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Inflammatory bowel disease (IBD) is a chronic, relapsing immune-mediated disease that always leads to a progressive loss of intestinal function. Therefore, it is important to find potential therapeutic drugs. This study was conducted to elucidate the effect of Aurantii Fructus immaturus flavonoid extract (AFI, 8% neohesperidin, 10% naringin) on DSS-induced intestinal inflammation and the gut microbiome. To explore the mechanism of action by which AFI protects against intestinal inflammation, a total of 50 mice were randomly divided into 5 groups [CG (control group), MG (model group), AFI low dose, AFI middle dose, and AFI high dose] and received 2.5% DSS for 7 days. Then, mice in the AFI groups were orally administered different doses of AFI for 16 days. The results showed that, compared with the MG group, the food intake and body weight were increased in the AFI groups, but the water intake was lower. Additionally, AFI significantly alleviated DSS-induced colitis symptoms, including disease activity index (DAI), and colon pathological damage. The levels of IL-6, IL-1β and TNF-α in serum and colon tissue were significantly decreased. The diversity and abundance of the intestinal microbiota in the AFI group were decreased. The relative abundance of Bacteroidota was increased, and the relative abundance of Firmicutes was decreased. AFI plays an important role in alleviating DSS-induced intestinal inflammation and regulating Oscillospira, Prevotellaceae and Lachnospiraceae in the intestine at low, medium and high doses, respectively. This report is a pioneer in the assessment of AFI. This study not only demonstrated the anti-inflammatory activity of AFI but also identified the microbiota regulated by different concentrations of AFI.
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Introduction

Inflammatory bowel disease (IBD) is a type of chronic, relapsing immune-mediated disease that always leads to the progressive loss of intestinal function (1). IBD has long been a huge challenge and burden on the public health care system (2, 3). In fact, IBD is caused by multiple pathogens and multiple pathogens, and there is no effective treatment (4). Therefore, finding a useful drug has become an urgent problem that needs to be solved.

Aurantii Fructus Immaturus (Chinese name Zhishi) is the dried unripe fruit of Citrus aurantium L. or its cultivars or Citrus sinensis Osbeck that is collected from May to June. For a long time, the processed unripe fruits of Bittet Orange, possesses homology of medicine and food characteristic, which is regarded to be health promotion effect in digestive tract system. Additionally, Aurantii Fructus Immaturus has been used as a single Chinese medicine and compound to treat gastrointestinal diseases, such as diarrhea, gasteremphraxis and uterine prolapse. The active ingredients of Citrus aurantium, such as flavonoids, alkaloids, volatile oils and coumarins, have antifungal (5), anti-anxiety (6), antioxidant (7), anticancer (8), anti-inflammatory (9), gastric mucosa protective (10), anticoagulation, intestinal motility regulatory (11), nerve protective (12) and other effects. In previous studies, some single compound extracted from Aurantii Fructus Immaturus, such as neohesperidin and naringin have reported can relieve inflammation (13).

In the present study, we investigated the effects of Aurantii Fructus immaturus flavonoid extract (AFI, neohesperidin 8%, naringin 10%) on dextran sulfate sodium (DSS)-induced intestinal inflammation and the gut microbiome. We demonstrate that AFI treatment alleviates DSS-induced gut inflammation and suggest that it is related to the regulation of the intestinal microbiota. These findings thus demonstrate that AFI represents a potential agent for the treatment of intestinal inflammation.



Materials and methods


Chemicals and reagents

The Aurantii Fructus Immaturus flavonoid extract (neohesperidin 8% and naringin 10%) was purchased from Kanglu Biotechnology Co., Ltd. (Hunan Province, China). Mouse interleukin 6 (IL-6) (#MM-0163M1), tumor necrosis factor (TNF-α) (#MM-0132M1) and interleukin 1β (IL-1β) (#MM-0040M1) enzyme-linked immunosorbent assay (ELISA) kits were obtained from Jiangsu Meimian Industrial Co. Ltd. (Jiangsu, China). The RNA extraction kit was obtained from Aidlab Biotechnologies Co. Ltd. (Beijing, China). The iScript cDNA synthesis kit and SYBR Green master mix were obtained from Bio-Rad Laboratories, Inc. (Hercules, CA, USA).



Animals and drug administration

The animal research was conducted according to the Guidelines for Animal Experimentation of Hunan University of Chinese Medicine (Changsha, China) and was approved by the Animal Ethics Committee of Hunan University of Chinese Medicine. A total of 50 C57BL/6J male mice (8 weeks old and 18 to 20 g) were obtained from Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China). The mice were acclimated for 1 week. During this time, the mice were fed standard food and given free access to water. Then, they were randomly divided into 5 groups [CG (control group), MG (model group), AFIL (AFI low dose at 50 mg/kg), AFIM (AFI middle dose at 100 mg/kg), and AFIH (AFI high dose at 200 mg/kg); n = 10/group], and the mice received 2.5% DSS in their drinking water for 7 days. All doses of AFIs (AFIL, AFIM and AFIH) were administered by gavage once a day, starting from the 8th day of the experiment. The MG and CG mice were gavaged with saline. Moreover, we used the DAI data which presented as an average score of the diarrhea of stool, body weight loss, and the extent of blood in the feces to evaluated the severity of colitis by this scoring system (14). On the 23rd day, the mice were sacrificed with CO2, and blood was collected via the cardiac puncture method. All mice were observed once a day, and the food intake and water intake by body weight were recorded. The colon samples embedded in paraffin were cut into 4 μm slices. Sections were stained with hematoxylin and eosin (H&E). Histological damage of the colons was observed in H&E-stained sections using a light mi- croscope, and histopathological scores were evaluated according to the scoring system (15). Then, the colon tissue and serum were collected for subsequent qRT-PCR experiments. The intestinal contents were collected, snap-frozen in liquid nitrogen and then stored at –80°C for further analysis.



Real-time quantitative polymerase chain reaction

Total RNA of the colon tissues was extracted using TRIzol reagent (Life Technologies, USA) according to the manufacturer’s instructions. Then, the total RNA concentrations were equalized (1 μg) and converted to cDNA using the iScript cDNA synthesis kit according to the manufacturer’s protocol. Gene expression was measured by quantitative polymerase chain reaction (qPCR) using SYBR Green Master Mix (Roche, Basel, Switzerland) on a CFX96 Real-Time PCR system from Bio-Rad. Gene expression was measured by qPCR (Roche, Basel, Switzerland) using SYBR Green (Roche, Basel, Switzerland). GAPDH or β-actin was used for gene expression normalization in animal tissue or cells, respectively. The relative expression levels of genes were calculated using the 2–ΔΔCt method. The primers are listed in the Supplementary material (Supplementary Table 1).



Gut microbiota profiling 16S rDNA amplicon sequencing

Genomic DNA was extracted from the intestinal content samples using the E.Z.N. Stool DNA kit. The hypervariable region V3-V4 of the bacterial 16S rRNA gene was amplified with primer pair 338F (5’-ACTCCTACGGGAGGCAGC AG-3’). The genomic DNA from the fecal samples was extracted using a DNA kit (TIANGEN Biotech Co. Ltd., Beijing, China) and quantified using a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA). DNA (30 to 50 ng) was used to generate amplicons using a MetaVx Library Preparation kit. The V3 and V4 hypervariable regions of prokaryotic 16S rDNA were selected for generating amplicons and subsequent taxonomy analysis. DNA libraries were validated by an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and quantified by Qubit 2.0 Fluorometer. DNA libraries were multiplexed and loaded on an Illumina MiSeq instrument according to the manufacturer’s instructions (Illumina, San Diego, CA, USA). Sequencing was performed by Majorbio Bio-Pharm Technology using paired-end configuration; image analysis and base-calling were conducted by the MiSeq Control Software (MCS) embedded in the MiSeq instrument.

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by fastp version 0.20.0 (16) and merged by FLASH version 1.2.7 (17) with the following criteria: (i) the 300 bp reads were truncated at any site receiving an average quality score of <20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded, reads containing ambiguous characters were also discarded; (ii) only overlapping sequences longer than 10 bp were assembled according to their overlapped sequence. The maximum mismatch ratio of overlap region is 0.2. Reads that could not be assembled were discarded; (iii) Samples were distinguished according to the barcode and primers, and the sequence direction was adjusted, exact barcode matching, 2 nucleotide mismatch in primer matching. Operational taxonomic units (OTUs) with 97% similarity cutoff (18, 19) were clustered using UPARSE version 7.1 (19), and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 (20) against the 16S rRNA database using confidence threshold of 0.7.



Statistical analysis

The data are presented as the means ± SDs, and statistical analysis was performed using GraphPad Prism (USA). Datasets that involved more than two groups were assessed by one-way or two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. The Wilcoxon rank sum test and Tukey’s test were used to analyze the differences in species diversity between groups.




Results


Aurantii Fructus immaturus flavonoid extract ameliorates colitis induced by dextran sulfate sodium

The body weight of mice was remarkably reduced after DSS induction. However, this loss was reversed by AFI, and the colitis induced by DSS treatment was ameliorated (Figure 1A). We monitored the body weight, food intake and water intake of mice in the CG, MG, AFIL, AFIM, and AFIH groups. In the MG, AFIL, AFIM, and AFIH groups, the food intake and body weight gain were significantly decreased after 7 days of treatment with 2.5% DSS compared to the CG group; however, the water intake of mice was increased. After 16 days of AFI treatment, the body weight, food intake and water intake returned to levels close to those of the CG group and compared to those of the MG group (Figures 1B–D). In addition, the DAI scores of AFI groups were significantly decreased compared to the MG group (Figure 1E).
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FIGURE 1
The effects of AFI on mice. (A) The experimental design, (B) food intake, (C) water intake, (D) body weights and (E) DAI scores for all mice.




The effect of Aurantii Fructus immaturus flavonoid extract on serum inflammatory factors

We found that the serum concentrations of IL1-β, IL-6 and TNF-α in the MG group were significantly higher than those in the CG and AFIL groups (p < 0.001; Figures 2A–C). Additionally, the serum IL1-β (p < 0.001; Figure 2A), IL-6 (p < 0.001; Figure 2A) and TNF-α (p < 0.05; Figure 2A) contents in the AFIM group were also significantly lower than those in the MG group. The levels of IL1-β (p < 0.005, Figure 2A), IL-6 (p < 0.01, Figure 2B) and TNF-α (p < 0.05, Figure 2C) in the serum of the AFIH group were significantly lower than those in the MG groups.
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FIGURE 2
The effect of AFI on serum inflammatory factors. Bars represent the mean ± SE (N = 6). (A) Serum IL-1β levels. (B) Serum IL-6 levels. (C) The TNF-α level in the serum. The value of P < 0.05 is marked with “*”. The value of P < 0.01 is marked with “**”. The value of P < 0.005 is marked with “***”. The value of P < 0.001 is marked with “****”.




The effect of Aurantii Fructus immaturus flavonoid extract on intestinal inflammatory factors

We used the H&E staining to evaluated the histopathologic changes, and semiquantitative analysis of histopathologic damage in the colon was performed (Figures 3A,B). These results of CG group showed that there were no histological abnormalities. However, obvious tissue damage and inflammation were observed in the colons of the MG group. Additionally, the damage and inflammatory cell infiltration were ameliorated by AFI treatments. Then, qPCR assays were used to examine the expression of inflammatory cytokines in colon. The results showed that 2.5% DSS stimulated the expression of the cytokines IL-6, TNF-α, and IL1-β in the MG group (Figure 3D). However, these inflammatory factors were significantly reduced by AFI treatment. Additionally, the correlation heatmap showed the relationship between the bacterial family and intestinal inflammatory factors. At the phylum level, the content of the inflammatory factor IL-6 was negatively correlated with Firmicutes and positively correlated with Proteobacteria and Campilobacterota (Supplementary Figure 1). At the family level, Lactobacillaceae showed a significant negative correlation with IL-6. Bacteroidaceae, Tannerellaceae, Helicobacteraceae, Prevotellaceae and Marinifilaceae showed a significant positive correlation with IL-6. Butyricicoccaceae, Enterococcaceae and Enterobacteriaceae demonstrated a significant positive correlation with TNF-α. Corynebacteriaceae and Eggerthellaceae demonstrated a significant positive correlation with TNF and IL-1. Anaerovoracaceae showed a significant positive correlation with IL-1β (Figure 3C).
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FIGURE 3
Histopathological, Intestinal inflammatory factors and Spearman correlation heatmap in all mice. (A) The colons of each group were processed for histological evaluation (H&E staining, 50×). (B) Histopathological scores of each group were evaluated. Data are presented as means ± SD (n = 8). ***p < 0.001, compared with the control group; * p < 0.05 and ** p < 0.01, compared with the MG group. (C) Correlation heatmap of IL-6, TNF-a, IL-1 and the microbiota. The X and Y axes are the environmental factors and families, respectively. R is shown in different colors. The right side of the legend is the color range of the different R values. The value of P < 0.05 is marked with “*”. The value of P < 0.01 is marked with “**”. The value of P < 0.005 is marked with “***”. The value of P < 0.001 is marked with ****. (D) IL-6, TNF-α, and IL1-β expression.




Alpha diversity and composition of the gut microbiota

The rank-abundance curve was used to explain two aspects of diversity, which were species richness and community evenness. Based our result (Figure 4A), the curve of the AFIH declines gently and extends far, indicating high species diversity. However, the species diversity and richness decreased in the CG and AFIM groups. The Shannon index of the OTU level was set as the vertical axis in the rarefaction curve. The curve tends to flatten, indicating that the sample sequencing volume is sufficient, and no more OTU can be found even with the increase of data (Figure 4B). The ACE index, Chao index and Simpson index were selected for the analysis of diversity among the five groups (CG, MG, AFIL, AFIM, AFIH). Finally, the richness and diversity of the intestinal microbiota showed a tendency to increase in the MG group compared with the CG, AFIL, and AFIH groups and was significantly higher than that in the AFIM group (Figures 4C–E). Then, the top 7 dominant phyla and 20 dominant families in all samples were selected to construct a community column chart. This chart revealed that all 20 genera belong to 7 main phyla: Firmicutes, Bacteroidetes, Campilobacterota, Actinobacteriota, Desulfobacterota Proteobacteria, and Deferribacterota. Most of the dominant families in the 5 groups belonged to Firmicutes (44%-70%) and included Lactobacillaceae, Lachnospiraceae, Erysipelotrichaceae, Oscillospiraceae, Ruminococcaceae, Clostridiaceae, Clostridia_UCG-014, and Eubacterium_coprostanoligenes (Figure 4E and Supplementary Tables 2, 3). Lactobacillaceae was the predominant family in the CG group (53%), and the content of this family was much higher than that in the other groups. However, we found that AFI and DSS reduced the abundance of Lactobacillaceae. The second dominant phylum in the 5 groups was Bacteroidetes, and the dominant families included the Muribaculaceae, Bacteroidaceae, Rikenellaceae, Prevotellaceae, and Marinifilaceae families. Muribaculaceae (15.7%) was the predominant family in the CG group and belongs to Bacteroidota. These results show that the abundance of this flora is increased by AFI and DSS intervention.
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FIGURE 4
Effects of AFI on the intestinal microbiota induced by DSS. (A) Rank-Abundance curves of the OUT level. (B) Shannon dilution curves. (C) ACE. (D) Chao. (E) Simpson. (F) The composition of the gut microbiota and the community bar plot analysis at the phylum and family levels.




Beta diversity of the gut microbiota

The beta diversity of the gut microbiota was analyzed to compare the similarity of different samples in species diversity (Figure 5). Partial least squares discriminant analysis (PLS-DA) showed that the gut microbiota of the 3 AFI groups was obviously separated from that of the other two groups, indicating that the composition of the gut microbiota was significantly different between the CG and MG groups. However, the AFIH group was obviously separated from the AFIL and AFIM groups, suggesting that AFI had a different effect on the gut microbial structure when compared with different doses (Figure 5A). The OTU distributions between different treatment groups are shown in Figure 5B. These results showed that the five groups shared the greatest number of different OTUs (363 OTUs) (Figure 5A). Additionally, four groups (AFIL, AFIM, AFIH and MG) shared 73 OTUs. Finally, LEfSe analysis identified the differentially abundant bacterial taxa in the gut microbiota between the five groups. The results showed that MG and AFI mice had lower proportions of the Lactobacillaceae family than CG mice (Supplementary Table 3). The AFI group had higher proportions of the Oscillospiraceae family than the CG and MG groups (Supplementary Table 3). We also found that the effects of different doses of AFI on the gut microbiome were different. MG and AFI mice had lower proportions of the families Lactobacillaceae than CG mice (Supplementary Table 3). We also found that the effects of different doses of AFI on the gut microbiome were different. At the family level, AFIL mice had higher proportions of Oscillospiraceae than CG and MG mice (Supplementary Table 3). However, Prevotellaceae, Ruminococcaceae, and Marinifilaceae were enriched in the AFIM group, whereas Lachnospiraceae, Lachnospiraceae, Sutterellaceae, and Butyricicoccaceae were more abundant in the AFIH group. At the genus level, Ruminococcus, Blautia, Colidextribacter, Roseburia, GCA-900066575, and Candidatus_Stoquefichus were enriched in the AFIL group. Alloprevotella, Peptococcus, Odoribacter, Prevotellaceae_UCG-001, Tuzzerella, Bilophila, and Lachnospiraceae_FCS020_group were more abundant in the AFM group, and Lachnospiraceae_NK4A136, Parasutterella, Paludicola, Butyricicoccus, and Family_XIII_UCG-001 were enriched in the AFIH group (Figures 5C,D).
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FIGURE 5
The effect of AFI on the intestinal microbiota. (A) Partial least squares-discriminant analysis (PLS-DA) of the OTUs in the five groups. (B) Advanced venn diagram (UpSet) results for the transcriptome data from the four comparisons. (C) Significantly different bacterial taxa at the family to genus levels. (D) Significant differences were tested by linear discriminant analysis effect size (LEfSe) analysis, with linear discriminant analysis (LDA) scores of >2 and p values of <0.05. The taxa enriched in the five groups showed positive LDA scores.





Discussion

The results of this study showed that after the mice were given DSS, the food intake and body weight were seriously reduced, the drinking water was increased, the DAI scores were reduced, and the colonic tissue damage were alleviated. Intervention with different concentrations of AFI significantly improved the physiological state of the mice, indicating that the total amount of AFI can improve the adverse reactions caused by DSS. Low-dose AFI had the best effect in reducing serum and intestinal inflammation. Decreasing NF-κB expression suppresses local inflammatory processes in the intestines. Various proinflammatory and anti-inflammatory cytokines are known to be regulated at least in part by the transcription activator NF-κB. Blocking NF-κB activation could suppress its downstream inflammatory mediators, such as IL-1β, TNF-α and IL-6, to contribute to the resolution of inflammation (21, 22). Additionally, TNF-α not only induces inflammation but also participates in regulating other immune responses in both innate and adaptive immunity, including apoptosis and cell proliferation. The present results indicated that AFI could inhibit extensive immune responses, including the inflammatory response.

Then, we examined whether the effect of AFI treatment on the mitigation of DSS-induced inflammation is related to the gut microbiota. We found that treatment with different doses of AFI partially shifted the β-diversity of the gut microbiota of DSS-treated mice, and the α-diversity (OTUs) was weakly decreased. Furthermore, both DSS and AFI treatment decreased the abundance of Firmicutes, especially the number of Lactobacillaceae. In fact, previous studies demonstrated that Lactobacillaceae, a type of probiotic, are effective inhibitors against inflammatory bowel disease development, including ulcerative colitis (23). However, the reduction in Lactobacillus abundance after AFI treatment suggests that Lactobacillus is not a key group of bacteria that play a role in AFI mitigation of inflammation. The gut microbiota results showed that the relative abundance of Oscillospira was significantly increased in the AFL group. A previous study showed that the abundance of Oscillospira is decreased in inflammatory diseases (24, 25), possibly because Oscillospira produces the short-chain fatty acid butyrate (26). Additionally, Oscillospira has been shown to produce secondary bile acids for protection against Clostridium difficile infection (27). Therefore, Oscillospira may be the key bacteria for the ability of the low-dose AFI to reduce inflammation. Additionally, the abundance of Oscillospira was also increased in the AFIM and AFIH groups compared to the CG group (Supplementary Table 3). However, Oscillospira has not been isolated and cultured (26). This study is the first to find a correlation between AFI and Oscillospira. We also noticed that the abundance of Prevotellaceae and Lachnospiraceae was significantly increased in the AFIM and AFIH groups, respectively. In fact, Prevotellaceae, a butyric acid-producing probiotic, is thought to be associated with anti-inflammatory and antioxidant activities (1, 28, 29). In addition, based on Spearman correlation analysis of intestinal inflammatory factors and intestinal microbiota, we found positive and negative correlations between the abundance of some bacteria and inflammation. The bacteria of Lachnospiraceae impact their hosts by producing short-chain fatty acids and converting primary bile acids to secondary bile acids to induce resistance against intestinal pathogens (30). The main active ingredients in AFI are neohesperidin and naringin, and previous studies have demonstrated that AFI prevents colorectal tumorigenesis by altering the gut microbiota (31, 32). In conclusion, AFI can effectively alleviate DSS-induced intestinal mucositis by inhibiting proinflammatory cytokines and regulating the overall structure and composition of the intestinal microbiota.
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