mice (p < 0.05).
Despite the absence of a notable impact of ATF on Muc2 (p > 0.05,
Figure 3E), it was observed to stimulate the mRNA expression of
Z0-1, Occludin, and Claudin4 (p < 0.05, Figures 3F-H). In general, the
ATF could modulate these genes to match control levels, reducing
metabolic endotoxaemia and intestinal damage.

3.4 ATF inhibited the NF-kB/NLRP3
inflammatory pathway

Given that the DSS contributed to the increased levels of LPS and
TLR4, we postulated that the NF-kB/NLRP3 pathway was activated
(Liu et al., 2023). In DSS-induced colitis, the mRNA expression of
NF-kB, MyD88, and TRAF6 was elevated (p < 0.05, Figures 4A-C),
while the expression of p-p65 was significantly up-regulated in the
colons of mice in the DSS group (p < 0.01, Figures 4D,E). This finding
suggests that the colonic NF-kB signaling pathway was activated in
our UC mice. Concurrently, the mRNA expression of colonic NLRP3,
Caspase-1, and ASC was elevated in the DSS group of mice compared
with the CON group (p < 0.05, Figures 4F-H). And ITHC analysis
revealed that the expression level of colonic NLRP3 in mice in the DSS
group was significantly higher than that in the CON group (p < 0.01,
Figures 41,]). Conversely, ATF was able to inhibit the expression of
these genes and proteins to varying degrees, approaching the levels
observed in the CON group. Overall, ATF could inhibit the activation
of the NF-kB/NLRP3 signaling pathway and to reduce the expression
of colonic inflammatory mediators, thereby ameliorating DSS-induced
colonic inflammation.

3.5 ATF ameliorated the DSS-induced gut
microbiota dysbiosis

The 16S rRNA gene was sequenced to assess the impact of ATF
on the gut microbiota of the UC mice. The sparse curve of the Sobs
index for each sample exhibited a tendency to flatten with an
increase in the number of sequences, indicating that the
sequencing depth was sufficient to reflect the diversity of the
samples and that the sequencing results were credible (Figure 5A).
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Despite the DSS and DSS + HATF groups demonstrating no
significant difference from the CON group with regard to
a-diversity indices (Figure 5B), the PCoA result clearly separated
the CON, DSS, and DSS + HATF group, with the DSS + HATF
group demonstrating a closer proximity to the CON group
(Figure 5C), suggesting that ATF altered the p-diversity of the gut
microbiota in UC mice and had a restorative effect on the
DSS-induced gut microbiota dysbiosis.

The LEfSe analyses similarly demonstrated the dramatic effects of
loperamide and ATF on microbial taxa at different levels (Figure 5D).
A total of 88 different taxa, including 4 phyla, 6 classes, 10 orders, 20
families and 48 genera, were identified in the three groups. Of these,
the CON, DSS, and DSS + HATF groups had 31, 32, and 25 dominant
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taxa, respectively, (Figure 5D and Supplementary Figure S1). The
present study focused on the taxa significantly affected by DSS and
ATE, especially those significantly changed by ATF treatment.

At the phylum level, the relative abundance of Actinobacteriota,
Verrucomicrobiota, and Proteobacteria in the cecum of mice in the
DSS group was significantly different from that of the CON group
(p<0.01), and the ATF intervention significantly increased the
relative abundance of Actinobacteriota and Verrucomicrobiota and
Bacteroidota (p <0.05), but did not restore Proteobacteria to a
significant level (Figure 5E, p>0.05). At the family level, DSS
treatment induced a significant up-regulation of Enterobacteriaceae
and Anaerovoracaceae, which was significantly reversed by ATF
intervention (p <0.05, Figure 5F). Furthermore, the relative
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FIGURE 4
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Frontiers in Microbiology 08 frontiersin.org


https://doi.org/10.3389/fmicb.2025.1557778
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Huang et al.

10.3389/fmicb.2025.1557778

Rarefaction curves
— CON
—DSS
= DSS+HATF

Sobs index

O O O a0 o0 o® o0 0
o »\Q“Q »\6““4&““ 5% ¥ qfﬁe

Number of Reads Sampled

s
“\\o‘°“;>__0esulfobacterota
° h

RENEE W

a: p_Actinobacteriota
¢ : p_Proteobacteria
e : c_Actinobacteria

mm g :c_Coriobacteriia

mm i:c_Gammaproteobacteria

mm k:o_Bacillales

mm m: o_Coriobacteriales -
mm o :o_Enterobacterales -

m

Relative abundance(%)

FIGURE 5

0.5
? ECoN
H HDss
~ DSS+HATF
S 044{m
7] —_
< X
Py
503 8
M 3
k] 2
£0.2 S
c
H o
2
£
(2]
0
CON DSS DSS+HATF
@cCoN
@poss
ODSS+HATF mm q:o_Lactobacillales
s : o_Verrucomicrobiales
u : f_Akkermansiaceae
- f_Bacillaceae
- f_Clostridium_methylpentosum_group
= a1:f_Desulfovibrionaceae
mm c1:f_Enterobacteriaceae
mm e1:f_Erysipelatoclostridiaceae
mm g1:f_Hungateiclostridiaceae
i1 : f_Morganellaceae
mm k1 :f_Prevotellaceae
m1 : f_Ruminococcaceae
mm o1:g_Adlercreutzia
mm q1:g_Alistipes
> mm s1:g_Alloprevotella
/ == u1:g_Bacillus
ul w1 : g_Blautia
_5. y1: g_Clostridioides
g a2 : g_Clostridium_sensu_stricto_1
r;:'b‘ ¢2 : g_Defluviitaleaceae_UCG-011

b : p_Desulfobacterota
d : p_Verrucomicrobiota
f: c_Bacilli

h : c_Desulfovibrionia

j : c_Verrucomicrobiae

| : o_Bifidobacteriales

n : o_Desulfovibrionales
p : o_Erysipelotrichales

e2: g_Enterorhabdus

g2 : g_Escherichia-Shigella
_Faecalibaculum

k2 : g_Flavonifractor

m2 : g_Lachnospiraceae_FCS020_group
02 : g_Lachnospiraceae_UCG-006

q2 : g_Muribaculum

s2 : g_Parabacteroides

u2:g_Proteus

w2 : g_Romboutsia

y2 : g_Ruminococcus_gauvreauii_group
a3 : g_UCG-005

¢3 : g_norank_f_Clostridium_methylpentosum_group
e3 : g_norank_f_Lachnospiraceae

g3 : g_unclassified_f_Atopobiaceae

i3 : g_unclassified_f_Lachnospiraceae

P=0.0513

N

PCoA on ASV level
R=0.6678, P=0.001000

o

Amomum tsaoko flavonoids altered the structure and composition of the gut microbial community in UC mice. (A) Rank-abundance curve;

(B) a-diversity index; (C) PCoA based on the Bray—Curtis distance algorithm. (D) Linear discriminant analysis effect size (LEfSe) analyses (LDA

score > 2.0). (E) Relative abundance of microbes at the phylum level. (F) Relative abundances of microbes at the family level. (G—J) Relative
abundances of microbes at the genus level. All data presented in mean + SEMs, n = 6. # compared with the CON group; * compared with the DSS
group. #p < 0.05, #p < 0.01, #¥p < 0.001; *p < 0.05, **p < 0.01, ***p < 0.001.

04 02 0 02 04

PC1(22.69%)

0.6

r:o_|l -Ti

t: o_norank_c_Clostridia

v : f_Anaerovoracaceae

x : f_Bifidobacteriaceae

z : f_Defluviitaleaceae

b1 : f_Eggerthellaceae

d1: f_Enterococcaceae

f1: f_Erysipelotrichaceae
h1:f_Lactobacillaceae

j1: f_Peptostreptococcaceae

11 : f_Rikenellaceae
n1:f_Tannerellaceae

p1: g_Akkermansia

r1: g_Allobaculum

t1: g_Anaerotruncus

v1 : g_Bifidobacterium

x1 : g_Citrobacter

z1: g_Clostridium_innocuum_group
b2 : g_Colidextribacter

d2 : g_Enterococcus

2 : g_Erysipelatoclostridium

h2 : g_Eubacterium_nodatum_group
j2: g_Family_XIll_AD3011_group

12 : g_lleibacterium

n2: g_Lachnospiraceae_NK4A136_group
p2 : g_Lactobacillus

r2 : g_Oscillibacter

t2 : g_Prevotellaceae_UCG-001

v2: g_Rikenellaceae_RC9_gut_group
X2 : g_Ruminiclostridium

22: g_UBA1819

b3 : g_norank_f_Christensenellaceae
d3 : g_norank_f_Eggerthellaceae

3 : g_unclassified_f_Anaerovoracaceae
h3:g_ ified_f i

Frontiers in Microbiology

09

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1557778
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Huang et al.

abundance of Erysipelatoclostridiaceae and Sutterellaceae was induced
to decrease by DSS, significantly elevated by ATF intervention, and
significantly suppressed the increase in relative abundance of
Anaerovoracaceae (p < 0.05, Figure 5F).

At the genus level, high doses of ATF elevated the relative
abundance of Bifidobacterium, Akkermansia, Erysipelatoclostridium,
Parasutterella, and Citrobacter to a greater extent and in a statistically
significant way in comparison to the DSS group, as well as significantly
increasing the number of relative abundance of unclassified_f__
Atopobiaceae, Klebsiella, UBA1819, Flavonifractor, Clostridium_
innocuum_group and unclassified__f__Enterobacteriaceae (p < 0.05,
Figures 5G,H). In contrast, high doses of ATF significantly suppressed
the abnormal increase in the relative abundance of Colidextribacter,
unclassified_f__Anaerovoracaceae, Escherichia-Shigella, norank_f__
Desulfovibrionaceae, Faecalibaculum, Oscillibacter, Enterococcus,
Oscillospiraceae_UCG-005, Lachnospiraceae_UCG-006, and
Ruminiclostridium. It is noteworthy that in DSS-induced UC mice, the
relative abundance of colonies such as Escherichia-Shigella,
Desulfovibrionaceae, and Enterococcus, which may produce LPS, was
significantly increased, whereas ATF inhibited this change (p < 0.05,
Figures 51]). These findings illustrate that ATF has the capacity to
reinstate the DSS-induced gut microbial dysbiosis to varying extents
across multiple domains, including microbial diversity, community
structure, and species composition.

3.6 Correlation analysis between specific
microbiological taxa and core indicators

In order to elucidate the pivotal function of gut microbiota in the
alleviation of UC by ATE, bivariate correlation analyses were employed
to investigate the correlations between microbial taxa that exhibited a
significant response to ATF and core indicators in UC mice.

Figure 6A shows the link between microbial taxa and pathological
phenotypes in UC mice. BWCR, CL and DAI are core parameters
reflecting the extent of UC disease in mice. These parameters correlated
with the differential microbial taxa obtained from the screening. All
three parameters demonstrated a robust correlation with Escherichia-
Shigella, Anaerovoracaceae and unclassified_f__Anaerovoracaceae
(r>0.65 or r<-0.65 p< 0.05). Oscillospiraceae_UCG-005,
Proteobacteria and Enterobacteriaceae were negatively correlated with
BWCR (r < —0.65, p < 0.05) and positively correlated with DAI (r > 0.65,
p< 0.05). Colidextribacter and CL were negatively correlated
(r=-0.6531, p < 0.05). There is a significant positive correlation between
Actinobacterota, Verrucomicrobiota, Akkermansia, unclassified_f__
Atopobiaceae, Bifidobacterium, Erysipelatoclostridium and BWCR
(r< 0.65, p< 0.05). A significant negative correlation was evident
between these variables and DAI (r > —0.65, p < 0.05). Correlations
between Oscillibacter, Ruminiclostridium, and Enterococcus and BWCR
and CL were negative (r > —0.65, p < 0.05), while those with DAI were
positive. In general, BWCR and CL showed the opposite correlation
observed in DAI results, consistent with conventional pathological UC
signs in mice. Notably, the microbial taxa positively correlated with
BWCR and CL were up-regulated by ATE Those negatively correlated
with BWCR and CL and positively correlated with DAI were increased
by DSS. ATF significantly reversed this.

The relationship between ATF and other key indicators were also
investigated. Our findings revealed a significant positive correlation
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between Escherichia-Shigella, Anaerovoracaceae, and unclassified_f
Anaerovoracaceae and serum TNF-q, IL-1p, and colonic CD11b and
TLR4. These taxa were positively correlated with colonic TRAF6 and
NLRP3 and negatively correlated with Occludin and Claudin4
(Figures 6B-D). A significant positive correlation was observed
between unclassified_f__Anaerovoracaceae and colonic F4/80, CD68,
CDI14, TNF-a, COX-2, MCP-1, MyD88, and Caspase-1 (p < 0.05). A
notable inverse correlation was observed between unclassified_f__
Atopobiaceae and serum IL-1p, colonic TNF-a, CD11b, TLR4 and
TRAF6. Oscillibacter,
Oscillospiraceae_UCG-005 had a different correlation, with a stronger

Conversely, Colidextribacter ~ and
positive association. There was also a significant negative correlation
with occludin and claudin4 (p < 0.05). In addition, Escherichia-Shigella,
norank_f__Desulfovibrionaceae, Enterococcus, Proteobacteria, and
Enterobacteriaceae showed a positive correlation with LPS, while
Actinobacteriota and Bifidobacterium demonstrated a negative
correlation. Remarkably, only Escherichia-Shigella was significantly
positively correlated with both LPS and TLR4 (p < 0.05).

unclassified_f__

Anaerovoracaceae, unclassified_f__Atopobiaceae, Bifidobacterium,

In conclusion, Escherichia-Shigella,
norank_f__Desulfovibrionaceae, Colidextribacter, and Oscillibacter
correlated with multiple host core indicators, suggesting that gut
microbiota may play a key role in the improvement of UC by ATE

4 Discussion

Ulcerative colitis is associated with autoimmune function
abnormalities. The disease has a long-lasting impact on affected
individuals, limiting their quality of life. At the present time, DSS is
currently widely used in UC modeling. DSS directly stimulates
intestinal cells and disrupts the intestinal barrier, causing acute
enteritis, which is the same as clinical UC presentation (Gadaleta
et al,, 2017). In the present study, DSS caused weight loss, bloody
stools and shortened colons in mice. This shows that the DSS model
is effective. It has been reported that the DSS-induced UC mice
frequently exhibit an imbalance in intestinal homeostasis (Pei et al.,
2019; Hakansson et al., 2015). Therefore, a systematic evaluation was
conducted of the effects of ATF on the DSS-induced UC mice in terms
of intestinal inflammation, intestinal barrier, and gut microbiota. Our
results demonstrated that ATF intervention (100 mg/kg) markedly
impeded the substantial decline in body weight, the surge in DAI
scores, the reduction in colon length, and the disruption of colon
tissue structure in UC mice. Additionally, the expression of
imbalanced inflammatory factors was diminished, the compromised
intestinal barrier was replenished, the activation of the LPS/TLR4/
NE-kB/NLRP3 signaling pathway was suppressed, and the disrupted
gut microbiota was ameliorated. These effects collectively resulted in
the effective alleviation of UC symptoms in mice.

The therapeutic efficacy of ATF in UC may be due to its active
ingredients. During the pre-trial period, a plant-wide targeted
metabolomics assay was conducted, which revealed that the relative
abundance of flavonoids in ATF was greater than 73%. The predominant
flavonoids identified were (+)-Epicatechin (30.88%), Isoquercitrin
(17.33%), Astragalin (9.52%) Kaempferol-3-O-rutinoside (8.46%),
Procyanidin B2 (6.82%), and others. It was found that astragalin was
capable of effectively modulating the relative abundance of
Ruminococcaceae and Escherichia-Shigella, while concomitantly exerting
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FIGURE 6

Correlations between the differential genera and core indicators of UC. (A) Correlations between differential genera and conventional pathological
phenotypes of UC mice. (B) Correlations between differential genera and inflammatory factors and immune cell markers. (C) Correlations between
differential genera and metabolic endotoxaemia and colonic barrier factors. (D) Correlations between differential genera and NF-kB/NLRP3 signaling
pathway. BWCR, body weight change rate of mice; CL, colon length; DAI, disease activity index. S-IL-1p, IL-1p in serum; S-TNF-a, TNF-a in serum; LPS,
LPS in serum; all other factors are relative expressions of mMRNAs. The color at each point of intersection indicates the value of the r coefficient

(n = 22—-24). The Benjamini-Hochberg (BH) procedures were used to adjust p values for multiple testing. * indicates that there is a significant

correlation between these two parameters (p < 0.05). *p < 0.05, **p < 0.01.
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a capacity to inhibit NF-kB activation in mice, thereby serving to
attenuate DSS-induced acute experimental colitis (Peng et al., 2020).
Kaempferol administration was found to exert a protective effect on UC
mice by restoring the intestinal microflora and simultaneously inhibiting
the LPS-TLR4-NF-kB axis (Qu et al., 2021). Proanthocyanidin extract
was found to decrease the protein levels of NF-kB and Keap-1 and
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increase the expression of Nrf2 and HO-1 proteins in UC mice (Wang
etal,, 2022). Rutin was found to prevent inflammation by inhibiting the
p38/MAPKAPK2 and PI3K/Akt/GSK3/NF-kB signaling axes in UC
mice (Sharma et al., 2021). It is noteworthy that astragalin, kaempferol,
proanthocyanidin, and rutin all demonstrated the capacity to impede
the activation of the NF-kB-related pathway. These monomers were

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1557778
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Huang et al.

identified as predominant constituents within the ATF, thereby offering
substantial corroborating evidence for the findings of this study.

In the DSS-induced mouse model of colitis, it is frequently
observed to occur concurrently with intestinal inflammation.
Macrophage activation permits pro-inflammatory factors to
assume an active role in the inflammatory process. Conversely, an
excess of pro-inflammatory cytokines induces macrophage
polarization, thereby intensifying the inflammatory response
(Shapouri-Moghaddam et al., 2018). The present study observed
that DSS stimulation increased inflammatory cell infiltration in
colon of UC mice, significantly up-regulating the expression levels
of inflammatory cell markers F4/80, CD68, CD11b, CD14, and
Ly-6G, as well as the significant expression of the inflammatory
factors TNF-a, IL-1f, COX-2, and MCP-1. This indicates that the
ingestion of DSS may have triggered the secretion of
pro-inflammatory factors by particular immune cells, thereby
contributing to the onset of colitis. Nevertheless, flavonoids have
the capacity to regulate the balance of the immune system directly.
It has been demonstrated that flavonoid molecules can facilitate
the conversion of macrophages from the M1 to the M2 phenotype,
thereby alleviating colitis in rats (Tian et al., 2021). Moreover,
these molecules have been demonstrated to inhibit the infiltration
of TCD3+ cells and CD68+ macrophages in the intestinal mucosa,
thereby alleviating colitis by reducing the production of
pro-inflammatory cytokines TNF-a and IL6 by macrophages (Du
et al, 2019). The ATF intervention was observed to significantly
down-regulate the expression of macrophage markers F4/80,
CD68, CD11b, and CD14, and to inhibit the expression of TNF-a,
IL-1p5, COX-2, and MCP-1, in a manner consistent with the
findings of previous literature reports. These observations suggest
that ATF may have the potential to prevent colitis by modulating
immune cells and inflammatory factors (Figure 2).

A substantial body of clinical evidence indicates that the
intestinal barrier plays a pivotal role in maintaining intestinal
health. Macrophages within the lamina propria of the normal
intestinal mucosa are devoid of CD14. In the event of LPS-induced
apoptosis and necrosis of intestinal epithelial cells, a considerable
number of CD14+ monocytes are recruited to the mucosal site
(He et al., 2016). Concurrently, LPS is readily absorbed into the
bloodstream, where it stimulates monocytes to produce substantial
quantities of TNF-a and IL-1f. This, in turn, results in the onset
of intestinal inflammation and disruption of the intestinal barrier
(Gren and Grip, 2016). The current study demonstrated that DSS
intake led to a notable elevation in serum LPS levels and a marked
up-regulation in the expression of pro-inflammatory mediators,
including TNF-a, IL-18, and CD14. H&E staining results
confirmed that the DSS induced the destruction of intestinal
epithelial cells and a substantial infiltration of inflammatory cells.
However, these effects were markedly attenuated following ATF
intervention, accompanied by a notable elevation in ZO-I,
Occludin, and Claudin-4 expression (Figure 3). This finding is in
accordance with the conclusions of Chen et al., who demonstrated
that procyanidins can inhibit the expression of NF-kB and NLRP3
inflammatory vesicle signaling induced by LPS (Chen et al., 2018).
This process serves to attenuate intestinal barrier damage in mice
with colitis. Furthermore, isoquercitrin (Cibicek et al., 2016),
quercetin (Wang et al., 2024), and rutin (Wu et al., 2023) have all
been found to safeguard the gut barrier by suppressing the
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production of pro-inflammatory mediators and by enhancing the
release of tight junction proteins and mucins.

TLRs/NF-kB signaling pathway represents a crucial link in the
pathogenesis of IBD (Kordjazy et al., 2018). As LPS, a Gram-
negative bacterial cell wall component present in the intestinal
lumen, crosses the damaged intestinal barrier and enters the
intestinal mucosal lamina propria, it is recognized by TLR4.
Subsequent binding of LPS to TLR4 activates MyD88 and TRAF6
proteins, initiating downstream signaling and releasing NF-xB
dimmers into the nucleus. This process prompts the transcription
of a series of inflammation-associated genes, thereby triggering
the inflammatory response. In the present study, the increase in
LPS content may have contributed to the rise in the expression of
its receptor TLR4, while promoting a significant rise in the
expression of NF-kB, MyD88, and TRAF6 in colon, implying the
activation of the NF-«B signaling pathway. The activation of
NF-kB has been observed to upregulate the expression of
inflammatory vesicle components, including NLRP3, ASC, and
the precursor of Caspase-1 (Yang Q. et al., 2022). Formononetin
has been demonstrated to reduce the protein levels of the NLRP3
pathway (NLRP3, ASC, and IL-1f) in the DSS-induced acute
colitis mice (Wu et al., 2018). Baicalein has been shown to
attenuate TNBS-induced colitis by inhibiting the TLR4/MyD88
signaling cascade and inactivating the NLRP3 inflammasome
(Luo et al., 2017). Similarly, we also found that ATF significantly
inhibited the DSS-induced activation of NF-kB and NLRP3
inflammasome. From this, we speculate that ATF is able to
improve UC by inhibiting the LPS/TLR4/NF-kB/NLRP3
signaling axis.

Flavonoids have been demonstrated to exert a beneficial
influence on the regulation of gut microbiota (Shen et al., 2022).
Our findings indicate that ATF is capable of effectively reversing
the abnormalities of gut microbiota observed in UC mice
(Figure 5). The specific differential taxa exhibited varying degrees
of correlation with pathological phenotypic indices of UC mice,
including the body weight change rate of mice (BWCR), colon
length (CL), and disease activity index (DAI). It implied that these
differential taxa may play a significant role in the alleviation of
UC by ATE. Previous clinical data has shown that the relative
abundance of Escherichia-Shigella in UC patients was significantly
higher than that observed in normal patients (He et al., 2021).
Escherichia-Shigella is a typical genus of Proteobacteria, and is
also a major activator of the LPS/TLR4/NF-«kB pathway (Tian
et al, 2023). In the present study, the relative abundance of
Escherichia-Shigella in the cecum contents of UC mice induced by
DSS was found to be more than 10-fold higher than that of the
control mice. ATF treatment was found to significantly reduce the
relative abundance of Escherichia-Shigella. The relative abundance
of Escherichia-Shigella showed a strong negative correlation with
the BWCR, and the CL showed a strong negative correlation and
a strong positive correlation with DAI. Notably, Escherichia-
Shigella also exhibited a significant positive correlation with LPS,
TRAF, and NLRP3, suggesting that the ameliorative effect of ATF
on the DSS-induced colitis may be partly mediated by reducing
the relative abundance of Escherichia-Shigella.

In addition to Escherichia-Shigella, Desulfovibrio, Colidextribacter,
and Oscillibacter are frequently identified as pathogenic genera in
UC. Desulfovibrio is capable of producing LPS, and studies have
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demonstrated that LPS produced by Desulfovibrio desulfuricans
enhances the transcriptional activity of the NF-kB p65 and IxkBa
genes in colon intestinal epithelial cells (Kapral et al., 2010). A
significant increase in the relative abundance of Colidextribacter has
been demonstrated to lead to elevated expression levels of NLRP3
inflammasome and a concomitant reduction in the expression of
tight junction proteins (Gao et al., 2024). Similarly, Oscillibacter may
contribute to severe the DSS-induced colitis (Li et al., 2018). The
findings of the present study demonstrated that these genera
exhibited significant correlations not only with conventional
phenotypic indicators of colitis, but also with body inflammation,
intestinal barrier function, and the LPS/TLR4/NF-kB/NLRP3
signaling pathway. It was speculated that these genera might also
be involved in the process of amelioration of ATF in UC mice.

It has been demonstrated by preceding studies that certain
flavonoid monomer components, including phloretin (Wu et al.,
2019), rutin (Power et al., 2016), and proanthocyanidin (Sheng et al.,
2020), have the capacity to enhance the relative abundance of
beneficial bacteria, such as Bifidobacterium, Akkermansia, and
unclassified_f__Atopobiaceae, within the context of the anti-colitis
process. The present study found that ATF intervention was also able
to significantly increase the relative abundance of these genera, which
are associated with the production of short-chain fatty acids. These
acids play an important role in maintaining the intestinal barrier
(Zeng et al., 2017; Domingo et al., 2008). Meanwhile, unclassified_f__
Atopobiaceae, Bifidobacterium, and Akkermansia were found to
be significantly and positively correlated with BWCR in UC mice,
which was contrary to the findings of DAL Among them,
unclassified_f__Atopobiaceae also exhibited a significant negative
correlation with several inflammatory factors, including TLR4,
NF-kB, and NLRP3. Consequently, unclassified_f__Atopobiaceae may
be one of the key taxa for ATF in improving UC. Furthermore, in the
ATF-treated group, Akkermansia was observed to be a highly
abundant taxa, although it was not significant in comparison to the
DSS group (p = 0.0712), Akkermansia demonstrated a significant
negative correlation with several metrics, particularly the LPS/TLR4/
NF-kB/NLRP3 inflammatory signaling pathway. This finding
suggests a potential link between Akkermansia and ATF-treated
UC. In addition to the above taxa, Anaerovoracaceae, unclassified_f__
Anaerovoracaceae, and Oscillospiraceae_UCG-005 also exhibited a
significant correlation with the UC core indexes. Despite the fact that
these taxa have been documented on rare occasions, ATF significantly
reversed the aberrant changes of these taxa in UC mice.

In summary, it can be concluded that gut microbiota may play an
important role in ATF alleviation of the DSS-induced UC symptoms
in mice through modulation of the TLR4/NF-xB/NLRP3
inflammatory signaling pathway, and several classical conditional
pathogens (Escherichia-Shigella, Desulfovibrio, Colidextribacter and
Oscillibacter) and probiotic taxa (Akkermansia, Bifidobacterium and
unclassified_f__Atopobiaceae) may be key.

5 Conclusion

In this work, high-dose of ATF (100 mg/kg-bw) has been
demonstrated to significantly improve symptoms of the
DSS-induced colitis. The experiments results showed that ATF
may inhibit the occurrence of colitis phenomena, including weight
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loss, diarrhea, blood in stool, and colon shortening in UC mice by
modulating the microbiota-LPS/TLR4/NF-kB/NLRP3 signaling
axis. The correlation network between gut microbiota and UC
core indicators provides an important basis for elucidating the
important mediating role of gut microbiota in ATF alleviation of
UC. Several taxa belonging to the classical conditional pathogens
(Escherichia-Shigella, — Desulfovibrio,
Oscillibacter) and probiotic taxa (Akkermansia, Bifidobacterium
and unclassified_f__Atopobiaceae) may be the key mediators.

Colidextribacter —and

Despite the evidence from animal experiments demonstrating the
efficacy of ATF in the treatment of UG, its application in human
subjects remains to be elucidated. Furthermore, the types and
levels of flavonoids obtained from ATF extracts are subject to
variation, thus necessitating further research to identify the key
components of ATF’s anti-UC properties. Notwithstanding, this
study provides novel insights into the potential of ATF to alleviate
intestinal inflammation through dietary intervention, and its
multi-targeted characterization of action provides a solid
foundation for further research into the development of novel
functional foods or plant-derived mucosal repair agents.
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