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Purpose: To explore the protective effect and underlying mechanism of Quzhou Aurantii Fructus flavonoids (QAFF) on Ulcerative 
colitis (UC).
Methods: The constituents of QAFF were accurately determined by ultra-performance liquid chromatography-tandem mass spectro-
metry (UPLC-MS/MS). The therapeutic impacts of QAFF were assessed in dextran sulfate sodium (DSS)-induced UC mice, focusing 
on the changes in body weight, disease activity index (DAI), colon length, histological assessment of colonic tissues, levels of pro- 
inflammatory cytokines, and expression of tight junction proteins. Western blotting confirmed key regulatory proteins within the 
differential signaling pathways, guided by transcriptome analysis. Additionally, the influence of QAFF on the gut microbiome was 
explored through 16S ribosomal RNA (rRNA) sequencing. The alterations in endogenous metabolites were detected by untargeted 
metabolomics, and their potential correlation with intestinal flora was then examined utilizing Spearman correlation analysis. 
Subsequently, the regulation of gut microbiome by QAFF was validated by fecal microbiota transplantation (FMT).
Results: Eleven flavonoids, including Naringin and hesperidin, were initially identified from QAFF. In vivo experiments demonstrated that 
QAFF effectively ameliorated colitis symptoms, reduced IL-6, IL-1β, and TNF-α levels, enhanced intestinal barrier integrity, and down-
regulated PI3K/AKT pathway activation. Furthermore, QAFF elevated the levels of beneficial bacteria like 
Lachnospiraceae_NK4A136_group and Alloprevotella and concurrently reduced the pathogenic bacteria such as Escherichia-Shigella, 
[Eubacterium]_siraeum_group, and Parabacteroides. Metabolomics analysis revealed that 34 endogenous metabolites exhibited significant 
alterations, predominantly associated with Glycerophospholipid metabolism. These metabolites were significantly correlated with those 
differential bacteria modulated by QAFF. Lastly, the administration of QAFF via FMT ameliorated the colitis symptoms.
Conclusion: QAFF could ameliorate inflammatory responses and intestinal barrier dysfunction in DSS-induced UC mice probably by 
modulating the PI3K/AKT signaling pathway and gut microbiome, offering promising evidence for the therapeutic potential of QAFF 
in UC treatment.
Keywords: Quzhou Aurantii Fructus flavonoids, Ulcerative colitis, inflammation, Gut microbiota, PI3K/AKT, Fecal microbiota 
transplantation

Introduction
Ulcerative colitis (UC) is a chronic, non-specific inflammatory bowel disease (IBD) primarily affecting the rectum and 
colon. It is characterized by distinctive symptoms such as diarrhea, hematochezia, frequent relapses that can lead to an 
increased risk of colorectal cancer.1 The incidence and prevalence of UC are rising globally, with significant increases 
observed in Asia.2 UC typically manifests in two peak age ranges of onset: between 20–30 years and between 50–80 
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years, with a recent trend towards earlier disease onset.3 Current treatment options include 5-aminosalicylic acid 
preparations, oral thiopurines, immunosuppressive agents, biologics, as well as oral small molecules including tofacitinib 
and ozanimod, and corticosteroids. However, these therapies may not always achieve remission and even have significant 
adverse reactions.4 Therefore, developing more effective and safer therapeutic options is crucial to address this unmet 
medical need.

Various factors have been identified to contribute to the development of UC, including genetics, environmental 
influences, disruptions in signaling pathways, compromised intestinal barrier function, mitochondrial dysfunction, and 
gut microbiome imbalances.5 Among these, the modulation of various signaling pathways, such as the phosphatidylino-
sitol 3-kinase (PI3K)/protein kinase B (PI3K/AKT), the Janus kinase (JAK)-signal transducer and activator of transcrip-
tion (STAT), the mitogen-activated protein kinase (MAPK), and the nuclear factor-κB (NF-κB) pathways, provides a new 
perspective for the treatment of UC.6 Additionally, gut microbiota plays an important role in maintaining host health 
through the regulation of intestinal metabolism and suppression of pathogenic microorganisms.7 However, disruption of 
the intestinal microbiome composition and function is closely linked to UC development.8 Individuals with UC exhibited 
a reduced abundance and diversity of gut microbiome compared to healthy individuals, with a notable imbalance in the 
major phyla Firmicutes and Bacteroidota.9 This imbalance negatively affects the integrity of intestinal epithelial cell 
barrier, resulting in increased permeability and exacerbating intestinal inflammation.10 Recently, research has increas-
ingly focused on herbal plants as potential treatments for UC, modulating multiple pathways through multi-target 
approaches to alleviate symptoms and inflammatory responses. Furthermore, several studies have indicated that the 
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therapeutic effects of herbal plants on metabolic diseases are closely linked to gut microbiota, highlighting their potential 
significance in the development of new treatment strategies for UC.6,11 Hericium erinaceus, a fungus of Chinese origin is 
already utilized clinically as nutraceutical supplementation for the treatment of UC, exerting promising efficacy through 
a variety of mechanisms.12

Quzhou Aurantii Fructus (QAF), the dried immature fruit of Citrus changshan-huyou Y.B. Chang, is a widely 
recognized variety of Aurantii Fructus (AF) traditionally used in China to treat gastrointestinal disorders.13 It possesses 
similar properties to AF, which is well-known for Qi-regulating and depression-dispersing effects. Studies have demon-
strated that the flavonoid extract of QAF (QAF Flavonoids, QAFF) effectively reduces obesity, inflammation, and liver 
steatosis, playing a critical role in combating obesity and related metabolic diseases.14 The key flavonoids identified in 
QAFF include naringin, narirutin, hesperidin, and neohesperidin, which are acknowledged as potential antioxidants and 
anti-inflammatory agents.15 However, the pharmacological impacts and intricate mechanisms of action of QAFF are yet 
to be fully uncovered and comprehended.

The present study explored the therapeutic efficacy of QAFF in the context of UC. Initially, QAFF components were 
extracted and identified from Quzhou Aurantii Fructus. Subsequently, their pharmacological effects were assessed in 
DSS-treated UC mice. To elucidate the potential mechanisms of action, comprehensive approaches were employed, 
encompassing transcriptomics analysis, 16S rRNA sequencing, untargeted metabolomics, and verification by Western 
blotting. Additionally, a fecal microbiota transplantation (FMT) experiment was conducted to substantiate the hypothesis 
that QAFF alleviates DSS-induced colitis via the modulation of gut microbiota. This investigation provides 
a pharmacodynamic foundation for the development of novel UC treatments.

Materials and Methods
Materials and Reagents
QAF decoction pieces were obtained from Changshan Tiandao Chinese Medicine Slices Co. Ltd. (Zhejiang, China). DSS 
(molecular weight: 3.6–5.0 ×10⁴ Da) was sourced from Meilun Biotechnology Co. Ltd. (Dalian, China). 5-ASA was 
obtained from Aladdin (Shanghai, China). Enzyme-linked immunosorbent assay (ELISA) kits were procured from 
Shanghai Enzyme-linked Biotechnology (Shanghai, China). Primary antibodies for Occludin, Claudin-1, and Zonula 
occludens-1 (ZO-1) were purchased from Abcam (Cambridge, United Kingdom). Antibodies against PI3 Kinase p85 
(PI3K), Phospho-PI3 Kinase p85 (P-PI3K), phosphorylated-AKT (P-AKT), and AKT were procured from Cell Signaling 
Technology (Massachusetts, USA). β-actin and GAPDH antibodies were acquired from Abbkine (Wuhan, China). 
Secondary antibodies were gained from Beyotime Biotechnology (Shanghai, China). Neomycin sulfate, metronidazole, 
ampicillin sodium, and vancomycin hydrochloride were purchased from Macklin (Shanghai, China).

Preparation of QAFF
QAFF was prepared by extracting 1.1 kg of dried decoction pieces of QAF with 65% ethanol thrice for 1.5 hours each. 
The resulting solution was filtered and then concentrated to yield 175 g of extract. Subsequently, the extract was purified 
using AB-8 macroporous resins. The elution was performed with H2O, 20% aqueous ethanol, and 50% aqueous ethanol. 
The desired fraction eluted with 50% aqueous ethanol was further concentrated and freeze-dried to obtain QAFF (91.9 g).

UPLC-MS/MS Analysis
The qualitative analysis of flavonoid components in QAFF was performed using UPLC-MS/MS. This technique enabled 
identifying and characterizing specific flavonoids presented in the extract. The established protocols were employed for 
this study according to our previous research.15

DSS-Induced UC Mouse Model
Male C57BL/6J mice with six-week-old (weight 18–22 g) were sourced from the Zhejiang Province Experimental 
Animal Center. The facility holds licenses and certifications for laboratory animals, including SCXK (Zhejiang) 
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2019–0002 and SYXK (Zhejiang) 2019–0011. All procedures strictly adhered to the Guidelines for the Care and Use of 
Laboratory Animals.

After a one-week acclimatization period, the mice were randomly divided into six groups (n = 6/group). The control 
group (Ctrl), model group induced by 3% DSS (DSS, w/v), DSS with varying dosages of QAFF (50, 100, and 200 mg/ 
kg), and DSS with 5-ASA (200 mg/kg) as a positive control. QAFF and 5-ASA were administered daily via oral gavage 
for 11 days. The control group received sterile water instead. Throughout the treatment period (days 4–11), all groups 
except the control group were provided with unrestricted access to drinking water containing 3% DSS. Daily food and 
water consumption were measured to assess any significant differences between the groups.

Assessment of Symptoms of UC Progression
Body weight, dietary intake, water intake, fecal consistency, and degree of hematochezia were monitored daily. Based on 
these observations, the disease activity index (DAI) was evaluated, following the protocols outlined in Table S1 with 
minor modifications as detailed in the same table.16 At the experiment’s conclusion, all mice were humanely euthanized, 
and samples from the colon and cecum were harvested for analysis. Colon length was then measured.

Histomorphometric Analysis
A histopathological assessment of colonic damage was performed using hematoxylin and eosin (H&E) staining accord-
ing to established protocols. Briefly, colonic tissues were washed with phosphate-buffered saline (PBS) and soaked in 
a 10% neutral formalin solution. The tissues were further embedded in paraffin wax, sectioned into thin slices, and 
stained with H&E for microscopic observation. Tissue sections were then scored based on established criteria (Table S2) 
to evaluate the changes in epithelial morphology and the severity of inflammatory infiltration.17 The combined 
histological score, ranging from 0 to 8, was determined by summing the individual scores for epithelial morphology 
and inflammatory infiltrate.

RNA Sequencing (RNA-Seq)
RNA was extracted using the magnetic bead method. The quality of the extracted RNA was assessed using the Agilent 
2100 Bioanalyzer. Sequencing libraries were designed to ensure consistency and reproducibility. For next-generation 
sequencing, the Illumina NovaSeq 6000 platform was chosen, generating 150 nt paired-end reads to enhance coverage 
and resolution. HISAT2 was employed for alignment with the mouse reference genome. Differentially expressed genes 
(DEGs) were identified using DESeq2, applying the criteria of q-value < 0.05 and fold change > 2 or < 0.5 (|log2FC|>1). 
Additionally, principal component analysis (PCA) analysis, Volcano maps and gene set enrichment analysis (GSEA) 
were performed on the Ouyi Bio Cloud platform (https://cloud.oebiotech.com). Differential gene functions among groups 
were predicted by edgeR based on Kyoto Encyclopedia of Genes and Genomes (KEGG).18 GSEA focuses on the changes 
of gene sets with consistent differences under specific biological conditions, and comprehensively considers those genes 
with insignificant differential expression but important biological significance.19 Therefore, the whole detected genes 
were subjected to GSEA using gene set knowledge base (GSKB). Leading-edge gene sets (LEGSs) were screened based 
on |Normalized enrichment score (NES)| > 1, P < 0.05, and false discovery rate (FDR) < 0.25.20

ELISA Analysis
The colorectal tissues were homogenized following grinding, and then mixed with PBS. The supernatant of each group was 
obtained by centrifugation at 12,000 rpm for 10 min at 4 °C. The levels of pro-inflammatory cytokines, such as IL-1β, IL-6, 
and TNF-α, were then assessed in the supernatant using ELISA kits following the protocols.

Western Blot Analysis
Colon tissues were homogenized to extract total protein using RIPA lysis buffer supplemented with phosphatase and 
protease inhibitors (Beyotime Biotechnology, China). The homogenate was then centrifuged at 4 °C, 12,000 rpm for 
30 min. The protein concentration obtained from the supernatant was detected using a BCA kit. The denatured proteins 
were then separated by SDS-PAGE and transferred onto PVDF membranes (Merck, USA). The membranes were blocked 
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and subsequently incubated with primary antibodies overnight at 4 °C, then incubated with the secondary antibodies for 
2 h. Finally, the protein expression levels were visualized using a Fusion-FX6 imaging system (Vilber, France) and 
quantified using Evolution-Capt Edge software.

Immunohistochemistry Analyses
Paraffin-embedded colon tissues were dewaxed using water, an eco-friendly dewaxing agent, and a graded alcohol series. 
Antigen retrieval was then performed. Following inhibition of endogenous peroxidase activity, tissue sections were 
blocked with 10% goat serum for 30 min to minimize non-specific antibody binding. The primary antibody was 
subsequently applied to the tissue sections and incubated overnight at 4 °C after removing the serum. The sample 
sections were then washed thrice with TBST before being incubated with the secondary antibody for 45 min. Following 
washes, the sample sections were stained with 3,3ʹ-diaminobenzidine tetrahydrochloride (DAB) and hematoxylin. After 
washing, hydrochloric acid-ethanol differentiation was performed for 1–2s. Finally, the sections were washed again, 
mounted on slides, and examined under a light microscope for nuclear staining.

16S rRNA Sequencing and Bioinformatics Analyses
The contents of the collected cecum were rapidly frozen in liquid nitrogen and then stored at −80 °C.

Bacterial genomic DNA from bacterial samples was extracted using a commercially available DNA extraction kit 
according to the protocol. The extracted DNA was used as a template for polymerase chain reaction (PCR) amplification 
of the 16S ribosomal RNA (rRNA) genes of the bacteria. Takara Ex Taq and barcoded primers were utilized for the 
amplification. Universal primers 343F (5ʹ-TACGGRAGGCAGCAG-3ʹ) and 798R (5ʹ-AGGGTATCTAATCCT-3ʹ) were 
employed to specifically amplify the V3-V4 regions of the 16S rRNA genes, a region informative for assessing bacterial 
diversity. The quality of the amplicons was verified using gel electrophoresis, purified by AMPure XP beads, and then 
quantified employing the Qubit dsDNA assay kit. Finally, the purified amplicons underwent paired-end sequencing on an 
Illumina platform, with library construction and sequencing performed by Shanghai Ouyi Biomedical Technology Co. 
Alpha diversity, principal coordinate analysis (PCoA), Linear discriminant analysis Effect Size (LEfSe) analysis, and 
histograms were performed using Ouyi Bio Cloud platform (https://cloud.oebiotech.com). The difference between the 
two samples was analyzed by SPSS Statistics 23.

Metabolomic Analysis
LC-MS/MS metabolomics of colon tissues was performed by Shanghai Lu-Ming Biotech Co. The specific conditions are 
described in the Supplementary Material 1. The LC-MS data obtained were analyzed utilizing Progenesis QI V2.3 
software (Nonlinear, Dynamics, Newcastle, UK). Metabolite identification was facilitated through The Human 
Metabolome Database (HMDB), Lipidmaps (V2.3), Metlin, and self-constructed databases. Compounds were identified 
based on their precise mass-to-charge ratios (M/z), secondary fragmentation patterns, and isotopic distributions. The 
partial least squares discriminant analysis (PLS-DA) was performed to discriminate observations between groups. 
Differential metabolites were selected for further biological analysis by employing a two-partition approach that 
considered both the variable importance in projection (VIP) value > 1 and P-value < 0.05. Volcano plots were generated 
based on log2 (fold change) of differential metabolites. The common differential metabolites of DSS vs Ctrl and QAFF-L 
vs DSS were plotted using Venn diagrams, normalized, and plotted using clustered heatmaps. The shared differential 
metabolites were anatomized by KEGG pathway enrichment analysis. The above biological analyses were presented on 
the Ouyi BioCloud platform (https://cloud.oebiotech.com).

Correlation Analysis
Correlations were determined using the Spearman correlation method on the Ouyi Bio Cloud platform (https://cloud. 
oebiotech.com).
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Fecal Microbiota Transplantation (FMT)
The cecal transplantation procedure was executed adhering to the previously reported protocols.21 Briefly, male C57BL/6 
donor mice (6 weeks; 18–22 g) were randomized into 2 groups (n = 10/group): the DSS and QAFF treatment groups. The 
QAFF group received a daily gavage of 50 mg/kg (0.2 mL/mouse), whereas the DSS group was given equal distilled 
water. From day 4 to day 11, both groups were given drinking water containing 3% DSS. Feces from donor mice were 
collected separately starting from day 10 to day 11, frozen immediately, and stored at −80 °C. The fecal samples from 
each group were combined, diluted 1:10 (w/v, g/mL) in sterile saline, vortexed for 5 min to ensure homogeneity, and 
centrifuged at 4000 rpm for 5 min at 4 °C. Finally, the resulting supernatant was collected as the transplant material.

Fifteen male C57BL/6 mice were allocated into 3 groups randomly (n = 5/group): control (Ctrl), DSS-DSSfe, and 
DSS-QAFFfe. All mice received oral gavage with a combination of neomycin sulfate at 200 mg/kg, metronidazole at 
200 mg/kg, ampicillin sodium at 200 mg/kg, and vancomycin hydrochloride at 100 mg/kg for five days to deplete 
intestinal microorganism.22 The Ctrl group received an equivalent volume of distilled water, while the remaining groups 
consumed water containing 3% DSS to induce acute colitis from day 6 to day 13. Simultaneously, these groups were 
supplemented with a daily fecal microbiota solution (0.2 mL/mouse) for eight days.

Statistical Analysis
Results are expressed as mean ± standard deviation (SD). The experimental data were examined for their statistically 
differences using One-way analysis of variance (ANOVA) and t-tests. The P-values of less than 0.05 were statistically 
significant. The calculations and graphs were employed with GraphPad Prism 8.0 software.

Results
Identification and Detection of QAFF
UPLC-MS/MS analysis was employed for a comprehensive characterization of the flavonoid components in QAFF. The 
analysis identified eleven flavonoid components in the negative ion chromatogram (Figure 1) were listed in Table S3. 
These key compounds included Eriocitrin (M1), Neoeriocitrin (M2), Naringin 6ʺ-rhamnoside (M3), Hesperetin 
5-O-glucoside (M4), Narirutin (M5), hesperetin 7-(2,6-dirhamnosylglucoside) (M6), Naringin (M7), Hesperidin (M8), 
Neohesperidin (M9), brutieridin (M10), and Poncirin (M11). According to the standard substances, the total content of 
four key flavonoid components, Narirutin, Naringin, Hesperidin, and Neohesperidin, constituted 78.8% of QAFF through 
HPLC analysis (Table S4), highlighting their predominance in the overall flavonoid profile.

Figure 1 The negative ion chromatography of UPLC-MS/MS of QAFF.
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QAFF Dampened DSS-Induced UC in Mice
To evaluate the protective effects of prophylactic QAFF supplementation against UC, mice were orally administered a 3% DSS 
solution following QAFF treatment for three days (Figure 2A). Mice treated with DSS developed symptoms including diarrhea, 
decreased activity, poor fur condition, and dysphoria on the sixth day. Fecal occult blood was observed on the eighth day, 
confirming successful colitis induction by 3% DSS. At the experiment’s conclusion, the DSS-induced group exhibited significant 

Figure 2 QAFF dampened DSS-induced UC mice. (A) The designed chart of in vivo experiment. (B) The changes in body weight (n = 6). (C) DAI Score (n = 6). (D) The 
representative colonic appearance. (E) Colonic length (unit: cm) (n = 6). (F) Histological scores of colons in each group (n = 3). (G) Colonic H&E staining. Red arrow 
represents the goblet cells. Green arrow represents the crypts. Yellow arrow represents inflammatory infiltration. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, 
and ***P < 0.001 vs DSS group.
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weight loss, severe rectal bleeding, reduced stool volume, elevated DAI, and shortened colon length. Conversely, the groups 
receiving varying doses of QAFF and 5-ASA demonstrated a significant reversal of weight loss, lower DAI scores, and preserved 
colon length (P < 0.05, P < 0.01; Figure 2B–E). Furthermore, histological analysis revealed that QAFF treatment decreased 
mucosal necrosis and reduced inflammatory cell infiltration, resulting in lower histological colitis scores than the DSS group 
(Figure 2F and G). Collectively, these findings indicate that QAFF effectively attenuated DSS-induced acute UC and ameliorated 
associated symptoms. This study highlights the potential therapeutic value of QAFF in colitis management.

QAFF Inhibited the Production of Pro-Inflammatory Cytokines in DSS-Induced UC Mice
Pro-inflammatory cytokines are closely related to the pathogenesis of colitis.23 To investigate their involvement, we 
employed the ELISA method for quantifying the concentrations of IL-6, TNF-α, and IL-1β in colon tissues. The results 
demonstrated that the DSS-exposed group significantly elevated the levels of these inflammatory mediators in colon 
tissues, in comparison to the untreated Ctrl group (P < 0.05, P < 0.01) (Figure 3A–C). Notably, administering varying 
QAFF dosages resulted in significant reductions in these cytokines, approaching the efficacy observed in the 5-ASA 
group. These findings suggest that QAFF effectively attenuated inflammatory responses in the colons of DSS-treated 
mice with UC, thereby highlighting its potential therapeutic value due to its anti-inflammatory properties.

Figure 3 QAFF inhibited colonic inflammation and restored the intestinal barrier in DSS-exposed UC mice. (A–C) Levels of IL-6, IL-1β, and TNF-α in colon tissues of colitis 
mice. (D–F) Expression of Claudin-1 and Occludin (E and F) in the colon of mice. (G) Representative immunohistochemical staining of Claudin-1 and Occludin in the colon 
of colitis mice. Scale bar, 100 μm. Data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 vs DSS group.
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QAFF Restored the Integrity of Colonic Epithelial Barrier in DSS-Induced UC Mice
The tight junction (TJ) plays a key role in maintaining the integrity of intestinal barrier, safeguarding the organism from 
harmful substances within the gut.24 To assess the protective impact of QAFF on the colonic epithelial barrier in mice, 
Western blotting was employed to monitor the alterations in the levels of Claudin-1 and Occludin proteins. The results 
demonstrated a substantial reduction in these protein expressions in the DSS group (P < 0.001), indicating a disruption of 
the intestinal barrier due to DSS exposure. However, QAFF administration resulted in differential upregulation of these 
expressions, contributing to maintaining the colonic epithelial barrier (Figure 3D–F) (P < 0.01, P < 0.001). 
Immunohistochemical analysis was performed to corroborate these findings in representative samples from each 
group. These findings corroborated the Western blot analysis, demonstrating decreased expressions of Claudin-1 and 
Occludin in the DSS group compared to the Ctrl group, with an evident reversal trend after QAFF treatment (Figure 3G). 
In summary, QAFF enhanced the integrity of the colonic epithelial barrier by upregulating the expression of Claudin-1 
and Occludin proteins.

Identification of Potential Pathways Through Transcriptomics
To elucidate the mechanism of action of QAFF treatment for UC, we employed RNA sequencing analysis to identify 
genome-wide transcriptional changes in the mouse colon. PCA revealed distinct clustering of the Ctrl, DSS, and QAFF-L 
groups, indicating substantial differences with good reproducibility in gene expression profiles (Figure 4A). A volcano 
plot was generated, depicting a total of 1582 DEGs in the DSS group in comparison to the Ctrl group, with 1348 genes 
upregulated and 234 genes downregulated (Figure 4B). In contrast, the QAFF-L group exhibited only 34 upregulated and 
34 downregulated genes (Figure 4C and Table S5). KEGG pathway enrichment analysis revealed that QAFF treatment 
impacted several pathways, including p53 signaling, MAPK pathway, PI3K/AKT signaling pathway, and other related 
pathways (Figure 4D and Table S6). To further investigate the expression of the enriched pathways at the overall level for 
all genes, GSEA was further performed. The entire PI3K/AKT pathway gene set revealed that DSS treatment induced 
a significant upregulation compared to the Ctrl group (NES: 1.8, P < 0.001, and FDR: 0.004). Conversely, QAFF-L 
administration resulted in a downregulation of the PI3K/AKT pathway gene set compared to the DSS group (NES: −1.47, 
P: 0.003, and FDR: 0.101) (Figure 4E and F). These results suggested that QAFF may exert therapeutic effects in UC, 
potentially through downregulation of the PI3K/AKT pathway.

QAFF Mitigated Inflammation Through Inhibition of the PI3K/AKT Pathway
Western blotting analysis was further performed to confirm the key regulatory proteins within the PI3K/AKT pathways, 
guided by the transcriptome analysis. To validate the regulatory effects of QAFF, the expression levels of total and 
phosphorylated proteins involved in this pathway were examined. As depicted in Figure 4, the results indicate 
a significant elevation in the phosphorylated protein levels of PI3K (P-PI3K, Figure 4G and H) and AKT (P-AKT, 
Figure 4G, I, and K) in the DSS group relative to the Ctrl group (P < 0.05, P < 0.01), while the protein levels of AKT 
were not affected among these groups (Figure 4J). This suggested that PI3K/AKT signaling pathway was activated 
following DSS treatment. However, the middle and high dosages of QAFF treatment downregulated the activation of this 
signaling pathway induced by DSS, as demonstrated by the inhibition of their phosphorylation. These findings suggested 
that QAFF attenuated DSS-induced colonic damage probably by suppressing the PI3K/AKT signaling pathway, provid-
ing valuable insight into a potential therapeutic target for the intervention in UC.

QAFF Restored the Composition and the Abundance of the Gut Microbiome in 
DSS-Induced UC Mice
16S rRNA gene sequencing was conducted to assess the impact of QAFF on the gut microbiota within cecal contents, 
with a focus on the QAFF-L group in comparison to the DSS group. Initially, the Chao1 index and observed species 
richness were decreased in DSS-treated mice in comparison to the Ctrl group. In contrast, both the 5-ASA and QAFF-L 
group displayed increase in Alpha diversity metrics, but there was no significant difference in QAFF-L compared with 
DSS group (Figure 5A and B). The PCoA plots indicated distinct clustering patterns, separating the Ctrl and DSS groups. 
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Notably, the microbial community structure of the QAFF-L group clustered closer to the Ctrl group, demonstrating 
a clear distinction from the DSS group (Figure 5C). To gain a deeper understanding of the structural changes within gut 
microbiota, we conducted an analysis of the relative abundance of bacterial taxa at both the phylum and genus levels, 
utilizing histograms for visualization. At the phylum level (Figure 5D), DSS-induced colitis resulted in a notable increase 
in the abundance of Firmicutes and Proteobacteria compared with Ctrl group, while concurrently decreasing the 

Figure 4 Transcriptomics analysis results and QAFF inhibited the expression of PI3K/AKT pathway. (A) PCA analysis. (B and C) Volcano plots analysis (q<0.05, |log2FC|>1). 
DSS vs Ctrl (B). QAFF-L vs DSS (C) (down–blue, up–red). (D) KEGG pathway enrichment of differential gene expression among Ctrl, DSS, and QAFF-L. (E and F) GSEA 
analysis of PI3K/AKT signaling pathway. DSS vs Ctrl (E). QAFF-L vs DSS (F). (G–K) Protein expressions of P-PI3K (H), P-AKT (I), AKT (J), and P-AKT/AKT (K). Data are 
expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01, and ns = not significant vs DSS group.
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Figure 5 QAFF restored the gut microbiome in vivo. (A and B) Alpha-diversity of gut microbiome in mice of Chao1 index (A), and Observed species (B). Depicting the gut 
microbiome β-diversity by PCoA (C). (D–H) Relative abundance at the phylum level (D) including Bacteroidota (E), Desulfobacterota (F), Firmicute (G), and Proteobacteria (H). 
(I–N) Relative abundance of species at the genus level (I) including [Eubacterium]_siraeum_group (J), Escherichia-Shigella (K), Parabacteroides (L), 
Lachnospiraceae_NK4A136_group (M), and Alloprevotella (N). (O and P) Effects of QAFF on biomarker taxa assessed by LEfSe. Histogram (O) and Cladogram (P) of LDA 
score (n = 3–5). *P < 0.05, **P < 0.01, ***P < 0.001, and ns = not significant vs DSS group.
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abundance of Bacteroidota and Desulfobacterota, findings that are consistent the previous research.9 Notably, treatment 
with both QAFF-L and 5-ASA increased the abundance of Bacteroidota and Desulfobacterota, while simultaneously 
mitigating the levels of Firmicutes and Proteobacteria, reversing the DSS-induced changes (Figure 5E–H). At the genus 
level (Figure 5I), DSS treatment significantly increased the abundance of [Eubacterium]_siraeum_group, Escherichia- 
Shigella, and Parabacteroides, with a decrease in Lachnospiraceae_NK4A136_group and Alloprevotella. Interestingly, 
QAFF treatment restored the abundance of all investigated genera to levels comparable to the control group (Figure 5J–N 
and Tables S7–S12).

This rigorous identification of the dominant and characteristic bacteria was further performed through LEfSe analysis 
(Figure 5O and P). The resulting cladogram depicts the linear discriminant analysis (LDA) scores for taxa with varying 
abundance levels. LEfSe analysis identified a total of 66 taxa, spanning phylum to genus, with 19 taxa enriched in the 
control group, 25 taxa in the DSS group, 9 taxa in the QAFF group, and 13 taxa in the 5-ASA group (Table S13). 
Notably, the control group exhibited a significantly higher abundance of Bacteroidia, Muribaculaceae, Blautia, 
Prevotellaceae_NK3B31_group, and Eubacterium_xylanophilum_group. Conversely, the DSS group was characterized 
by the enrichment of genera such as Parabacteroides, Oscillibacter, Escherichia-Shigella, Clostridia_UCG_014, and 
Eubacterium_siraeum_group. Following QAFF treatment, a marked elevation in the abundance of Alloprevotella, 
Prevotellaceae, Enterobacter, and Desulfovibrionales was observed. Consistent with aforementioned results, the LEfSe 
analysis was successfully applied to identify specific bacterial biomarkers associated with each gut microbiota composi-
tion. In conclusion, QAFF treatment exhibited promising potential for UC treatment through modulation of the intestinal 
microbiota.

QAFF Tempered Metabolomics in DSS-Induced UC Mice
To study the endogenous metabolites associated with QAFF-mediated therapeutic efficacy, non-targeted metabolomic 
analyses of colon tissues were conducted using UPLC-MS/MS. As shown in Figure 6A, the PLS-DA model demon-
strated significant cluster differentiation among the Ctrl, DSS, and QAFF-L groups, exhibiting good reproducibility for 
samples in each group. A total of 244 metabolites were identified differentially between the DSS and Ctrl groups, with 96 
being up-regulated and 148 down-regulated (Figure 6B and Table S14). In contrast, the QAFF-L and DSS groups 
exhibited 66 upregulated metabolites and 60 downregulated metabolites, totaling 126 differential metabolites (Figure 6C 
and Table S15). We identified 34 shared metabolites that were expressed in both the DSS versus Ctrl and QAFF-L versus 
DSS comparisons using Venn diagrams (Figure 6D). Notably, 19 of these metabolites were indicative of reversal of 
metabolic disturbances induced by DSS after QAFF-L administration (Table S16). These include phosphatidylethanola-
mine (PE), phosphatidylcholine (PC), phosphatidyl serine (PS), and glycerophospholipid-related metabolites such as 
Glycerophosphoric acid, PC (18:3(6Z,9Z, 12Z)/0:0), PS(O-18:0/0:0), PE(O-16:0/0:0), and PC (P −16:0/22:6 
(5Z,7Z,10Z,13Z,16Z,19Z)-OH(4)) (Figure 6E).

The analysis of the potential pathways involving these shared differential metabolites revealed that most of these 
pathways are associated with lipid metabolisms, including Glycerophospholipid metabolism, Linoleic acid metabolism, 
and Glycerolipid metabolism. Among them, Glycerophospholipid metabolism was significantly enriched in the including 
QAFF-L versus DSS versus Ctrl (Figure 6F). Furthermore, GSEA of the entire Glycerophospholipid metabolism 
pathway gene set indicated significant down-regulation (NES: −2.02, P < 0.001, FDR: 0.014) in the DSS treatment 
group compared to the Ctrl, whereas QAFF-L administration led to upregulation on this pathway compared to the DSS 
group (NES: 1.99, P < 0.001, FDR: 0.017) (Figure 6G and H). These findings suggest that QAFF-L may primarily restore 
DSS-induced metabolic disorders by regulating Glycerophospholipid metabolism.

Spearman Correlation Analysis
Correlation Between Gut Microbiota and Indicative Evaluations
Spearman correlation analysis was conducted to evaluate the associations between the differential gut microbiota in 
QAFF-L versus DSS versus Ctrl groups, colitis symptoms, inflammatory responses (including inflammatory factors and 
PI3K/AKT pathway), and TJs (Figure 7A). The findings demonstrated a positive correlation between the 
Lachnospiraceae_NK4A136_group and both colon length and TJs while exhibiting a negative correlation with DAI, 
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histological score, and P-AKT. Alloprevotella exhibited a stronger correlation, being positively linked to body weight and 
negatively associated with P-PI3K and TNF-α. On the contrary, Escherichia-Shigella revealed positive connections with 
DAI, histological score, and inflammatory response, whereas negative associations with colon length and TJs. 
[Eubacterium]_siraeum_group primarily showed a positive correlation with IL-6. These data suggested that QAFF-L 
may function as an anti-colitis agent by modulating specific gut microbiota.

Correlation Between Metabolites and Gut Microbiota
Spearman correlation analysis was further employed to clarify the potential correlations between microbial genera and 
colonic metabolites after QAFF-L treatment (Figure 7B). These results indicated that phospholipid metabolites, including 
PC (P-16:0/22:6(5Z,7Z,10Z,13Z,16Z,19Z)-OH(4)), PE (O-16:0/0:0), and PS (O-18:0/0:0), were positively correlated 
with the dominant bacterium Alloprevotella (P < 0.01, P < 0.05) but negatively correlated with the [Eubacterium] 
_siraeum_group and Faecalibaculum. It suggested that Alloprevotella actively responded to QAFF-L treatment and may 
enhance lipid metabolism, such as PC and PE, in DSS-induced UC mice. Additionally, Glycerophosphoric acid 
demonstrated a highly negative correlation with Escherichia-Shigella and Parabacteroides (P < 0.01), indicating that 

Figure 6 QAFF tempered metabolomics in DSS-induced UC mice. (A) The PLS-DA analysis. (B and C) Volcano plots analysis (P<0.05, VIP>1). DSS vs Ctrl (B). QAFF-L vs 
DSS (C) (down–blue, up–red). (D) Common differential metabolites between QAFF-L vs DSS vs Ctrl. (E) Heatmap of common differential metabolites. (F) KEGG pathway 
enrichment of common differential metabolites among Ctrl, DSS, and QAFF-L. Highlighted with the red box. (G and H) GSEA analysis of Glycerophospholipid metabolism 
signaling pathway. DSS vs Ctrl (G). QAFF-L vs DSS (H). Data are expressed as mean ± SD (n = 6).
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Figure 7 Heat map of the Spearman correlation analysis. (A) The correlation between the key gut microbiota modulated by QAFF-L and indicative evaluations in UC. (B) 
The correlation between endogenous metabolites and QAFF-L-modulated gut microbiota. *P < 0.05, **P < 0.01, and ***P < 0.001.
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these bacteria may disrupt phospholipid structures. Therefore, these results suggest that phospholipid metabolites may be 
involved in the therapeutic efficacy of QAFF on DSS-induced colitis by modulating the gut microbiota.

FMT of QAFF Ameliorated DSS-Induced UC Mice
To evaluate the efficacy of the QAFF-modulated gut microbiota in mitigating colitis, FMT was performed in mice with 3% 
DSS-induced colitis (recipients) after antibiotic pretreatment. The donors for FMT were mice previously treated with either 
QAFF or DSS (Figure 8A). Compared to recipient mice transplanted with DSS-derived fecal microbiota (DSS + DSSfe), those 

Figure 8 FMT of QAFF ameliorated DSS-induced UC mice. (A) The precise diagram for FMT. (B) The changes in body weight (n = 5). (C) DAI Scores (n = 5). (D) The 
characteristic appearance of colon. (E) H&E staining of colon. Red arrow represents the goblet cells. Green arrow represents the crypts. Yellow arrow represents 
inflammatory infiltration. (F) Expression of claudin-1 and ZO-1 proteins in the colon of mice. (G) Colonic length (unit: cm) (n = 5). (H) Histological scores of colons in each 
group (n = 3). (I and J) Quantitative expression of claudin-1 and ZO-1 (n = 3). (K and L) Colon tissue levels of IL-1β, and TNF-α in mice with colitis (n = 3). Data are 
expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns = not significant vs DSS-DSSfe group.
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receiving QAFF-derived fecal microbiota (DSS + QAFFfe) exhibited a slower rate of weight loss, normalization of DAI 
scores, colon length, and histological features (Figure 8B–E, G and H). Furthermore, FMT significantly restored the integrity 
of the intestinal barrier, particularly in the expression of proteins claudin-1 and ZO-1, in mice with colitis (Figure 8F, I and J). 
In addition, FMT led to a significant reduction in the levels of the inflammatory factors TNF-α and IL-1β within colonic tissues 
(Figure 8K and L), indicating a strong anti-inflammatory effect. These results confirm that gut microbiota is essential for the 
UC efficacy of QAFF-L treatment.

Discussion
Quzhou Aurantii Fructus has been used as a folk medicine in the treatment of chronic gastritis and peptic ulcer. Notably, 
the total flavonoids of QAF have shown potential as a promising therapeutic candidate for mitigating inflammatory 
responses associated with acute lung injury, ovalbumin (OVA)-induced allergic asthma, non-alcoholic fatty liver disease, 
and related metabolic diseases.25 These are achieved by targeting multiple signaling pathways, including MAPK, NF-κB, 
and AMPK signaling pathways.26 Furthermore, administration of total flavonoids of QAF could increase the protein 
expression in intestinal tight junction and improve the damage of intestinal mucosal barrier caused by nonsteroidal anti- 
inflammatory drugs (NSAID) over a long period.27 The primary constituents of QAF are flavanone and their glycosides. 
QAFF was separated from QAF by purification and then identified using LC-MS/MS analysis. The contents of four key 
compounds—naringin, neohesperidin, narirutin, and hesperidin — were determined to be 361.0, 353.0, 42.2, and 
32.8 mg/g, respectively, with the contents of total flavonoids over 70%. Interestingly, studies have shown that Aurantii 
Fructus Immaturus (AFI) flavonoid, which includes 10% naringin and 8% neohesperidin, not only reduces inflammatory 
response but also modulates gut microbiota in DSS-treated UC mice.28,29 This prompted us to consider whether QAFF 
possesses anti-UC properties. It is worthy to study it and further elucidate its mechanism of action in UC treatment, 
offering a basis for broadening the clinical application of QAFF.

To rigorously investigate the pharmacological effects and underlying mechanisms of action of QAFF in UC treatment, an 
in vivo experiment was conducted. The DSS-induced colitis mouse model closely replicates key immunological and 
histopathological features observed in UC patients, making it a well-established and representative model.30,31 In this 
study, mice were orally administered 3% DSS to assess the impact of QAFF on inflammation and intestinal barrier function 
in the context of UC. Mice in the treatment groups received the dose of 50, 100, and 200 mg/kg of QAFF in 0.2 mL of sterile 
saline, equivalent to 0.60, 1.20, and 2.40 g QAF/kg, respectively. The middle dose of QAFF was approximately equivalent to 
the adult clinical dose (7.32 g QAF for a 75 kg person) recorded in “Zhejiang Traditional Chinese Medicine Processing Norms 
(2015 Edition)”.32 The DSS group exhibited significant weight loss, increased DAI scores, colon shortening, elevated 
pathological scores, and notable inflammatory infiltration, confirming the successful establishment of the DSS-induced UC 
mouse model on the final day of the experiment. Compared with the DSS group, QAFF at various concentrations of 50, 100, 
and 200 mg/kg showed efficacy in ameliorating symptoms of UC in mice.

During the initial stages of UC, pro-inflammatory cytokines produced by innate immune cells, particularly IL-1β, TNF-α, 
and IL-6, predominate.23 Elevated levels of pro-inflammatory cytokines, such as IL-1β and IFN-γ, in UC can disrupt intestinal 
barrier function, leading to increased permeability and exacerbation of inflammation.33 In the present study, QAFF markedly 
decreased the levels of IL-6, IL-1β and TNF-α in colonic tissues, compared to the DSS group. The results were consistent with 
those observations from AFI flavonoid treatment, where the expression of these cytokines was reduced in the colon of UC 
mice, as determined by qPCR assay.28 Deficiencies in TJ proteins, such as Claudins, Occludin, ZO proteins, and junctional 
adhesion molecules, contribute to the clinical manifestations observed in the intestinal mucosa of IBD patients.34 Claudins and 
Occludin play key roles in the formation and disassembly of TJs, particularly important for the paracellular flux of small 
molecules.35 In this study, QAFF administration selectively upregulated the expression levels of Claudin-1 and Occludin in 
UC mice by Western blotting, as further confirmed by immunohistochemistry. These findings indicate that QAFF may exert its 
therapeutic effects in UC through anti-inflammatory activities and preservation of the integrity of intestinal barrier.

To further elucidate the underlying mechanisms by which QAFF exerts its therapeutic effects in UC mice, we 
employed transcriptomic analysis in colon tissue. GSEA revealed that DSS administration potential upregulated the 
overall expression of the PI3K/AKT signaling pathway, while this effect was subsequently attenuated by QAFF 
treatment. To verify the regulation of this signaling pathway, our in vivo experiments demonstrated that QAFF effectively 
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treated DSS-induced UC by suppressing the phosphorylated protein levels of PI3K and AKT by Western blotting. 
Consistent with our findings, numerous studies have demonstrated that experimental models of colitis indeed exhibit 
aberrant activation of the PI3K/AKT pathway, which can be countered by treatment with various herbal medicines.36 For 
example, Kuiyu Pingchang Decoction (KYPCD), Quzhou Aurantii Fructus as a primary constituent, has been shown to 
modulate the MAPK, PI3K/AKT, IL-17, and HIF-1 pathways in UC treatment and to act on the PI3K pathway in the 
treatment of upper respiratory tract infections.37 The flavonoids of Lonicera rupicola Hook.f.et Thoms showed compre-
hensive protective effects in DSS-induced UC mice, reducing inflammation and oxidative stress, improving epithelial 
barrier integrity, and modulating the gut microenvironment through inhibition the PI3K/AKT pathway.30 Therefore, these 
findings indicate that PI3K/AKT pathway modulated by QAFF treatment may represent a new therapeutic target for the 
intervention in UC.

The gut microbiota, dominated by Firmicutes and Bacteroidota, plays a critical role in human health.38 Patients with UC 
exhibit a significantly lower abundance of Bacteroidota compared to healthy controls, during both active and remission phases 
of the disease.39 Additionally, abnormal expansion of Proteobacteria disrupts gut microbiota balance, thereby promoting the 
development of intestinal diseases.40 In this study, the low-dose of QAFF, which exhibited minimal efficacy differences 
among these groups, was chosen for further mechanistic exploration into its effects on intestinal microbial regulation. The 
findings indicated that the administration of DSS to mice significantly reduced alpha diversity within the gut microbiota and 
increased the relative abundance of Firmicutes and Proteobacteria, while concurrently decreasing the abundance of 
Bacteroidota. Notably, treatment with 50 mg/kg of QAFF effectively alleviated these compositional imbalances within the 
gut microbiota. At the genus level, QAFF significantly enhanced the abundance of Lachnospiraceae_NK4A136_group and 
Alloprevotella, while simultaneously decreased the abundance of Escherichia-Shigella. Lachnospiraceae_NK4A136_group, 
belonging to the Firmicutes phylum, has been reported to produce butyric acid and sodium butyrate, which alleviate UC 
symptoms.41 Importantly, sodium butyrate has been shown to ameliorate inflammatory response and intestinal barrier 
dysfunction by downregulating the AKT and NF-κB p65 signaling pathways through hepatic microsomal cytochrome P450 
2A5.42 Furthermore, Alloprevotella increases the production of short-chain fatty acids, particularly propionate, which in turn 
modulates acetylation to inhibit Th17 differentiation and reduce inflammatory cytokines secreted by pathogenic Th17 cells.43 

In contrast, Escherichia-Shigella, a member of the Proteobacteria phylum, is positively correlated with UC severity.44 It is 
known to promote macrophage apoptosis and IL-1β release and exhibits a strong correlation with IL-6 levels in UC 
patients.45,46 Summarily, the regulation of gut microbiota and their potential effects on UC are crucial for the treatment of 
UC by QAFF. The relationship between the gut microbiome and symptoms in UC, inflammation responses, tight junction 
proteins, and PI3K/AKT pathway has been effectively correlated using Spearman correlation (Figure 7A). These findings 
suggest that QAFF may ameliorate intestinal inflammation and the intestinal barrier in UC mice by restoring the balance of the 
gut microbiome. To confirm this hypothesis, FMT was further performed and the results verified this effect (Figure 8).

In recent years, the changes in mucosal lipids have been used to screen patients with UC as an evaluative indicator of 
disease status.47 Lipid profiling of feces and serum revealed that altered levels of four lipid markers (phosphocholine, 
ceramides, sphingomyelins, and triglycerides) accurately predicted the anti-TNF response in UC patients.48 Studies have 
shown that supplementation with PC34:1 could treat DSS-induced UC mice by increasing fumaric acid content in the 
mouse colon.49 From our results, QAFF up-regulated glycerophosphoric acid, PC (18:3(6Z,9Z, 12Z)/0:0), PC (P-16:0/ 
22:6(5Z,7Z,10Z,13Z,16Z,19Z)-OH(4)), PS (O-18:0/0:0), PE (O-16:0/ 0:0), and other glycerophospholipid -related 
metabolites to restore DSS-induced metabolic disorders. The results of GSEA analysis indicate that QAFF may restore 
DSS-induced UC mice by regulating Glycerophospholipid metabolism. Further Spearman correlation analysis suggested 
that these phospholipid metabolites were closely associated with those microbiome modulations by QAFF, particularly 
showing positive correlations with Alloprevotella and negative correlations with the [Eubacterium]_siraeum_group and 
Faecalibaculum. These findings suggest that the gut microbiota-metabolite axis may be involved in the anti-UC effects of 
QAFF. Collectively, we provide novel insights into the mechanisms of action of anti-UC and therapeutical agents, which 
will promote the exploration and utilization of QAFF. However, additional studies are necessary to unravel the precise 
mechanism underlying the modulation of gut microbiome and its metabolites in relation to the anti-UC effect of QAFF. 
Furthermore, it remains unknown whether main active compounds or compounds combination exist in QAFF for the 
treatment of UC, and further safety and efficacy verification needs to be carried out.
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Conclusion
QAFF was found to alleviate symptoms of colitis, suppress the levels of pro-inflammatory cytokines, repair the integrity of 
intestinal barrier, and suppress the activation of PI3K/AKT pathway in mice with DSS-induced UC. Furthermore, QAFF was 
observed to restore the disrupted gut microbiome, a result that was corroborated by FMT. Collectively, these findings 
highlight the substantial protective effects of QAFF on UC and indicate its potential as a therapeutic strategy in UC treatment.
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