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Background: Polysaccharide metal chelate exhibit both immunoregulatory activity and metal element supplementation effects.
Methods: In this study, Ruoqiang jujube polysaccharide copper chelate (RJP-Cu) was prepared and the preparation conditions were optimized using the response surface method. Subsequently, RJP-Cu was administered to lambs to evaluate its impact on growth performance, copper ion (Cu2+) supplementation, immune enhancement, and intestinal flora was evaluated.
Results: The results indicated that optimal RJP-Cu chelation conditions included a sodium citrate content of 0.5 g, a reaction temperature of 50°C, and a solution pH of 8.0, resulting in a Cu2+ concentration of 583°mg/kg in RJP-Cu. Scanning electron microscopy (SEM) revealed significant structural changes in RJP before and after chelation. RJP-Cu displaying characteristic peaks of both polysaccharides and Cu2+ chelates. Blood routine indexes showed no significant differences among the RJP-Cu-High dose group (RJP-Cu-H), RJP-Cu-Medium dose group (RJP-Cu-M), RJP-Cu-low dose group (RJP-Cu-L) and the control group (p > 0.05). However, compared with the control group, the RJP-Cu-H, M, and L dose groups significantly enhanced lamb production performance (p < 0.05). Furthermore, RJP-Cu-H, M, and L dose groups significantly increased serum Cu2+ concentration, total antioxidant capacity (T-AOC), catalase (CAT), and total superoxide dismutase (T-SOD) contents compared with control group (p < 0.05). The RJP-Cu-H group exhibited significant increases in serum IgA and IgG antibodies, as well as the secretion of cytokines IL-2, IL-4, and TNF-α compared to the control group (p < 0.05). Furthermore, RJP-Cu-H group increased the species abundance of lamb intestinal microbiota, abundance and quantity of beneficial bacteria, and decrease the abundance and quantity of harmful bacteria. The RJP-Cu-H led to the promotion of the synthesis of various Short Chain Fatty Acids (SCFAs), improvements in atrazine degradation and clavulanic acid biosynthesis in lambs, while reducing cell apoptosis and lipopolysaccharide biosynthesis.
Conclusion: Thus, these findings demonstrate that RJP-Cu, as a metal chelate, could effectively promote lamb growth performance, increase Cu2+ content, and potentially induce positive immunomodulatory effects by regulating antioxidant enzymes, antibodies, cytokines, intestinal flora, and related metabolic pathways.
Keywords: Ruoqiang jujube polysaccharide, polysaccharide metal chelate, copper ion supplementation, immune enhancement, intestinal flora
1 INTRODUCTION
Ruoqiang Jujube Polysaccharide (RJP) is a naturally occurring plant-derived polysaccharide renowned for its diverse nutrient composition. With a complex polysaccharide structure, RJP encompasses various sugar molecules such as glucose and fructose. RJP demonstrates multifaceted benefits, including growth promotion, antioxidant, anti-inflammatory properties, immune cell proliferation, strengthen the immune system, and enhance the body resistance. (Wu Z et al., 2019). The Cu2+, an essential trace element, plays a crucial role in numerous cellular mechanisms and signaling pathways within animal organisms (Lelièvre P et al., 2020; Anuk AT et al., 2021; Cheng F et al., 2022). Cu2+ deficiency in lambs can lead to various pathological changes such as anemia, nervous dysfunction, movement disorders, coat fading, joint deformation, osteoporosis, decreased vascular wall elasticity, and fertility issues (Helmer C et al., 2021; Yuan S et al., 2022).
Aksu City, situated in the central part of Xinjiang, faces the challenges of a dry and arid climate due to desert airflow, resulting in predominantly sandy loam or sandy saline soil (Zhang et al., 2020). Our previous laboratory investigation revealed that the Cu2+ levels in both soil and forage grass in the Aksu region were significantly lower than that of normal soil Cu2+ content, emphasizing the need for effective Cu2+ supplementation methods (Wumaer et al., 2015). The conventional method for supplementing Cu2+ involves using Cu2+ sulfate solution. While this method poses risks of liver dysfunction and necrosis due to a swift increase in liver Cu2+ (Jin X et al., 2023). Consequently, there is a critical need for a safer, gentler treatment approach with high efficacy in addressing Cu2+ deficiency in lambs.
In recent years, plant polysaccharide metal chelates have shown a good application prospect in the livestock industry. As a complex carbohydrate, polysaccharide has the ability to chelate metal ions, thereby improving the bioavailability of metal ions and helping to maintain the normal physiological function of the body. Notably, polysaccharide-Cu2+ chelates have demonstrated the potential to improve animal growth performance and exhibit significant intestinal immune-boosting functions (Zhang J et al., 2023). Various studies have highlighted the antioxidant and multifunctional iron supplement potential of polysaccharide metal chelates, including dioscorea polysaccharide iron chelate (DTP-Fe), which can enhance the scavenging of DPPH free radicals (Liu Y et al., 2023), ABTS+ and hydroxyl free radicals in the organism, with the antioxidant capacity of TDP-Fe increasing with higher concentrations. Moreover, research showed that chelation of Enteromorpha polysaccharide with iron (III) or zinc (II) can alter the structure of Enteromorpha polysaccharide and enhance its anti-inflammatory activity (Feng Y et al., 2023). Chelation with different metal ions, such as Fe, Zn, Mg, Cr, and Pt, has been reported to enhance the biological activity of polysaccharides (Li X et al., 2022). It has been reported that chelating Fe (III), Zn (II), and Cr (III) with corn beard polysaccharide could alter the morphology, conformation, thermal stability, and biological activity of corn beard polysaccharide (Jia Y et al., 2021). Zinc chelates of corn palp polysaccharide exhibited higher antioxidant activity and a more pronounced inhibitory effect on α-glucosidase than corn palp polysaccharide.
This experiment aims to chemically chelate RJP with CuSO4 to prepare an RJP-Cu with copper supplementation and immune-enhancing activity. Therefore, optimization of the experimental conditions for RJP-Cu was conducted and is impact on lamb growth performance and immune-enhancing activity was investigated. To further explores the regulatory effects of RJP-Cu on lamb intestinal microbiota and Short-Chain Fatty Acids (SCFAs) through 16S rDNA sequencing and gas chromatography, respectively.
2 MATERIALS AND METHODS
2.1 Animal experiments
The experimental subjects comprised of 40 lambs, approximately 1 month old, with an average weight of 6.30 ± 0.10 kg. All animal experiments were carried out at the Baodi farm in Kalatale Town, Aksu City. The Experimental Animal Welfare Ethics Committee of Xinjiang Agricultural University approved the experiment (approval number: 2022016) to ensure compliance with all relevant ethical regulations for animal experiments and research.
2.2 Main reagents and instruments
The Glutathione assay kit, Malondialdehyde (MDA) assay kit, Catalase assay kit, Total Superoxide Dismutase assay kit, and Total Antioxidant Capacity (T-AOC) assay kit were all purchased from Nanjing Jiengcheng Biotechnology Co., Ltd. The Interleukin-2 (IL-2) test kit, Interleukin-4 (IL-4) test kit, Tumor Necrosis Factor-α (TNF-α) test kit, Immunoglobulin G (IgG) test kit, Immunoglobulin A (IgA) test kit, and Cu2+ colorimetric reagent is purchased from Shanghai Vanco Bio-Technology Co., Ltd. Other equipment used in the study included a Bio Tek Instruments (Icn), a Veterinary Blood Analyzer (ABAXIS Europe), a Centrifuge (TDL-40B) from Shanghai Anting Scientific Instrument Factory, and a Flame Atomic Absorption Spectrophotometer (SP-3520 AA) from Shanghai Yili Scientific Instrument Co., Ltd.
2.3 Extraction of RJP and preparation of RJP-Cu
The RJP extraction involved weighing and immersing Ruoqiang jujube in anhydrous ethanol and petroleum ether for degreasing and drying. The dried sample was boiled and extracted, and the resulting solution is concentrated to a concentration of 1 g/mL. The concentrated liquid is then mixed with Sevag reagent (chloroform: n-butanol = 4:1) at a volume ratio of VRJP: VSevag reagent = 2:5. The mixture was vigorously shaken, left to stand for 30 min, and then centrifuged for 10 min at 4000 rpm/min. The aqueous phase was collected through three repetitions. Anhydrous ethanol is then added to achieve an 80% ethanol concentration. The mixture was refrigerated at 4°C overnight, and the precipitate, washed and dried with anhydrous ethanol to obtain dry RJP material.
The preparation of RJP-Cu involved combining extracted RJP and sodium citrate in 300 mL of water. The mixture was heated in a water bath, stirred continuously and pH adjusted using a 20% NaOH solution. CuSO4 was added slowly, stirring ceased when insoluble matter appeared, and the mixture was centrifuged at 4000 rpm for 1 min to obtain the supernatant. The liquid was collected, concentrated, cooled, and anhydrous ethanol was added. After refrigerating at 4°C overnight, the mixture was centrifuged at 4000 rpm for 1 min to precipitate. RJP-Cu was dissolved in water at a ratio of 1:10. A dialysis bag, soaked in flowing water for 24 h, concentrated the remaining liquid. After alcohol precipitation, drying, and refinement, RJP-Cu was obtained (Figure 1).
[image: Figure 1]FIGURE 1 | Preparation diagram of RJP-Cu.
2.4 One-factor experimental design of RJP-Cu
To assess the influence of sodium citrate content on Cu2+ concentration, the reaction time was set at 1 h, temperature at 60°C, pH at 9.0, and sodium citrate content at 0.0625 g, 0.125 g, 0.25 g, 0.5 g, and 1 g, respectively. To assess the influence of reaction temperature on Cu2+ concentration.
To assess the influence of reaction temperature on Cu2+ concentration, the reaction time fixed at 1 h, pH at 9.0, and sodium citrate content at 0.5 g, the reaction temperature was varied at 30°C, 40°C, 50°C, 60°C, and 70°C. To assess the influence of pH value on Cu2+ concentration, the reaction time was set at 1 h, temperature at 50°C, and sodium citrate content at 0.5 g, the pH value was adjusted to 7.0, 8.0, 9.0, 10, and 11, respectively. In each of the aforementioned experimental groups, the average value was determined based on three repetitions, and a significance analysis was conducted to identify the impact of different single factors on the RJP-Cu.
2.5 Response surface experimental design
According to the results of univariate experimental, sodium citrate content (A), reaction temperature (B) and pH value (C) were selected as key variables. −1, 0 and +1 indicated low, medium and high levels respectively, and the response surface analysis of 3 factors and 3 levels was conducted. The design factor level is shown in (Table 1).
TABLE 1 | Experimental factors and levels of the response surface.
[image: Table 1]2.6 Preparation conditions of RJP-Cu and preparation of RJP-Cu
Based on the response surface experimental results, RJP-Cu was prepared under the following conditions: a reaction time of 1 h, a sodium citrate content of 2.5 g, a reaction temperature of 50°C, and a pH value of 8.0. RJP-Cu was completely dissolved in distilled water, and a 1000 Da molecular weight cutoff dialysis bag was employed for 2 days to concentrate the dialyzed RJP-Cu. RJP-Cu, with free impurities removed, was obtained after alcohol precipitation.
2.7 Determination of RJP and RJP-Cu content
The polysaccharide content in RJP and RJP-Cu was determined using the phenol-sulfuric acid method (Yue F et al., 2022). The protein content in RJP and RJP-Cu was assessed using the BCA kit method (Rogatsky E, 2021). The glucuronic acid content in RJP and RJP-Cu was measured using the sulfuric acid-carbazole method (Maccari F and Volpi N, 2022). The Cu2+ in the samples was analyzed via flame atomic absorption spectrometry (Bakircioglu D et al., 2022).
2.8 Scanning electron microscopy and infrared spectroscopy
RJP and RJP-Cu samples were prepared for SEM analysis to observe the shape and characteristics of the samples (Mobin M and Rizvi M, 2017). The infrared spectra (FT-IR) of RJP and RJP-Cu were measured using a Fourier transform infrared spectrometer. A small amount of each sample mixed with KBr particles, was ground into a powder, dried, and then pressed into thin slices. These slices were subsequently scanned and measured in the range of 400–4000 cm⁻1 (Yi Y et al., 2020).
2.9 Animal classification and administration of medication
Forty lambs with similar organism weights were selected. After 14 days of adaptation to the feeding regimen, the lambs were divided in to 5 groups based on their organism weights, with 8 lambs in each group. These groups were as follows: the Cu sulfate group (CuSO4, 4 mg/kg), the RJP-Cu high-dose group (RJP-Cu-H, 5.3 mg/kg), the RJP-Cu medium-dose group (RJP-Cu-M, 2.6 mg/kg), the RJP-Cu low-dose group (RJP-Cu-L, 1.3 mg/kg), and the blank control group, blank control group received no additional treatment (Figure 2).
[image: Figure 2]FIGURE 2 | Group of lambs. (A) Control. (B) CuSO4. (C) RJP-Cu-H. (D) RJP-Cu-M. (E) RJP-Cu-L.
After a total of 14 days of feeding, all groups were maintained on a basal diet for an additional 28 days. The experimental lambs were fed in groups and had free access to water. Feeding occurred once daily at 10:00 and 19:00, each feeding session lasting for 1.5 h. Any remaining feed was collected at 11:30 and 20:30 daily. The feeding mode, management practices, and environmental conditions were consistent for all groups throughout the duration of the experiment.
2.10 Effect of RJP-Cu on growth performance of lambs
The feeding conditions for each group of lambs were meticulously recorded on a daily basis throughout the entire experiment. Additionally, the organism mass of each lamb was weighed once a week. Measurements for organism height, organism diagonal length, chest circumference, and tube circumference were taken at the beginning and end of the experiment. Various metrics such as average daily gain, average daily feed intake, feed-to-weight gain ratio, organism height, organism diagonal length, chest circumference, and tube circumference were calculated. Furthermore, blood samples were collected from the jugular vein of the lambs on the 28th day after feeding.
2.11 Effects of RJP-Cu on serum copper content, oxidation indexes, immunoglobulin and cytokine contents of lambs
On the 28th day following the cessation of feeding, blood samples were gathered for the assessment of T-AOC, CAT, GSH-PX, MDA, and SOD. Additionally, on the 14th and 28th days after the termination of feeding, blood samples were obtained to measure the Cu2+ in the serum using a Cu2+ analysis kit and the levels of IgG, IgA, IL-2, IL-4, TNF-α were measured using a ELISA kits.
2.12 Effect of RJP-Cu on the intestinal microbiota in lambs
On the 28th day following the cessation of feeding all groups of lambs were administered a 15 mL normal saline rectal injection, and rectal feces were collected. The collected samples were preserved in liquid nitrogen tanks and transported to the laboratory for DNA extraction. DNA quantification was carried out using nanodrop, and following purification, PCR amplification and fluorescence quantification were performed. Subsequently, a sequencing library was prepared for computer-based sequencing. Nomi Biological Company conducted the analysis of intestinal microorganisms and indexes related to SCFAs.
2.13 Statistical analysis
SPSS 24.0 software is suitable for conducting single-factor experimental analysis to determine significant differences. Design Expert 10.0.7 software is employed for the statistical analysis of response surface experimental outcomes.
3 RESULTS AND ANALYSIS
3.1 Single factor test results
3.1.1 Effect of sodium citrate content, reaction temperature, and pH on copper concentration in RJP-Cu
As depicted in Figure 3, the influence of sodium citrate content, reaction time, and pH value on the concentration of Cu2+ in RJP-Cu exhibited a common pattern of initially increasing and subsequently decreasing. With a constant reaction time of 1 h, a temperature of 60°C, and a pH of 9.0, the Cu2+ concentration in RJP-Cu rose with an increase in sodium citrate content, reaching its peak at 0.5 g and subsequently declining rapidly, Cu2+ is 100.973 μmol/L (Figure 3A). Under conditions of a fixed extraction time of 1 h, a sodium citrate content of 0.5 g, and a pH of 9.0, Cu2+ is 104.265 μmol/L, the concentration of Cu2+ in RJP-Cu increased with rising reaction temperature, reaching its maximum at 50°C before gradually decreasing (Figure 3B). Maintaining a consistent reaction time of 1 h, a temperature of 50°C, and a sodium citrate content of 0.5 g, the concentration of Cu2+ in RJP-Cu augmented with an increase in pH value, reaching its peak at pH-8, and subsequently declining rapidly, Cu2+ is 129.025 μmol/L (Figure 3C).
[image: Figure 3]FIGURE 3 | (A) Represents the impact of sodium citrate content on Cu2+ concentration. (B) Depicts the influence of reaction temperature on Cu2+ concentration. (C) Illustrates the influence of pH value on Cu2+ concentration. Note: a, b, c, d letters indicate a significant difference (p < 0.05).
3.1.2 Response surface experimental results
Design Expert 8.0.6 software was used to optimize the response surface for the factors affecting Cu2+ concentration in RJP-Cu: sodium citrate content (A), reaction temperature (B) and pH value (C) were selected as key variables. By comparing the predicted and measured values under the group sum and the last 17 conditions, the regression equation was obtained as follows: Y = −2090.54 + 474.07A + 27.79B + 341.65C-0.84AB-8.29AC-0.34BC-302.41A2-0.23B2-19.88C2 (Table 2).
TABLE 2 | Response surface experimental protocol and results.
[image: Table 2]A regression model was analyzed, and the results show that the model had a highly significant statistical significance with a p-value of less than 0.0001. The correlation coefficient R2 = 0.9913, and the Adjusted R2 = 0.9802, both of which are close to 1.000. Moreover, the coefficient of variation CV = 4.31%, indicating a strong fit of the model and suitability for the actual extraction process. The optimal extraction process for RJP-Cu was determined as follows: a sodium citrate content of 0.5 g, a reaction temperature of 50°C, and a pH value of 8. The predicted Cu2+ concentration was 130.067 μmol/L, while the actual measured Cu2+ concentration was 132.423 μmol/L (Table 3).
TABLE 3 | Results of the regression model ANOVA.
[image: Table 3]3.1.3 Results of the RJP and RJP-Cu content assays
Standard curves were established to derive regression equations: Y = 7.3275 X+0.0999 (R2 = 0.9976) for polysaccharides, Y = 3.455 X+0.1263 (R2 = 0.9978) for proteins, and Y = 2.8529 X+0.0471 (R2 = 0.9995) for uronic acid. The total polysaccharide, protein, and uronic acid contents in RJP and RJP-Cu were determined using these regression equations, while Cu2+ was measured by flame atomic absorption spectrometry.
As indicated in Table 4, there were no significant differences in total polysaccharide and protein contents between RJP and RJP-Cu (p > 0.05). However, the uronic acid content in RJP was significantly reduced compared to RJP-Cu (p < 0.05), while the Cu2+ concentration significantly increased to 134.423 μmol/L.
TABLE 4 | Percentage of different index content between RJP and RJP-Cu.
[image: Table 4]3.2 Morphology of RJP and RJP-Cu by scanning electron microscopy
As shown in Figure 4A, the SEM morphology of RJP revealed a smooth, porous surface and a dense texture structure. The surface of RJP appeared uneven, featuring various hole sizes and depths (Figure 4B). In contrast, the SEM morphology of RJP-Cu exhibited a more open and loose structure with rough edges (Figure 4C). It displayed an irregular structure with visible cracks and holes on the surface, suggesting that RJP-Cu is composed of stacked lamellar structures with rough edges (Figure 4D). It is evident that the electron microscope structures of RJP and RJP-Cu differ obviously.
[image: Figure 4]FIGURE 4 | (A,B) Correspond to scanning electron microscope images of RJP. (C,D): Correspond to scanning electron microscope images of RJP-Cu.
3.3 RJP and RJP-Cu infrared spectroscopy of analysis
RJP and RJP-Cu exhibited prominent and extensive hydroxyl (-OH) stretching vibration absorption peaks, along with moderately strong (-CH2-) C-H bond stretching vibration peaks in the range of 3400–3200 cm-1 and 3000–2800 cm-1, respectively. These peaks are characteristic of polysaccharide absorption. The similarity in their position, shape, and intensity indicates a shared carbon chain structure and monosaccharide composition. Upon Cu2+ chelation, RJP displayed a stretching vibration peak of -CH2OH (3288.04–2930.58 cm-1), while the C=O stretching vibration peak at 1619.94 cm-1 disappeared. Furthermore, changes in C-O stretching (1407.06 cm-1, 1041.22 cm-1) and a shift in the C-O wave number (from 1407.06 cm-1 to 1416.18 cm-1) suggest a strong binding affinity of Cu2+ to the O in C-O, indicating a chemical interaction. The characteristic absorption peak at 1594.95 cm-1 in RJP-Cu indicates the presence of SO42-, implying that RJP simultaneously chelates SO42- along with Cu2+, a form of physical chelation. These results affirm that Cu2+ forms both chemical and physical chelation bonds with RJP, resulting in the formation of RJP-Cu (Figure 5).
[image: Figure 5]FIGURE 5 | Infrared spectra of (A) RJP and (B) RJP-Cu.
3.4 Effects of RJP-Cu on lamb blood routine indexes
As indicated in Table 4, compared to the control group, there were no statistically significant differences in the counts of leukocytes, lymphocytes, monocytes, neutrophil granulocytes, red blood cells, hematocrit levels, or platelets between the RJP-Cu-H, M, and L groups (p > 0.05). This suggests a high level of safety. This indicates that all doses of RJP-Cu have a good safety profile.
3.5 Effects of RJP-Cu on daily weight gain and feed intake in lambs
The final weight, daily weight gain, and daily feed intake of lambs in the RJP-Cu-H, M, and L groups were significantly higher than the control group (p < 0.05), and all indicators were measured exhibiting a dose-dependent pattern. Furthermore, the feed-to-gain ratio in the RJP-Cu-H, M, and L groups was significantly lower than that in the control group (p < 0.05). This suggests that RJP-Cu effectively promotes lamb growth and improves feed utilization efficiency (Table 6).
3.6 Effect of RJP-Cu on organism ruler indexes in lambs
There were no significant differences in the initial organism height, initial oblique organism length, initial chest circumference, and initial tube circumference were observed among all experimental groups (p > 0.05). However, the final organism height, final oblique organism length, final chest circumference, and final tube circumference in the RJP-Cu-H, M, and L groups were significantly higher than those in the control group (p < 0.05), and this increase was dose-dependent. These results suggest that RJP-Cu effectively promotes the growth and bone development of lambs (Table 7).
3.7 Effect of RJP-Cu on serum copper content in lambs
The serum Cu2⁺ levels in the CuSO4 group, as well as the RJP-Cu-H, M, and L groups, were significantly higher than those in the control group on both day 14 and day 28 (p < 0.05). This indicates that the CuSO4 group and the RJP-Cu-H, M, and L groups all demonstrated a notable and effective Cu2+ supplementation effect (Figure 6).
[image: Figure 6]FIGURE 6 | The Impact of RJP-Cu on Serum Cu in Lambs. Note: a, b, c letters indicate a significant difference (p < 0.05).
3.8 Effect of RJP-Cu on oxidative serum indexes in lambs
As indicated in Table 8, the T-AOC, CAT, and T-SOD levels in the RJP-Cu-H, M, and L groups were significantly higher compared to those in the control group (p < 0.05). This result suggests that RJP-Cu could effectively eliminate excess free radicals within the organism.
3.9 Effect of RJP-Cu on serum immunoglobulin content in lambs
The serum IgA levels in lambs from the RJP-Cu-H, M, L groups, and the CuSO4 group were significantly higher than those in the control group on both day 14 and day 28 (p < 0.05). Specifically, on day 14, the serum IgA levels in lambs from the RJP-Cu-H group were significantly higher than those in the CuSO4 group (p < 0.05) (Figure 7A). Furthermore, it is evident that the serum IgG levels in lambs from the RJP-Cu-H, M, and CuSO4 groups on day 14 were significantly higher compared to the control group (p < 0.05). On day 28, the serum IgG levels in lambs from the RJP-Cu-H group and the CuSO4 group were significantly higher than those in the control group (p < 0.05). These results indicate that the RJP-Cu-H group effectively stimulates the production of IgA and IgG in lamb serum (Figure 7B).
[image: Figure 7]FIGURE 7 | The Influence of RJP-Cu on Serum Immunoglobulin Content in Lambs. (A) Concentration of IgA. (B) Concentration of IgG.Note: a, b, c, letters indicate a significant difference (p < 0.05).
3.10 Effect of RJP-Cu on serum cytokine content in lambs
The serum interleukin-2 (IL-2) levels in the RJP-Cu-H group and CuSO4 group were significantly higher than those in the RJP-C-L group and control group on day 14(p < 0.05). On day 28, the serum IL-2 levels in the RJP-Cu-H, M, and L groups were significantly higher than those in the control group (p < 0.05) (Figure 8A). Additionally, IL-4 content in the RJP-Cu-H group was significantly higher than that in the RJP-Cu-M, L, CuSO4, and control groups on day 14 (p < 0.05). On day 28, no significant differences were observed in IL-4 content among all groups (p > 0.05) (Figure 8B). TNF-α content in the CuSO4 group was significantly higher than that in the RJP-Cu-M and L, and control groups on day 14 (p < 0.05), with no significant difference observed between the RJP-Cu-H group and the CuSO4 group (p > 0.05). On day 28, the TNF-α content in all experimental groups was significantly higher than that in the control group (p < 0.05) (Figure 8C). These results indicate that the RJP-Cu-H group can enhance the secretion of IL-2, IL-4, and TNF-α in the serum of lambs.
[image: Figure 8]FIGURE 8 | The Impact of RJP-Cu on Serum Cytokine Content in Lambs. (A) Concentration of IL-2. (B) Concentration of IL-4. (C) Concentration of TNF-α.Note: a, b, c, letters indicate a significant difference (p < 0.05).
3.11 Effects of RJP-Cu on intestinal flora diversity and richness in lambs
The number of unique Operational Taxonomic Units (OTUs) for the control, RJP-Cu, and CuSO4 groups were 1793, 2349, and 1845, respectively. There were 754 common intestinal flora species shared among the three groups, and 259 OTUs were common between the control and RJP-Cu groups, and 637 OTUs were common between the RJP-Cu and CuSO4 groups. In summary, the RJP-Cu-H group exhibited an increased diversity of intestinal microflora species in lambs (Figure 9A). As shown in Figure 9B, the coverage for each group is greater than 0.995 and there is no significant difference among each groups (p > 0.05), Chao1, Pielou_e, Observed_species, Faith_pd, Simpson index and Shannon index in RJP-Cu group are significantly higher than those in the control group (p < 0.05). Both Principal Coordinate Analysis (PCoA) and Non-Metric Multidimensional Scaling (NMDS) maps revealed differences in the composition of flora among the control, RJP-Cu, and CuSO4 groups (Figure 9C). The UPGMA cluster analysis diagram further illustrated that the control group exhibited distinct clustering, and there were noticeable differences in the composition of flora among the control, RJP-Cu, and CuSO4 groups (Figure 9D).
[image: Figure 9]FIGURE 9 | α-diversity and β-diversity analysis of intestinal flora in lambs. (A) Venn diagram based on OTU level. (B) β-Diversity analysis of the intestinal flora. (C) Principal Coordinate Analysis (PCoA) of bacterial communities using Jaccard distance. (D) UPGMA clustering tree based on sample distance matrix.
3.12 Effect of RJP-Cu on intestinal flora composition and structure in lambs
The RJP-Cu group exhibited an increased abundance of Spirochaetes, Bacteroidetes, and Verrucomicrobia compared to the control group, and the abundance of beneficial bacteria Actinobacteria decreased. These results indicated that at phylum level RJP-Cu effectively enhanced the prevalence and quantity of beneficial bacteria and reducing the presence of harmful bacteria, contributing to a healthier composition of the intestinal flora (Figure 10A). At genus level the RJP-Cu group increased the abundance of beneficial bacteria Prevotella, Oscillospira, Ruminococcus, Coprococcus, and Akkermansia, and decreasing the abundance of the harmful bacteria Clostridium compare to the control and CuSO4 groups (Figure 10B).
[image: Figure 10]FIGURE 10 | Gate and genus level, Marker species and Functional potential prediction of intestinal flora in lambs. (A) Analysis of species composition at the phylum level. (B) Analysis of species composition at the Genus level (C) Difference analysis method LDA Effect Size (LEfSe). (D) Metabolic Pathway Statistics of KEGG.
After confirming the regulatory impact of RJP-Cu on bacterial composition at both the phylum and genus levels, LDA EFfect Size (LEfSe) was used to further discern the specific effects of RJP-Cu on lamb intestinal bacteria. Substantial changes were observed in the predominant intestinal flora of the RJP-Cu, CuSO4, and control group. Most of the beneficial bacteria in the RJP-Cu group have the potential to promote host intestinal health, while the control group retained a certain amounted of pathogenic bacteria. These findings highlight that RJP-Cu can increase the abundance of beneficial bacteria and reducing the prevalence of harmful bacteria, thereby promoting intestinal health (Figure 10C).
According to the log fold change (logFc) analysis result, compared to the control group, the RJP-Cu group demonstrated a significant increase in processes related to flavonoid biosynthesis (p < 0.05), clavulanic acid biosynthesis (p < 0.05), siterpenoid synthesis, and atrazine degradation (p < 0.05). Conversely, it showed a decrease in activities associated with cell apoptosis and lipopolysaccharide biosynthesis (Figure 10D).
3.13 Effect of RJP-Cu on SCFAs in lambs
SCFAs are vital for maintaining intestinal health. The isovaleric acid content in the RJP-Cu group was significantly higher compared to both the CuSO4 and control groups (p < 0.05). Additionally, the levels of valerate, propionic acid, and isobutyric acid in the RJP-Cu-H group and the CuSO4 group were significantly higher than those in the control group (p < 0.05). Moreover, the contents of valerate and isobutyric acid in the RJP-Cu group were higher than those in the CuSO4 group, but not statistically significant (p > 0.05) (Table 9). These findings demonstrate that RJP-Cu can stimulate the synthesis of multiple SCFAs.
4 DISCUSSION
In recent years, increasing numbers of studies have shown that polysaccharide metal complexes display diverse biological activities, such as improving growth, antioxidation, immune regulation, and antibacterial activity. Zhang et al. (Zhang J et al., 2023) reported that the supplementation of dietary Chinese yam polysaccharide-Cu complex could improve the indexes of the growth, carcass, serum biochemistry, immunity and oxidation resistance in broilers, such as average daily gain, the slaughter percentage, breast muscle percentage, leg muscle percentage, growth-related hormones insulin-like growth factor I, triiodothyronine, thyroxine, growth hormone, insulin, antibodies and the cytokines, IgM, IgG, IgA, IL-2, IL-4, IL-6, T-SOD, T-AOC, GSH-Px, and GSH-ST. Research showed that soybean polysaccharide iron complex can promote the growth of the beneficial bacteria Bacillus licheniformisand inhibit the proliferation of the pathogenic bacteria Staphylococcus aureus, thus improving the growth and immunity of the body (Gao W et al., 2020). Due to their safety, growth-promoting effect, and immune-enhancing properties are used as functional feed additives in animal production.
Response surface methodology (RSM) is a powerful statistical technique used to optimize processing parameters, commonly applied in drug extraction, synthesis, and other process variables, as well as the interactions between these variables (Li WF et al., 2021). In this experiment, Design Expert 8.0.6 software was utilized to analyze and optimize the preparation conditions of RJP-Cu. The response surface test for RJP-Cu showed that the influence factors on the Cu2+ concentration could be expressed by the second-order polynomial equation, Y = −2090.54 + 474.07A + 27.79B + 341.65C-0.84AB-8.29AC-0.34BC-302.41A2-0.23B2-19.88C2 (Table 3). The ANOVA study for the regression equation results show that the regression model is highly significant (p < 0.0001), with a correlation coefficient of R2 = 0.9913, AdjR2 = 0.9802, all approaching 1.000, and a coefficient of variation of CV = 4.31%, signifying that the model fits well. Under the optimum preparation conditions, the concentration of Cu2+ in RJP-Cu is 132.423 μmol/L. Scanning electron microscopy (SEM) and infrared spectroscopy (FT-IR) were used to detect the changes of surface morphology and functional groups of polysaccharides after modification (Gritsch L et al., 2018). As shown in Figure 4, the structure of RJP is greatly changed after chelating with and CuSO4. FT-IR detection results showed that RJP-Cu has both characteristic polysaccharide functional groups and Cu2+ groups (Figure 5), indicating that Cu2+ chemically and physically chelates with RJP.
Blood routine analysis is a critical indicator of overall health (Wang J et al., 2022). As shown in Table 5, there were no significant differences in white blood cell count, lymphocytes, red blood cells, hemoglobin, and platelets between the RJP-Cu group and the control group (p > 0.05), indicating that RJP-Cu is safe for consumption. Lamb growth and healthy development can be intuitively reflected in parameters such as weight, organism height, tube circumference, and feed-to-gain ratio (Chen H et al., 2021). Research reported that dietary supplementation of trace metal elements can enhance growth performance and intestinal development (Zhou et al., 2022). As shown in Table 6, and Table 7, dietary addition of RJP-Cu significantly improved growth performance, with the RJP-Cu group exhibiting significantly higher organism weight and tube circumference compared to the control group (p < 0.05), indicating RJP-Cu positive effects on lamb growth, development, and health. Evaluating the organism’s antioxidant capacity involves measuring resistance to oxidative stress and its ability to combat free radical damage. Key indicators for this purpose include T-AOC, CAT, GSH-PX, and T-SOD. These enzymes clear free radicals produced during metabolism, maintain the organism oxidation balance, and enhance its antioxidant capacity (Franco et al., 2020). As indicated in Table 8, the levels of T-SOD, T-AOC, GSH-Px, and CAT in the RJP-Cu group were significantly higher than those in the control group (p < 0.05). These indicates that RJP-Cu can enhance the activity of antioxidant enzymes, effectively clearing metabolically produced free radicals in vivo.
TABLE 5 | Results of routine blood markers in lambs.
[image: Table 5]TABLE 6 | Effects of RJP-Cu on daily weight gain and feed intake in lambs.
[image: Table 6]TABLE 7 | Effect of RJP-Cu on lamb organism size indicators.
[image: Table 7]TABLE 8 | Effect of RJP-Cu on serum oxidative stress markers in lambs.
[image: Table 8]Immunoglobulins are proteins produced by the immune system, playing vital roles in immune functions. IgA serves as a primary defense antibody on the mucosal surface of the intestines, safeguarding the delicate intestinal lining through the neutralization of potential pathogens or harmful bacteria (Bohländer et al., 2021). lgG is the main immunoglobulin in serum and body fluids, which can enhance immune cells to phagocytose pathogenic microorganisms and fight infection (Gkoliou G et al., 2023). As shown in Figure 7, the RJP-Cu-H led to significantly higher IgA and IgG secretion compared to the control group (p < 0.05). These data suggest that RJP-Cu-H could regulate the intestinal immune response by stimulating IgA and IgG secretions. The mucosal cytokine axis strictly governs the intestinal immune system and its defense against invading pathogens (Silva DMD et al., 2021). IL-2 enhances T-lymphocyte activity, improving body immunity (Shapiro MR et al., 2023). IL-4 activate the humoral immune response, induce the expression of immunoglobulin IgG and reduces inflammation (Gärtner et al., 2023). TNF-α promotes the body’s ability to resist infection by pathogenic microorganisms and promoting mucosal immune protection (El-Gindy YM et al., 2023). As shown in Figure 8, RJP-Cu-H group significantly increased the serum secretion of IL-2, IL-4, and TNF-α compared to the control group (p < 0.05). These results demonstrate that RJP-Cu effectively enhancing the intestinal immunity through promotes antibody and cytokines secretion.
The intestinal flora plays a vital role in protecting the physiological and immune functions of the gut, and maintaining gut health, and enhancing the growth performance of lamb (Li D et al., 2023). Studies have shown that lambs were feeding with herbal polysaccharide can increase the abundance of flora, promote intestinal immunity and intestinal barrier function (Chen Q et al., 2021). Mice feeding with polysaccharide-iron chelates can increase the abundance of bacteria, promote intestinal immunity and intestinal barrier function (Yuan S et al., 2022). Thus, we were interested whether RJP-Cu could influence the intestinal micro-biome. Therefore, 16S rRNA sequencing technology was employed to study the effects of RJP-Cu on the intestinal microbiome in lamb. Results showed that the coverage for each group is greater than 0.995 and there is no significant difference among each groups (p > 0.05), indicating that the sequencing results for each group are complete and reliable (Figure 9B). In β-diversity analysis, the Venn diagram was used to calculate the percentage of common and unique microflora different among groups, the PCoA and NMDS can indicate the magnitude of microflora different among groups, and UPGMA cluster analysis can represent the clustering of similar microflora among groups (Andrei et al., 2021). As shown in Figure 9A, the proportion of unique species in RJP-Cu, Control and CuSO4 groups was 2349 species, 1793 species and 1845 species respectively. The difference between RJP-Cu, Control and CuSO4 groups was large, and the clustering difference was obvious (Figures 9C, D). The above results indicate that the RJP-Cu group, Control group and CuSO4 group had differences in intestinal flora diversity, and RJP-Cu could enhance the intestinal microbial community diversity. In Alpha diversity analysis Chao1, Pielou_e, Observed_species, and Faith_pd are used to represent the total number of species in sequencing samples, Shannon and Simpson indices represent the diversity (richness) of species in the sample (Zhang L et al., 2023). As shown in Figure 9B, Chao1, Pielou_e, Observed_species, Faith_pd, Simpson index and Shannon index in RJP-Cu group are significantly higher than those in the control group (p < 0.05). The above results indicate that RJP-Cu significantly increased the diversity and richness of the intestinal flora in lambs. To further investigate the effect of RJP-Cu on the intestinal flora composition of lambs, the intestinal flora composition and relative abundance were analyzed at the phyla and genus levels.
Bacteroidetes and Spirochaetes play an important role in the fermentation of complex polysaccharide substances, contributing to the maintenance of microbial balance in the gut and the production of SCFAs to support the health and function of colon cells (Ye et al., 2022; Pan et al., 2023). As shown in Figure 10A, at the phylum level, the abundances of Bacteroidetes and Spirochaetes in RJP-Cu treatment group were higher than that in CuSO4 and control group, and the abundance of Actinobacteria in RJP-Cu treatment group were remarkably lower than that in control group. These data suggested that RJP-Cu effectively enhances the presence and quantity of beneficial bacteria, reduce the presence and quantity of harmful bacteria Actinobacteria, thus positively influencing intestinal flora health. At the genus level, RJP-Cu treatment group significantly increased the abundance of beneficial bacteria Prevotella, Oscillospira, Ruminococcus, Coprococcus, Akkermansia, and reduced the abundance of Clostridium compared to the control group and the CuSO4 group (Figure 10B). Ruminococcus are known to be responsible for degrading polysaccharides and fibers (Fu X et al. (2018), Prevotella is able to promote intestinal mucosal healing. (Hattori S T, et al., 2020). Oscillospira has been proven to produce SCFAs dominated by butyrate (Yang et al., 2021). Coprococcus is able to modulate the intestinal immunity (Lu H et al., 2022). Akkermansia can inhibit intestinal inflammation and promote intestinal immunity (Liu S et al., 2023). Clostridium comprises a broad genus of Gram-positive anaerobic bacteria, and the increase of Clostridium in the intestinal of animals has a risk of causing severe intestinal infections (Liao X et al., 2023). Therefore, these data supported that the improvement of the intestinal immunity in lamb might be due to the ratio of beneficial bacteria increases and the percentage of intestinal pathogenic bacteria decreases at the same time.
SCFAs were major produced by intestinal microbial fermentation and are essential for maintaining intestinal health and preventing the colonization of some intestinal pathogens. (Cho KM et al., 2021). Valeric acid can improve the morphology of the small intestinal mucosa and reduce intestinal inflammation, the isovaleric acid and isobutyric acid regulate the production of immunoglobulin IgA and a variety of cytokines, and regulate the intestinal immune function (Zhang D et al., 2023). Propionic acid helps maintain the health of the intestinal mucosa and has a active impact on the immune system (Schulthess J et al., 2019). As shown in Table 9 the levels of isovaleric acid, valeric acid, propionic acid, and isobutyric acid in the RJP-Cu group were significantly higher than those in the control group (p < 0.05), indicating that RJP-Cu enhances intestinal immune function and intestinal barrier protective function by increasing the concentration of SCFAs in the intestine.
TABLE 9 | Results of different SCFAs content in each group.
[image: Table 9]5 CONCLUSION
In conclusion, RJP-Cu with the highest Cu2+ content can be prepared under the conditions of 0.5 g of sodium citrate, a reaction temperature of 50°C, and a pH value of 8. Dietary RJP-Cu can improve growth performance, antioxidant capacity, serum immune function, intestinal flora diversity, intestinal beneficial bacteria quantity and SCFAs secretion of lambs. The above results indicate that RJP-Cu can be used as an effective copper supplement feed additive to promote growth performance and enhance intestinal immunity in lambs.
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Introduction: Hepatic steatosis is a hepatic pathological change closely associated with metabolic disorders, commonly observed in various metabolic diseases such as metabolic syndrome (MetS), with a high global prevalence. Dai-Zong-Fang (DZF), a traditional Chinese herbal formula, is widely used in clinical treatment for MetS, exhibiting multifaceted effects in reducing obesity and regulating blood glucose and lipids. This study aims to explore the mechanism by which DZF modulates the gut microbiota and reduces hepatic steatosis based on the gut-liver axis.
Methods: This study utilized db/db mice as a disease model for drug intervention. Body weight and fasting blood glucose were monitored. Serum lipid and transaminase levels were measured. Insulin tolerance test was conducted to assess insulin sensitivity. Hematoxylin and eosin (HE) staining was employed to observe morphological changes in the liver and intestine. The degree of hepatic steatosis was evaluated through Oil Red O staining and hepatic lipid determination. Changes in gut microbiota were assessed using 16S rRNA gene sequencing. Serum lipopolysaccharide (LPS) levels were measured by ELISA. The expression levels of intestinal tight junction proteins, intestinal lipid absorption-related proteins, and key proteins in hepatic lipid metabolism were examined through Western blot and RT-qPCR.
Results: After DZF intervention, there was a decrease in body weight, alleviation of glucose and lipid metabolism disorders, reduction in serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels, and mitigation of insulin resistance in mice. DZF significantly modulated the diversity of the gut microbiota, with a notable increase in the abundance of the Bacteroidetes phylum. PICRUSt indicated that DZF influenced various functions in gut microbiota, including carbohydrate and amino acid metabolism. Following DZF intervention, serum LPS levels decreased, intestinal pathological damage was reduced, and the expression of intestinal tight junction protein occludin was increased, while the expression of intestinal lipid absorption-related proteins cluster of differentiation 36 (CD36) and apolipoprotein B48 (ApoB48) were decreased. In the liver, DZF intervention resulted in a reduction in hepatic steatosis and lipid droplets, accompanied by a decrease fatty acid synthase (FASN) and stearoyl-CoA desaturase 1 (SCD1) and fatty acid transport protein 2 (FATP2). Conversely, there was an increase in the expression of the fatty acid oxidation-related enzyme carnitine palmitoyltransferase-1𝛂 (CPT-1𝛂).
Conclusion: DZF can regulate the structure and function of the intestinal microbiota in db/db mice. This ameliorates intestinal barrier damage and the detrimental effects of endotoxemia on hepatic metabolism. DZF not only inhibits intestinal lipid absorption but also improves hepatic lipid metabolism from various aspects, including de novo lipogenesis, fatty acid uptake, and fatty acid oxidation. This suggests that DZF may act on the liver and intestine as target organs, exerting its effects by improving the intestinal microbiota and related barrier and lipid absorption functions, ultimately ameliorating hepatic steatosis and enhancing overall glucose and lipid metabolism.
Keywords: Dai-Zong-Fang, Traditional Chinese Medicine, gut microbiota, gut-liver axis, lipid absorption, intestinal barrier, hepatic lipid metabolism
1 INTRODUCTION
Influenced by unhealthy lifestyle habits such as a high-calorie diet and sedentary behavior, the global prevalence of obesity and metabolic syndrome (MetS) is rapidly increasing. MetS is characterized primarily by central obesity and abnormalities in lipid and glucose metabolism. If metabolic abnormalities continue to worsen, it will increase the risk of diseases such as type 2 diabetes, coronary heart disease, and malignant tumors (Hudish et al., 2019; Bishehsari et al., 2020; Stefan and Schulze, 2023). The liver plays a central and crucial role in whole-body glucose and lipid metabolism (Priest and Tontonoz, 2019). Pathological changes in the liver caused by metabolic abnormalities most commonly manifest as hepatic steatosis. Hepatic steatosis is considered a liver alteration in the context of MetS (Lim et al., 2021). It is characterized by an increased deposition of liver fat, which can aggregate into lipid droplets. Microscopically, large vacuolar fat changes can be observed (Powell et al., 2021). Hepatic steatosis exacerbates overall abnormalities in glucose and lipid metabolism and insulin resistance, creating a vicious cycle (Watt et al., 2019).
Hepatic steatosis is the collective result of multiple dysregulated lipid metabolic pathways, essentially characterized by an imbalance in the inflow and outflow of fatty acids within the liver. The liver has the capacity to both synthesize fatty acids de novo from scratch and uptake free fatty acids from the circulatory system (Nagarajan et al., 2022). From an initial external etiological perspective, unhealthy dietary habits and excessive energy intake lead to systemic energy overaccumulation, affecting the liver, and triggering obesity and hepatic steatosis. The intestine serves as the primary site for nutrient absorption and harbors a substantial microbial community that influences both intestinal and overall health (Wit et al., 2022). The intestine and the liver are directly anatomically connected through the portal vein, forming a complex network of interactions between the two in terms of nutrient absorption, metabolite generation, and microbial composition (Tilg et al., 2022). Imbalances in the ecology of the intestinal microbiota can lead to intestinal barrier disruption and pathogen translocation. Combined with alterations in intestinal lipid absorption function, these factors directly or indirectly influence liver metabolism. Investigating targets through the gut-liver axis for the treatment of metabolic diseases such as hepatic steatosis is a current hot topic in research (Martín-Mateos and Albillos, 2021).
Traditional Chinese Medicine (TCM) therapies have demonstrated certain advantages in improving metabolic diseases. TCM has shown certain advantages in the treatment of metabolic diseases. Dai-Zong-Fang (DZF) originates from Xiaoxianxiong Decoction, a renowned herbal formula documented in the classic Chinese medical text Treatise on Cold Damage Diseases (Zhang, 2005). It has long been used to treat conditions defined in TCM as “syndrome of combined phlegm and heat” or “thoracic accumulation” (Li et al., 2020), primarily encompassing modern medical conditions such as coronary heart disease and MetS (Han et al., 2018; Shen et al., 2022). Its herbal composition includes Coptis chinensis Franch. (Huanglian), Citrus×aurantium L. (Zhishi), Pinellia ternata (Thunb.) Makino (Banxia), Trichosanthes kirilowii Maxim (Gualou), Neolitsea cassia (L.) Kosterm. (Rougui) and red yeast rice (Hongqu). Studies have shown that the use of DZF in treating patients with MetS significantly reduces waist and hip circumferences and alleviates blood glucose and lipid abnormalities (Zhu et al., 2017). Furthermore, more in-depth research indicates that after intervention with DZF in mice subjected to diet-induced obesity C57BL/6J mice and db/db mice, it mitigates insulin resistance and disturbances in glucose and lipid metabolism (Zhu et al., 2018; Huang et al., 2022a). Additionally, DZF promotes browning of white adipocytes both in vitro and in vivo (Xu et al., 2023).
The gut is responsible for food digestion, absorption, and fecal elimination, and it harbors a diverse microbial community, serving as a critical barrier between the internal body environment and the external world. TCM, with a history spanning thousands of years, has long recognized the vital functions of the intestines and emphasized that the regulation of the intestines is predominantly governed by middle energizer, specifically the spleen and stomach. From the perspective of TCM theory, the core site of action for DZF is situated within middle energizer. Based on historical herbal texts, all six medicinal herbs in DZF are associated with the spleen or stomach meridians. Notably, Huanglian, Zhishi, Gualou, and Rougui all impact the large intestine meridian. These herbs are commonly employed in traditional herbal medicine for the treatment of gastrointestinal disorders such as abdominal pain, diarrhea, or constipation (Yang et al., 2021; Park et al., 2023). Berberine, extracted from Huanglian, is a natural compound extensively used in the management of intestinal diseases, primarily exerting anti-inflammatory and antioxidant effects (Zhu et al., 2022; Cao et al., 2023). The remaining five herbal ingredients have also demonstrated in various studies their capabilities in modulating gut microbiota, alleviating intestinal inflammation, and reducing intestinal permeability (Kim and Kim, 2019; Li et al., 2021b; Huang et al., 2022b; Bi et al., 2022; Su et al., 2022).
In our team’s previous research, it was observed that after DZF intervention, the serum non-esterified fatty acid levels decreased in db/db mice. Additionally, histological staining with HE and Oil Red O revealed a reduction in liver fat deposition. What specific upstream mechanisms does DZF employ to regulate liver lipid metabolism? Can the pharmacological mechanisms of DZF reflect the TCM explanations for DZF? Therefore, this study aims to delve deeper into the effects of DZF on hepatic steatosis from the perspective of the gut-liver axis.
2 METHODS AND MATERIALS
2.1 Chemicals and reagents
DZF is composed of six Chinese herbal medicines: Coptis chinensis Franch. (Huanglian), Citrus×aurantium L. (Zhishi), Pinellia ternata (Thunb.) Makino (Banxia), Trichosanthes kirilowii Maxim (Gualou), Cinnamomum cassia (L.) J. Presl (Rougui), and red yeast rice (Hongqu). DZF extract (freeze-dried powder) was produced and supplied by Zhejiang Jiu Xu Pharmaceutical Co., LTD. (Batch Number: YC20200501). The extraction method and quality control are detailed in the Chinese patent document titled “A Traditional Chinese Medicine Composition and Its Preparation for Treating Metabolic Syndrome” (Chinese Patent No: ZL201811080557.5) (Xu et al., 2023). High-performance liquid chromatography (HPLC) was used to determine the major active chemical components in DZF, including berberine, naringin, hesperidin, and lovastatin (Zhu et al., 2018). DZF freeze-dried powder was dissolved in ultrapure water with the assistance of ultrasonication to prepare the corresponding concentrations of DZF solution. Metformin hydrochloride tablets (Sino-American Shanghai Squibb Pharmaceuticals Ltd.) were crushed and dissolved in ultrapure water to prepare the corresponding concentrations of metformin solution. Both solutions were freshly prepared and used for animal experiments.
The primary antibodies used included: ZO-1 Antibody (#DF2250, Affinity, United States, 1:500), Occludin Antibody (#DF7540, Affinity, United States, 1:1000), APOB Polyclonal Antibody (20578-1-AP, Proteintech, United States, 1:1000), CD36 Polyclonal Antibody (18836-1-AP, Proteintech, United States, 1:500), FASN Polyclonal Antibody (10624-2-AP, Proteintech, United States, 1:5000), SCD Polyclonal Antibody (28678-1-AP, Proteintech, United States, 1:2000), CPT-1𝛂 Polyclonal Antibody (15184-1-AP, Proteintech, United States, 1:5000), FATP2 Polyclonal Antibody (14048-1-AP, Proteintech, United States, 1:2000), and β-Actin (13E5) (4970S, Cell Signaling, United States, 1:1000). Total cholesterol (TCH/T-CHO) measurement reagent kit (A11-1-1), triglyceride (TG) measurement reagent kit (A110-1-1), and total protein quantification measurement reagent kit (A045-4) were purchased from the Nanjing Jiancheng Bioengineering Research Institute (China). The Mouse Lipopolysaccharides ELISA Kit (CSB-E13066m) was obtained from CUSABIO. Glucose Oxidase Method Kit (E1010) was obtained from Applygen (China).
2.2 Animal experiments
Experimental mice used in this study included C57BL/Ksj-Lepr db/db mice with leptin receptor deficiency as the test subjects and their littermates, heterozygous db/m mice, as the normal controls. A total of 36 db/db mice and 12 db/m mice, all males and 6 weeks old, were obtained from Changzhou Cavens Laboratory Animal Co., Ltd. (Animal license number: SCXKSu20160010). The mice were housed throughout the experiment in the specific pathogen-free (SPF) animal facility of Guang’anmen Hospital, maintained at a temperature of 25°C ± 1°C, a relative humidity of 55%–65%, and a 12-h light/12-h dark cycle. All mice had free access to standard rodent chow and water. Every effort was made to minimize any potential suffering of the mice. All experiments were approved by the Ethics Committee of IMPLAD (Institute of Medicinal Plant Development), CAMS & PUMC (Beijing, China, Approval NO. SLXD-20170323019), and performed under the guidance of the National Act on use of Experimental Animals (China). After a 2-week acclimation period, the db/db mice were randomly divided into four groups, each consisting of 12 mice. The normal control group (db/m mice) and the model control group mice (db/db + Veh) received ultrapure water (5 mL/kg). The remaining db/db mice were divided into two groups: one received metformin (Met) solution (0.25 g/kg, db/db + Met), and the other received DZF solution (0.40 g/kg, db/db + DZF). All drugs were administered in the form of a solution using ultrapure water as the vehicle. Mouse body weight was measured weekly, and the treatment continued for 12 weeks. At the end of the treatment period, the mice were fasted for 12 h but had access to water. Blood samples were collected under anesthesia, and liver and ileum tissues were isolated. Blood samples were left to stand at room temperature for 30 min, centrifuged at 3,000 rpm for 15 min, and the upper serum was collected and stored at −80°C. Liver and ileum tissues were either stored at −80°C or fixed in 4% paraformaldehyde.
2.3 Glucose oxidase method for fasting blood glucose (FBG) measurement
FBG levels were measured at weeks 0, 4, 8, and 12 after drug administration. Each measurement was initiated at the same time, with the mice subjected to a 6-h fasting period without water deprivation. The procedure involved securing the mice, disinfecting the tail tip with 75% alcohol, trimming approximately 1 mm from the tail using ophthalmic scissors, and collecting about 20 μL of blood. A cotton ball was gently applied to the tail tip to stop bleeding. After allowing the blood to stand for 30 min, it was centrifuged at 3,500 rpm for 10 min. Subsequently, 3 μL of the upper serum layer was mixed with 9 μL of ultrapure water to obtain a serum sample diluted fourfold.
A gradient dilution of a 10 mM glucose standard solution was prepared to the following concentrations: 1000, 500, 250, 125, 62.5, 31.25, and 15.625 μM. The working solution was prepared by mixing reagents R1 and R2 in a 4:1 ratio and used immediately. In a 96-well plate, 5 μL of either the serum sample or standard solution was added sequentially, and ultrapure water was used as a blank control well. Each well received 195 μL of the working solution, and the plate was shaken and incubated at room temperature for 30 min. Glucose concentrations were determined by measuring the absorbance at 550 nm using a microplate reader, and a standard curve was generated for glucose concentration calculations.
2.4 Insulin tolerance test (ITT)
In the 11th week of drug administration, after a 6-h fasting period, blood glucose measurements were conducted following the same method as described in Section 2.3. After the baseline blood glucose measurement at 0 min, all db/db mice received intraperitoneal insulin injections at a dose of 0.75 U/kg. Blood glucose levels were subsequently measured at 30-, 60-, 90-, and 120-min post-insulin injection. The area under the curve (AUC) was evaluated and calculated using GraphPad Prism Version 9.
2.5 Serum lipid and serum transaminase measurements
Serum samples stored at −80°C were thawed at room temperature. Subsequently, 100 μL of serum was collected and analyzed for triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) levels using a fully automated clinical chemistry analyzer.
2.6 Measurement of liver TG and TC
Liver tissue TG were quantified using the Glycerol-3-Phosphate Oxidase-Peroxidase (GPO-PAP) enzymatic assay kit. Liver tissue samples were retrieved from −80°C storage and 100 mg of tissue was taken. These tissue samples were then added to 900 µL of pre-chilled physiological saline. A handheld electric homogenizer was used to thoroughly homogenize the tissue, followed by centrifugation at 2,500 rpm for 10 min. After centrifugation, three distinct layers were visible: cell debris at the bottom, clear liquid in the middle, and a white lipid layer on top. The clear liquid from the middle layer was collected and used for analysis. In a 96-well plate, 2.5 µL of ultrapure water (blank well), standard solution (standard well), or tissue clear liquid (sample well) were added to separate wells. Each well was then supplemented with 250 µL of working solution, and the plate was incubated at room temperature with agitation for 25 min. Absorbance was measured at a wavelength of 500 nm to determine TG concentrations. TC in the liver was determined using the Cholesterol Oxidase-Peroxidase Method (COD-PAP) reagent kit. The procedure was similar to the one described above, with absorbance measured at a wavelength of 510 nm. The protein concentration corresponding to the liver tissue clear liquid was determined using the Bicinchoninic Acid (BCA) method.
2.7 Histological analysis
Taking the fixed liver and ileum tissues, paraffin embedding and sectioning were performed. The sections were subjected to Hematoxylin and Eosin (H&E) staining. Optical microscopy analysis revealed cytoplasm in red and nuclei in blue. Frozen sections of liver tissue stored at −80°C were prepared and subsequently stained with Oil Red O after fixation. Optical microscopy analysis showed lipid droplets in shades of orange-red or bright red, with blue-colored nuclei.
2.8 16S rRNA gene sequencing
On the 12thweek, stool samples were collected and immediately stored at −80°C preparing for DNA extraction. Total microbial genomic DNA from samples of all groups was extracted with CTAB/SDS method, with the purity determined on agarose gels. The V4 region of the 16S rRNA gene was amplified with 515F-806R primers. The PCR products were purified by Agarose gel electrophoresis with GeneJET gel recovery kit (Thermo Fisher, United States). For Library preparation, Ion Plus Fragment Library Kit 48 rxns (Thermo Fisher, United States) was used. For sequencing, Life Ion S5TM or Ion S5TMXL (Thermo Fisher, United States) were used.
2.9 Analysis of sequencing data
The sequencing data were processed to obtain Clean Reads, and sequences with 97% identity were clustered into Operational Taxonomic Units (OTUs) by Uparse software. For species annotation analysis, Mothur method and SSUrRNA database of SILVA were used to obtain different taxonomic classifications. For alpha and beta diversity, Chao1, Shannon, UniFrac distance, UPGMA sample cluster tree was calculated or constructed using Qiime software (1.9.1). R software (2.15.3) was applied to draw the dilution, species accumulation curves, and the PCoA diagrams. The Adonis analysis was performed by R. For Linear Discriminant Analysis (LDA) Effect Size (LEfSe) analysis, LEfse software (1.0) was used with 4 as the filtering value of LDA score by default. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was adopted to predict metagenome functions of intestinal flora responded to different interventions. PICRUSt is a form of phylogenetic investigation under 16S Bioinformatics software package for metagenomic function prediction by rRNA. Detailed forecasting process to view (http://picrust.github.io/picrust/tutorials/algorithm_description.html). Comparison of PICRUST results between the two groups was performed by the t-test of R.
2.10 Measurement of serum lipopolysaccharide (LPS) levels
Frozen serum samples were thawed at room temperature. ELISA kit reagents were equilibrated to room temperature, and a gradient of standard solutions was prepared according to the manufacturer’s instructions to create the necessary working solution. Samples and standard solutions were sequentially added to a 96-well plate for the ELISA reaction. The absorbance was measured at 450 nm using a microplate reader within 5 min after adding the stop solution.
2.11 Western blot
Mouse liver and ileum tissues were lysed in high-efficiency RIPA lysis buffer (Beyotime, China) on ice. The tissue lysates were centrifuged at 12,000 rpm at 4°C for 15 min to obtain the protein-containing supernatant. Protein concentration was determined using the BCA protein quantification assay kit (Applygen, China), and 50 µg of protein was loaded per well for SDS-PAGE gel electrophoresis. SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) gel electrophoresis was performed, and the proteins were then transferred to an activated polyvinylidene difluoride (PVDF) membrane using transfer buffer containing distilled water and methanol. The PVDF membrane was subsequently blocked with 5% skim milk and incubated with the respective primary antibodies overnight at 4°C, with β-actin serving as the internal reference protein. The membrane was then incubated with a secondary antibody conjugated with horseradish peroxidase (HRP) (Goat anti-Rabbit IgG, HRP Conjugated, Cwbio, 1:5000) at room temperature for 1 h. Enhanced chemiluminescence (ECL) plus (Beyotime, China) was applied to the membrane surface, and the membrane was placed in the Molecular Imager Gel Doc XR + System (Bio-Rad, United States) for image acquisition. Image Lab software was used to acquire images, and subsequently, ImageJ was employed for image analysis.
2.12 Reverse transcription-quantitative PCR (RT-qPCR)
Total RNA from mouse liver and ileum tissues was extracted using the RNAsimple Total RNA Extraction Kit (Tiangen, China). The RNA concentration was determined using a spectrophotometer (Nanodrop 2000c; Thermo Fisher, United States). cDNA synthesis was performed using the FastKing gDNA Dispelling RT SuperMix (Tiangen, China). The qPCR reaction system was prepared using SuperReal PreMix Plus (SYBR Green) (Tiangen, China), and qPCR was conducted in the qTOWER3 Real-time PCR thermal cycler (Analytik Jena, Germany). β-Actin was used as an internal control, and the relative expression of the target genes was calculated using the comparative 2−ΔΔCT method. The primers corresponding to the target genes are listed in Table 1.
TABLE 1 | Sequence of primers used for RT-qPCR
[image: Table 1]2.13 Statistical analysis
Data were expressed as mean ± standard deviation (SD). Statistical analyses were performed using GraphPad Prism Version 9. Unpaired t-test and One-way ANOVA were used for continuous variables. Differences were considered statistically significant at p < 0.05.
3 RESULT
3.1 DZF alleviates body weight and glucose-lipid metabolic abnormalities in db/db mice
At the initiation of treatment, in the 8th week of age, the body weight of db/db mice was significantly higher than that of db/m group (p < 0.01). Although db/db + Veh group showed a slight decrease in body weight after the 7th week of treatment, there was no statistically significant difference in body weight at the 12th week compared to the peak body weight observed at the 6th week. Following Met intervention, a decrease in body weight in mice was observed from the 7th week onwards. While there was no statistical difference in body weight between Met and Veh groups until the end of the treatment, at the 12th week, the body weight of the Met group was significantly lower than the peak body weight observed at the 6th week (p < 0.05). DZF intervention led to a decrease in body weight in db/db mice from the 5th week of treatment. At the 12th week, the body weight in the DZF group was significantly lower than that at the peak of the 4th week (p < 0.01) and also significantly lower than that of the Veh group at the 12th week (p < 0.01) (Figure 1A).
[image: Figure 1]FIGURE 1 | DZF alleviates body weight and glucose-lipid metabolic abnormalities in db/db mice. (A) Changes in body weight from week 0–12 of treatment. (B) Fasting blood glucose (FBG) levels at weeks 0, 4, 8, and 12 of treatment. (C) Blood glucose levels during the insulin tolerance test (ITT). (D) Area under the curve (AUC) during the ITT. (E) Serum total cholesterol (TC) levels at week 12 of treatment. (F) Serum triglyceride (TG) levels at week 12 of treatment. (G) Serum low-density lipoprotein cholesterol (LDL-C) levels at week 12 of treatment. (H) Serum high-density lipoprotein cholesterol (HDL-C) levels at week 12 of treatment. Data are presented as mean ± SD (A&B: n = 12, (C) n = 6, (E–H): n = 10). #p < 0.05, ##p < 0.01 vs. db/m group; *p < 0.05, **p < 0.01 vs. db/db + Veh group.
FBG levels in db/db mice were significantly higher than in db/m mice at the start of the intervention (p < 0.01). Over the 12-week observation period, FBG levels in db/m mice remained stable, while in all three db/db groups, FBG levels showed a continuous upward trend. At each FBG measurement time point during the 12-week treatment, FBG in db/db + Veh group was significantly higher than in db/m group (p < 0.01). At weeks 4, 8, and 12, FBG in db/db + Met group was significantly lower than in db/db + Veh group, with statistical differences (p < 0.05 or p < 0.01). DZF intervention suppressed the rise in FBG levels, with a significant reduction compared to the Veh group at the 12th week (p < 0.05) (Figure 1B).
After 11 weeks of treatment, db/db mice, excluding db/m mice, underwent an ITT test. Met and DZF significantly reduced blood glucose levels at 30, 60, 90, and 120 min after insulin injection (p < 0.05 or p < 0.01) and significantly reduced the area under the curve (p < 0.05 or p < 0.01) (Figures 1C, D).
At 12 weeks of treatment, compared to db/m group, db/db + Veh group showed a significant increase in serum TG, TC, and LDL-C (p < 0.05 or p < 0.01), and a significant decrease in HDL-C (p < 0.05). Compared to db/db + Veh group, the Met group exhibited a significant reduction in TG and LDL-C (p < 0.05 or p < 0.01). The DZF group showed a significant reduction in TG and LDL-C (p < 0.05 or p < 0.01) and a significant increase in HDL-C (p < 0.01) (Figures 1E–H).
3.2 DZF modulates gut microbiota abundance, diversity, and metabolic function in db/db mice
As described in the methods, fecal samples were collected from all four groups of mice at week 12, and their microbiota composition was determined. A rarefaction curve and species accumulation model (Specaccum) analysis were employed. The observed species richness and diversity plateaued as sequencing sample size and depth increased, indicating that the current sample size and sequencing depth were sufficient to analyze community structure (Figures 2A, B). At the level of α diversity, db/db + Veh mice exhibited significantly increased richness and diversity compared to db/m mice (p < 0.05 or p < 0.01), and Met-treated db/db mice also displayed higher richness (p < 0.01) (Figures 2C, D). DZF reduced microbial diversity compared to the Met group (p < 0.05) (Figure 2D) but showed no significant difference compared to db/m mice and other db/db mice.
[image: Figure 2]FIGURE 2 | DZF modulates gut microbiota abundance, diversity, and metabolic function in db/db mice. (A) Dilution curve. (B) Species accumulation model. (C) Alpha diversity: Chao1. (D) Alpha diversity: Shannon. (E) β diversity: UniFrac distance-based unweighted principal coordinate analysis. (F) UPGMA clustering based on unweighted UniFrac distance. (G) Comparison of gut microbiota function predicted using PICRUSt between db/m and db/db + Veh groups. (H) Comparison of gut microbiota function predicted using PICRUSt between db/db + Veh and db/db + DZF groups. Data were presented as mean ± SD [(A–H): n = 7]. #p < 0.05, ##p < 0.01 vs. db/m group; *p < 0.05, **p < 0.01 vs. db/db + Veh group; &p < 0.05 vs. db/db + Met group.
To investigate the overall differences in microbiota structure among groups, principal coordinate analysis (PCoA) based on UniFrac distances was used for β diversity analysis. The differences in PCoA were assessed using Anosim. The unweighted PCoA (Figure 2E) clearly showed a larger difference between gut microbiota of db/m mice and db/db + Veh mice (Anosim, r = 0.9026, p = 0.001). DZF intervention resulted in a significant shift compared to db/db + Veh mice (r = 0.4937, p = 0.001). Relative abundance at the phylum level among groups was compared using unweighted UniFrac distances (Figure 2F), suggesting that the gut microbiota of DZF-treated db/db mice was more similar to that of db/m mice. These results reflect that DZF can alter the gut microbiota composition of db/db mice to make it more similar to that of db/m mice.
Using PICRUSt based on 16S rRNA gene sequencing data and the KEGG database, the impact of DZF on gut microbiota metabolic function in db/db mice was predicted. Figures 2G, H mainly demonstrate differences between groups at KEGG level 2 and level 3 within the KEGG level 1 metabolism category. Differences in gut microbiota metabolic function between db/m and db/db mice primarily involved carbohydrate metabolism, amino acid metabolism, cofactors and vitamins, and lipid metabolism (p < 0.05 or p < 0.01, Figure 2G). DZF intervention could modulate carbohydrate metabolism, amino acid metabolism, lipid metabolism, and energy metabolism in db/db mice (p < 0.05 or p < 0.01, Figure 2H). Specifically, DZF intervention brought the predicted functional capabilities of db/db mouse gut microbiota in closer alignment with those of db/m mouse gut microbiota, including functions related to pyruvate metabolism, C5-Branched dibasic acid metabolism, tryptophan metabolism, and fatty acid biosynthesis (Figures 2G, H).
3.3 DZF modulates the gut microbiota composition at different taxonomic levels in db/db mice
To gain a deeper understanding of the characteristics of the gut microbiota, LEfSe analysis was employed to identify statistically significant biomarkers differentiating between groups. The LDA bar chart (Figure 3A) presented the key biomarkers for each group with LDA scores exceeding 4, while the accompanying cladogram (Figure 3B) illustrated the taxonomic hierarchy of these biomarkers. These biomarkers were primarily summarized from the phylum down to the family level. In the gut microbiota of db/m mice, biomarkers identified were Firmicutes phylum–clostridia class–clostridiales order–Lachnospiraceae family, and Epsilonproteobacteria class - Campylobacterales order–Helicobacteraceae family. For the gut microbiota of db/db + Veh group, the biomarkers identified were Gammaproteobacteria class–enterobacteriales order–enterobacteriaceae family, and Bacteroidales_S24_7_group family. In db/db + Met group, the identified biomarkers were Rikenellaceae family - Alistipes genus, as well as Ruminococcaceae family. In db/db + DZF group, the biomarkers included Bacteroidetes phylum–Bacteroidia class–Bacteroidales order-Bacteroidaceae family–Bacteroides genus, and at the same taxonomic level, Prevotellaceae family–Alloprevotella genus.
[image: Figure 3]FIGURE 3 | DZF modulates the gut microbiota composition at different taxonomic levels in db/db mice. (A) Distribution bar chart of LEfSe-LDA (Linear Discriminant Analysis) values: displaying species with LDA scores greater than 4, indicating significantly different biomarkers between groups. The length of the bars represents the magnitude of their influence (i.e., LDA score). (B). LEfSe cladogram: a radiating circle chart representing the taxonomic hierarchy from phylum to family. Each smaller circle corresponds to a specific taxonomic level, with the size of the circles positively correlated with their relative abundance. Yellow circles represent species with no significant differences, while colored circles indicate species with differences, serving as biomarkers. (C) Abundance of the top 10 gut microbiota species at the phylum level. (D–G) Abundance of Bacteroidetes, Firmicutes, Proteobacteria, and the Bacteroidetes/Firmicutes ratio in db/m and db/db mice treated with vehicle, Met, and DZF. (H) Abundance of the top 10 gut microbiota species at the family level. (I–Q) Abundance of Bacteroidaceae, Bacteroidales_S24-7_group, Prevotellaceae, Rikenellaceae, Lachnospiraceae, Ruminococcaceae, Lactobacillaceae, Helicobacteraceae, and Enterobacteriaceae in db/m and db/db mice treated with vehicle, Met, and DZF. (R) Abundance of the top 10 gut microbiota species at the genus level. (S–X) Abundance of Bacteroides, Alistipes, Alloprevotella, Lachnospiraceae_NK4A136_group, Lactobacillus, and Helicobacter in db/m and db/db mice treated with vehicle, Met, and DZF. Data were presented as mean ± SD [(A–X): n = 7]. #p < 0.05, ##p < 0.01 vs. db/m group; *p < 0.05, **p < 0.01 vs. db/db + Veh group; &p < 0.05 vs. db/db + Met group.
Based on the species annotation results, a bar chart was generated by selecting the top 10 species at the chosen phylum level in each group using a maximum value sorting method (Figure 3C). Bacteroidetes was the most abundant phylum. At the phylum level, the primary comparison focused on Bacteroidetes, Firmicutes, and Proteobacteria. There was no significant difference at the phylum level between db/db + Veh mice and db/m mice (Figures 3D–G). However, interestingly, DZF significantly increased the abundance of Bacteroidetes (p < 0.05, Figure 3D) and decreased Firmicutes (p < 0.05, Figure 3E) in db/db mice, resulting in a significant reduction in the Bacteroidetes/Firmicutes ratio (p < 0.01 vs. db/m, p < 0.05 vs. db/db + Met, Figure 3G). No significant changes were observed in the Met group compared to other groups.
At the family level, among the top 10 high-abundance taxa, Bacteroidaceae had the highest abundance (Figure 3H). Compared to db/m, both db/db + Veh and db/db + Met groups had a significant decrease in Bacteroidaceae (p < 0.01), while DZF intervention increased the abundance of Bacteroidaceae in db/db mice, significantly (p < 0.01) (Figure 3I). Relative to db/m, db/db + Veh group showed a significant increase in Bacteroidales_S24-7_group (p < 0.01), which slightly decreased after DZF and Met interventions but without statistical significance (Figure 3J). Interestingly, Met and DZF treatments resulted in a significant increase in Prevotellaceae compared to db/m (p < 0.01), while no significant difference was observed between db/db + Veh mice and db/m mice (Figure 3K). Rikenellaceae, along with the aforementioned three family-level groups, belongs to the Bacteroidetes phylum and significantly increased in db/db + Veh and db/db + Met groups (p < 0.01 vs. db/m, Figure 3L). Lachnospiraceae, Lactobacillaceae, and Ruminococcaceae belong to the Firmicutes phylum. Following DZF intervention, there was a significant reduction in the abundance of Lachnospiraceae compared to db/m + Veh group (p < 0.05, Figure 3M). In db/db + Met group, there was a tendency to increase the abundance of Ruminococcaceae compared to db/db + DZF (p < 0.01, Figure 3N). No significant intergroup differences were observed in the other microbial families (Figure 3O). Proteobacteria at the family level had Helicobacteraceae and Enterobacteriaceae as higher abundance groups. Compared to db/m, Helicobacteraceae significantly decreased in db/db + Veh (p < 0.01), while Met treatment resulted in a significant increase in Helicobacteraceae (p < 0.05, Figure 3P). Regarding Enterobacteriaceae, a significant increase was observed in db/db mice compared to db/m (p < 0.01), and DZF intervention led to a reduction in Enterobacteriaceae (p < 0.01, Figure 3Q).
At the genus level, Bacteroides was the most abundant genus (Figure 3R). Compared to db/m, both db/db + Veh and db/db + Met groups had a significant reduction in Bacteroides (p < 0.01), while DZF significantly increased its abundance relative to the Veh and Met groups (p < 0.01) (Figure 3S). The abundance of Alistipes was significantly increased in all three db/db mouse groups compared to db/m (p < 0.05 or p < 0.01, Figure 3T). Additionally, DZF treatment significantly increased the abundance of Alloprevotella (p < 0.05), while other group abundances also increased but without statistical significance (Figure 3U). Lachnospiraceae_NK4A136_group, Lactobacillus, and Ruminococcaceae at the genus level showed no significant intergroup differences (Figures 3V, W). The abundance of Helicobacter was significantly decreased in db/db mice compared to db/m (p < 0.01), but increased after Met treatment (p < 0.01) (Figure 3X).
3.4 DZF protects intestinal barrier and reduces intestinal lipid absorption in db/db mice
LPS, a unique component of the outer membrane of Gram-negative bacteria, also known as endotoxin, can be absorbed from the intestine into the bloodstream. In this study, it was observed that the serum LPS level in db/db + Veh mice was significantly higher than in db/m mice (p < 0.05). However, after DZF intervention, there was a significant reduction in LPS levels compared to the Veh group (p < 0.05). Met group showed a decreasing trend in LPS levels but without statistical significance (Figure 4A).
[image: Figure 4]FIGURE 4 | DZF protects intestinal barrier and reduces intestinal lipid absorption in db/db mice. (A) Comparison of lipopolysaccharide (LPS) concentrations in serum of db/db mice. (B) H&E staining of small intestine (×100). (C) Representative immunoblot images of ZO-1, Occludin, ApoB48, and CD36 in mouse small intestine. (E,G,I,K) Relative protein expression levels of ZO-1, Occludin, ApoB48, and CD36 in mouse small intestine. (D,F,H,J) Relative mRNA levels of Tjp1, Ocln, Apob, and Cd36. Data are presented as mean ± SD [(A–K): n = 6]. #p < 0.05, ##p < 0.01 vs. db/m group; *p < 0.05, **p < 0.01 vs. db/db + Veh group.
Histological examination of small intestine mucosal tissue using H&E staining revealed that in db/m group, the intestinal layers were well-defined, villi were neatly arranged, the intestinal wall was intact, and there was no visible damage. In contrast, in db/db + Veh group, the intestinal villi were shortened and deformed, with a loose and disordered arrangement. The intestinal wall showed signs of damage, and there was a reduction in the number of glands. Met and DZF interventions both led to a partial restoration of the structural integrity of the small intestine. Villi length increased, gaps narrowed, intestinal wall damage reduced, and the number of glands increased (Figure 4B).
Zonula Occludens-1 (ZO-1) and Occludin, known as tight junction proteins, are critical components of the intestinal mechanical barrier. In db/db + Veh group, the expression of ZO-1 and Occludin protein was significantly lower than in db/m group (p < 0.01). The expression of Tjp1 and Ocln mRNA of db/db + Veh group was also significantly lower than db/m group (p < 0.01). Compared to db/db + Veh group, Met significantly upregulated the expression of ZO-1 and Occludin proteins (p < 0.05 or p < 0.01), with no significant difference in Tjp1 and Ocln mRNA levels. Compared to db/db + Veh group, DZF intervention significantly upregulated Occludin protein and Ocln mRNA expression (p < 0.05), while it had no significant impact on ZO-1 expression (Figures 4C–G).
Cluster of differentiation 36 (CD36) is a key protein in intestinal epithelial cells responsible for fatty acid absorption, while apolipoprotein B48 (ApoB48) is a crucial protein for assembling chylomicrons to transport lipids in intestinal cells. In db/db + Veh group, the expression of CD36 and ApoB48 protein was significantly higer than in db/m group (p < 0.01). The expression of Cd36 and Apob mRNA of db/db + Veh group was also significantly higer than db/m group (p < 0.01). This result indicates abnormal elevation in intestinal lipid absorption and transport. Compared to db/db + Veh, DZF intervention significantly downregulated the expression of CD36 protein, ApoB48 protein, Cd36 mRNA and Apob mRNA (p < 0.05 or p < 0.01). Compared to db/db + Veh, Met intervention significantly downregulated ApoB48 protein and Apob mRNA expression (p < 0.05 or p < 0.01) and reduced Cd36 mRNA expression (p < 0.05), with no statistically significant difference in CD36 protein expression (Figures 4C, H–K).
3.5 DZF reduces hepatic steatosis in db/db mice
Hepatic tissue morphology was observed through H&E staining. In db/m group, liver tissue displayed intact structure, orderly cell arrangement, well-defined hepatic cords, centrally located cell nuclei, and pink cytoplasm without signs of lipid vacuole degeneration or significant inflammatory cell infiltration. In db/db + Veh group, liver cells were swollen, arranged irregularly, and showed signs of lipid vacuole degeneration, with increased accumulation of lipid droplets, varying in size. Some nuclei were shifted towards the periphery of the cell, and the cytoplasm appeared pale or transparent. In db/db + Met group, there was a moderate reduction in lipid vacuole degeneration, with smaller vacuoles being predominant. The liver cells displayed less swelling and more orderly arrangement, with cytoplasm appearing light pink. In db/db + DZF group, the improvement in lipid deposition was more pronounced, with fewer liver cells exhibiting lipid vacuole degeneration. Some liver cells were arranged in a more regular pattern, with nuclei centrally located (Figure 5A).
[image: Figure 5]FIGURE 5 | DZF reduces hepatic steatosis db/db mice. (A) Hepatic H&E staining (×200). (B) Hepatic Oil Red O staining (×100). (C) Hepatic triglyceride (TG) content in mice. (D) Hepatic total cholesterol (TC) content in mice. (E) Serum alanine aminotransferase (ALT). (F) Serum aspartate aminotransferase (AST). Data were presented as mean ± SD (A,B): n = 6; (C–F): n = 10). #p < 0.05, ##p < 0.01 vs. db/m group; *p < 0.05, **p < 0.01 vs. db/db + Veh group.
Further examination of lipid droplet distribution within liver cells was performed using Oil Red O staining. In db/m group, liver cells were neatly arranged, without noticeable orange-red lipid droplets inside the cells. The nuclei were blue and uniformly sized. In db/db + Veh group, a significant number of irregularly sized orange-red lipid droplets were observed, with liver cells arranged more chaotically. In db/db + Met and db/db + DZF groups, the volume and quantity of orange-red lipid droplets within liver cells were reduced, indicating a decrease in the degree of lipid deposition (Figure 5B).
Hepatic TG and TC levels in db/db + Veh group were significantly higher than those in db/m group (p < 0.01), indicating severe hepatic steatosis in db/db mice. Compared to db/db + Veh, both DZF and Met interventions led to a reduction in hepatic TC and TG to varying degrees (p < 0.05 or p < 0.01), with DZF showing a more significant decrease in TG (Figures 5C, D). Compared to db/m, serum ALT and AST levels were significantly elevated in db/db mice, indicating liver cell damage due to hepatic steatosis. However, after DZF and Met interventions, ALT and AST levels significantly decreased (p < 0.05 or p < 0.01), indicating that DZF and Met could protect liver function (Figures 5E, F).
3.6 DZF regulates hepatic lipid metabolism pathways in db/db mice
Fatty acid synthase (FASN) and stearoyl-CoA desaturase 1 (SCD1) are key enzymes in hepatic fatty acid synthesis. In comparison to db/m mice, the expression of FASN protein, SCD1 protein, Fasn mRNA and Scd1 mRNA in the liver of db/db mice were significantly elevated (p < 0.01). Met intervention led to a decrease in protein expression of FASN and SCD1 (p < 0.05 or p < 0.01), with a corresponding decrease in Fasn and Scd1 mRNA expression, although without statistical significance. In contrast, DZF exhibited a more pronounced inhibitory effect on fatty acid synthesis. Compared to db/db + Veh group, db/db + DZF group showed a significant reduction in the expression of FASN protein, SCD1 protein, Fasn mRNA and Scd1 mRNA (p < 0.05 or p < 0.01). Furthermore, the FASN protein and Fasn mRNA expression in db/db + DZF group were significantly lower than that in db/db + Met group (p < 0.05) (Figures 6A, B, D, F, G).
[image: Figure 6]FIGURE 6 | DZF regulates hepatic lipid metabolism pathways in db/db mice. (A) Representative immunoblot images of FASN, SCD1, CPT-1𝛂, and FATP2 in mouse liver. (B–E) Relative protein expression levels of FASN, SCD1, CPT-1𝛂, and FATP2 in mouse liver. (F–I) Relative mRNA levels of Fasn, Scd1, Cpt1a, and Slc27a2. Data are presented as mean ± SD [(A–K): n = 6]. #p < 0.05, ##p < 0.01 vs. db/m group; *p < 0.05, **p < 0.01 vs. db/db + Veh group.
Carnitine palmitoyltransferase-1𝛂 (CPT-1𝛂) is a major enzyme responsible for fatty acid oxidation in the liver. Both db/db and db/m mice showed similar and not significantly different CPT-1𝛂 protein and Cpt1a mRNA expression levels. Following DZF and Met interventions, CPT-1𝛂 protein and Cpt1a mRNA expression was significantly increased (p < 0.05 or p < 0.01), indicating enhanced fatty acid oxidation in liver cells (Figures 6A, C, H).
Fatty acid transport protein 2 (FATP2) mediates the uptake of fatty acids by liver cells. In db/db + Veh group, the expression of FATP2 protein and Slc27a2 mRNA was significantly increased (p < 0.05 or p < 0.01). After DZF intervention, a decrease in the expression of FATP2 protein and Slc27a2 mRNA was observed (p < 0.05 or p < 0.01), indicating that DZF can inhibit the excessive uptake of fatty acids by liver cells. Although there was a decreasing trend with Met intervention, no statistically significant differences were observed (Figures 6A, E, I).
4 DISCUSSION
Hepatic lipid metabolism is a crucial component of the complex metabolic network in the body. Hepatic steatosis is not only a result of overall metabolic abnormalities but also an exacerbating factor for metabolic dysfunction. Numerous studies have demonstrated the substantial potential and advantages of TCM in improving metabolism. Derived from classical Chinese medical formulas, DZF has significantly ameliorated weight, blood sugar, and lipid abnormalities in MetS mice in multiple studies. Moreover, it has alleviated hepatic fat deposition morphologically (Zhu et al., 2018; Huang et al., 2022a). These effects were reaffirmed in this study. Due to the close anatomical location and functional relationship, hepatic metabolism is intricately linked to the influence of the gastrointestinal tract. This study, therefore, examines the potential mechanisms by which DZF affects hepatic lipid metabolism from this perspective.
The intestine is a critical organ influencing liver metabolism, and the complex interactions between them are collectively referred to as the gut-liver axis (Hsu and Schnabl, 2023). Within the intestine, a vast community of microorganisms profoundly and extensively impacts metabolic diseases such as obesity, type 2 diabetes, and hepatic steatosis (de Vos et al., 2022). In this study, the gut microbiota of db/db mice exhibited higher α-diversity compared to db/m mice. Although it is generally accepted that α-diversity in gut microbiota is significantly reduced in human with obesity (Wilmanski et al., 2019), there are still research findings and reviews that have drawn opposite conclusions, or some studies that have not observed significant differences (Lippert et al., 2017; Chávez-Carbajal et al., 2019; Gong et al., 2022). Multiple studies utilizing db/db mice as an animal model have reported findings consistent with the observations in this study (Liu et al., 2019; Wang et al., 2020; Tu et al., 2022), suggesting that the results of this study may reflect the genuine characteristics of db/db mice. However, this phenomenon is not yet fully understood and may require consideration of differences at specific taxonomic levels. Following DZF intervention, α diversity displayed a declining trend, becoming more similar to that of normal mice. From a β diversity perspective, there were significant differences in the gut microbiota community structure between db/db and db/m mice, while DZF-treated db/db mice exhibited a gut microbial community composition more similar to that of db/m mice.
Upon further taxonomic examination, representative microbial groups in db/db mice belong to Enterobacteriaceae. Enterobacteriaceae are facultative anaerobes with a wide pathogenic potential (Shelton and Byndloss, 2020). Increased Enterobacteriaceae levels can lead to an inflammatory state, resulting in impaired intestinal epithelial function, increased intestinal permeability, and LPS biosynthesis, which are observed in conditions like inflammatory bowel disease and diabetes (Pedersen et al., 2018; Andoh and Nishida, 2023). DZF intervention shifted the gut microbiota to make Bacteroidetes the dominant microbiota and elevated the Bacteroidetes/Firmicutes (B/F) ratio. Firmicutes and Bacteroidetes are the two most abundant phyla at the mammalian gut microbiota level, with the B/F ratio varying in different diseases. Several studies on obesity have observed a reduction in Bacteroidetes and an increase in Firmicutes (Lee and Lee, 2020). DZF displayed a more significant upregulation of Bacteroidetes, consistent with the trends in the effects of berberine, the primary extract from Huanglian, on the gut microbiota of obese mice (Habtemariam, 2020). Bacteroidetes have various beneficial effects and contribute to improving host metabolism and immune homeostasis. Studies have reported that centenarians have Bacteroidetes-dominant gut microbiota (Pang et al., 2023). Bacteroidetes can produce less toxic LPS, which help reduce LPS-induced inflammatory responses (Magne et al., 2020; Zafar and Saier, 2021). Following DZF intervention, there is a decrease in serum LPS levels, and an increase in the expression of intestinal epithelial cell tight junction proteins, indicating that DZF can alleviate the intestinal barrier damage caused by gut microbiota imbalance.
Furthermore, a decrease in the expression of CD36 and ApoB48 was observed following DZF intervention. CD36 is a crucial membrane protein responsible for identifying and transporting fatty acids (Cifarelli and Abumrad, 2018). ApoB48 is responsible for intracellular lipid assembly into chylomicrons (Ko et al., 2020). DZF increased the abundance of the Bacteroidetes, which is known to produce inositol and sphingolipids extensively, thereby regulating intestinal lipid metabolism (Johnson et al., 2020; Heaver et al., 2022). This suggests that DZF can alleviate the excessive activation of lipid absorption and transport functions in the intestine. The intestinal mucosal barrier and nutrient absorption are critical functions of the intestinal mucosa. Lipid absorption predominantly occurs in the small intestine and is closely associated with the intestinal barrier. Lipids can permeate through the brush border’s permeable barrier or be taken up by intestinal cells through proteins like CD36 and fatty acid-binding proteins (FABP) (Sallee and Dietschy, 1973; Xu et al., 2021). Furthermore, intestinal lipid absorption and intestinal barrier function are jointly regulated by multiple pathways (Wu et al., 2022). For instance, the activation of intestinal group 3 innate lymphoid cells (ILC3) can efficiently optimize and control the efficiency of lipid absorption in the intestine while safeguarding the intestinal barrier (Talbot et al., 2020). Studies have shown that berberine, a major active component of DZF, significantly increases intestinal ILC3 and regulates intestinal immune homeostasis (Dong et al., 2022), suggesting a potential mechanism by which DZF regulates intestinal absorption and barrier functions.
Intestinal barrier dysfunction and abnormalities in lipid absorption are well-known risk factors for metabolic disorders such as hepatic steatosis and insulin resistance. Dietary habits play a significant role in shaping the gut microbiota, which, in turn, influences intestinal mucosal function. When the barrier is compromised, it can lead to increased lipid absorption, resulting in elevated levels of circulating lipids and endotoxins. On the one hand, excessive lipid deposition causes a decrease in insulin sensitivity of adipose tissue and an increase in lipolysis, a phenomenon known as “lipotoxicity” (Guilherme et al., 2008). On the other hand, pathogen-associated molecular patterns (PAMPs), including LPS, can activate pattern recognition receptors (PRRs) in the liver via the portal vein, such as Toll-like receptors (TLRs), leading to the secretion of proinflammatory cytokines. This initiates chronic low-grade inflammation, exacerbating insulin resistance and lipid metabolism abnormalities and potentially causing hepatocyte damage (Louis-Jean and Martirosyan, 2019; Vallianou et al., 2021). These pathological changes affect various aspects of hepatic lipid metabolism, resulting in an imbalance between the influx and efflux of lipids. Hepatic steatosis fundamentally stems from an increase in both de novo lipogenesis and the uptake of circulating free fatty acids, as well as a reduction in fatty acid oxidation and lipid output (Lee et al., 2023). In our study, DZF intervention in db/db mice led to a significant reduction in key enzymes related to de novo hepatic lipid synthesis, namely FASN and SCD1, as well as in the protein FATP2 responsible for fatty acid transport. Additionally, the enzyme CPT-1𝛂, associated with fatty acid oxidation, showed a significant increase. DZF demonstrated its regulatory effect on hepatic lipid generation, uptake, and consumption, thereby ameliorating systemic glucose and lipid metabolism abnormalities and preserving hepatic function. These findings suggest that DZF may serve as a potential therapeutic approach for hepatic steatosis caused by metabolic disorders. Our previous research has shown that DZF can improve insulin resistance in the liver and skeletal muscles of db/db mice, reduce serum non-esterified fatty acids, and exhibit anti-metabolic disorder effects (Zhu et al., 2018). At the same time, it has been observed that DZF regulates the gut microbiota, improves intestinal barrier function, and enhances lipid absorption. This is based on the profound mutual influence within the gut-liver axis, suggesting that the gut microbiota and mucosal function are potential targets for DZF in ameliorating hepatic lipid metabolism abnormalities.
Non-alcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver disease at present. Its pathological manifestation involves hepatic steatosis affecting more than 5% of liver cells, accompanied by or without lobular inflammation and hepatocyte ballooning. NAFLD is closely associated with MetS (Pafili and Roden, 2021). The latest international consensus suggests renaming NAFLD as metabolic dysfunction-associated fatty liver disease (MAFLD), emphasizing the significant impact of metabolic disorders on hepatic steatosis (Eslam et al., 2020). There are currently no approved treatments for NAFLD (Powell et al., 2021). Our research results indicate that DZF effectively alleviates MetS-associated hepatic steatosis. This suggests that DZF has the potential to be a therapeutic agent for NAFLD, although further research is needed for confirmation.
Metabolites closely related to the gut microbiota also play a crucial role in the gut-liver axis, such as short-chain fatty acids (SCFA) and bile acids (BA) (Ringseis et al., 2020; Collins et al., 2023). SCFAs originate from food and are metabolically produced by the gut microbiota, playing a role in regulating overall energy homeostasis and glucose-lipid metabolism. Following DZF intervention, there is a significant increase in the abundance of beneficial bacterial genera, such as Bacteroides, Alistipes, and Alloprevotella, which are known to promote SCFA production (Li et al., 2021a; Zou et al., 2023). Predictive results from PICRUSt suggest that DZF can upregulate the lowered carbohydrate metabolism levels of db/db mice. Microbial carbohydrate metabolism is involved in the pathogenesis of host insulin resistance (Takeuchi et al., 2023), with carbohydrates, especially pyruvate, playing a crucial role in the generation of SCFAs (Vervier et al., 2022). This suggests that SCFAs are a potential target for the action of DZF. However, further research is required to understand how DZF utilizes SCFAs to improve hepatic lipid metabolism. Bile acids (BAs) are produced during cholesterol metabolism in the liver and promote the absorption of dietary lipids in the intestines. After metabolic modification by the gut microbiota, the majority of BAs are reabsorbed back into the liver through the enterohepatic circulation (Fuchs and Trauner, 2022). BAs also serve as important signaling molecules, with the farnesoid X receptor (FXR) being one of their ligands. FXR is highly expressed in both the intestines and the liver and is beneficial for intestinal barrier function and hepatic lipid metabolism. Currently, FXR agonists such as obeticholic acid are potential drugs for treating NAFLD and have entered the clinical trial phase (Simbrunner et al., 2021). Research has shown that berberine can alter the BA profile in NAFLD mice and increase FXR expression (Wang et al., 2021), suggesting that BAs could be one of the potential targets for DZF in regulating the gut-liver axis. Our research team is actively investigating the mechanisms by which DZF affects BA metabolism and the FXR-related pathways.
5 CONCLUSION
In conclusion, DZF may improve intestinal barrier and lipid absorption function by modulating the gut microbiota, thus alleviating hepatic steatosis and systemic metabolic abnormalities (Figure 7). The molecular mechanisms through which DZF improves metabolism via the gut-liver axis are worthy of further in-depth investigation, thus providing pharmacological evidence for the use of DZF in the treatment of metabolic conditions such as MetS and fatty liver.
[image: Figure 7]FIGURE 7 | Summary diagram of DZF molecular mechanisms in this study. DZF: Dai-Zong-Fang, LPS, lipopolysaccharide; SCFA, short-chain fatty acid; BA, bile acid; FA, fatty acid; PAMP, pathogen-associated molecular pattern. (Pictrue by Figdraw).
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Introduction: Zhusha Anshen Wan (ZSASW) is a traditional Chinese medicine compound mainly composed of mineral drugs. In clinical practice, ZSASW did not show the toxicity of administering equal doses of cinnabar alone, suggesting that the four combination herbs in ZSASW can alleviate the damage of cinnabar. The effect of each herb on reducing the toxicity of cinnabar has not been fully explained.
Methods: In our study, we utilized a metabonomics approach based on high-resolution 1H nuclear magnetic resonance spectroscopy to investigate the reduction of toxicity by each herb in ZSASW. Liver, kidney and intestinal histopathology examinations and biochemical analysis of the serum were also performed.
Results: Partial least squares-discriminant analysis (PLS-DA) was conducted to distinct different metabolic profiles in the urine and serum from the rats. Liver and kidney histopathology examinations, as well as analysis of serum clinical chemistry analysis, were also carried out. The metabolic profiles of the urine and serum of the rats in the CGU (treated with cinnabar and Glycyrrhiza uralensis Fisch) and CCC (treated with cinnabar and Coptis chinensis French) groups were remarkably similar to those of the control group, while those of the CRG (treated with cinnabar and Rehmannia glutinosa Libosch) and CAS (treated with cinnabar and Angelica sinensis) groups were close to those of the cinnabar group. The metabolic profiles of the urine and serum of the rats in the CGU and CCC groups were remarkably similar to those of the control group, while those of the CRG and CAS groups were close to those of the cinnabar group. Changes in endogenous metabolites associated with toxicity were identified. Rehmannia glutinosa, Rhizoma Coptidis and Glycyrrhiza uralensis Fisch could maintain the dynamic balance of the intestinal flora. These results were also verified by liver, kidney and intestinal histopathology examinations and biochemical analysis of the serum. The results suggested that
Discussion: The metabolic mechanism of single drug detoxification in compound prescriptions has been elucidated. Coptis chinensis and Glycyrrhiza uralensis serve as the primary detoxification agents within ZSASW for mitigating liver, kidney, and intestinal damage caused by cinnabar. Detoxification can be observed through changes in the levels of various endogenous metabolites and related metabolic pathways.
Keywords: metabonomics, 1H NMR spectroscopy, detoxification, cinnabar, intestinal flora
1 INTRODUCTION
Mercurials such as cinnabar (96% as HgS) have been used in traditional Chinese medicines (TCMs) as tranquilizers (Wang et al., 2007; Liu et al., 2008a). Additionally, its toxicological effects have been repeatedly reported (Wei et al., 2008). Mercury (Hg) is well known for its toxicity; thus, the presence of Hg in traditional medicines is great important (Liu et al., 2008b). Cinnabar, also called as red mercury sulfide or mercurous sulfide is a naturally occurring mineral that has been used in traditional medicine for centuries. It is available in various forms, such as powders, tablets, and capsules, and can be purchased online or at health food stores. Cinnabar is also used in some cosmetics and skin care products, although its use in these products is not always regulated by the FDA (Wang et al., 2013). Despite its long history of use in traditional medicine, cinnabar’s toxicity was not fully recognized until recently. The primary cause of cinnabar toxicity is the consumption of large amounts of cinnabar. This can occur through the ingestion of contaminated food or water or by inadvertently consuming an excessive amount of a product containing cinnabar. In addition, cinnabars can be absorbed through the skin when applied topically (Saper et al., 2008). The Chinese Pharmacopoeia Committee has reduced the allowable Hg or As content in traditional medicine by as much as 65% (Pharmacopoeia of China, 2010) (Zhou et al., 2009), but the mercury content in these cinnabar-containing prescriptions is still thousands of-fold greater than the allowable limits in Western countries. However, many reports have indicated that these prescriptions do not have toxic effects similar to those of minerals.
Zhusha Anshen Wan (ZSASW) is composed of cinnabar (cinnabaris) and Coptis chinensis French. (CC), Angelica sinensis (oliv.) Diels (AS), uncooked Rehmannia glutinosa Libosch. (RG), honey fried Glycyrrhiza uralensis Fisch. Zhusha Anshen Wan is a traditional Chinese medicine formula that has been used for centuries to address a range of conditions, such as insomnia, anxiety, and depression. The formula contains several ingredients, including Zhusha (cinnabar), Anshen (Ginkgo biloba), and other herbs (Zhou et al., 2010). It has been shown to have beneficial effects on regulating sleep patterns in rats with insomnia (Li, 2008) and to enhance the calming effects of pentobarbital (Gao et al., 2008). Cinnabar is the primary ingredient in Zhusha Anshen Wan and is thought to have sedative and calming effects on the mind and body. It is also thought to improve blood circulation and decrease inflammation (Wang et al., 2013), ZSASW was significantly less toxic than cinnabar, indicating that the four combined herbs in ZSASW could alleviate the injuries induced by cinnabar. However, the effects of each herb on reducing the toxicity of cinnabar have not been fully explained.
Omic field techniques have been important methods in the field of systems biology. Metabonomics is a branch of systems biology that involves the quantitative measurement of the dynamic multiparametric metabolic responses of living systems to pathophysiological stimuli or genetic modifications (Robertson, 2005). Currently, metabonomics has been utilized in therapy monitoring, pharmaceutical discovery, and the assessment of drug efficacy and toxicity (Keun, 2006). This strategy aligns well with the integrative and systemic features of TCM and has been selected by several researchers to study Chinese medicine syndrome patterns (Buriani et al., 2012). 1H NMR metabonomics is a technique used to investigate the metabolic changes that occur in cells and tissues following exposure to toxic substances. The analysis of the metabolites present in a sample involves nuclear magnetic resonance (NMR) spectroscopy. The main advantage of 1H NMR metabonomics over other methods is its noninvasive nature, which enables the analysis of biological samples without causing any damage or alteration to the tissue. Additionally, metabolomics can be used to identify various types of metabolites, such as amino acids, sugars, lipids, and organic acids, which can offer valuable insights into the toxicity of a substance. Indeed, a metabonomic approach has been applied to studies of toxicity related to the use of natural medicines such as Hei-Shun-Pian and its toxic component aconitum alkaloids, and Guan-mu-tong (Aristolochia manshuriensis), which contains aristolochic acid (Li et al., 2008; Lai et al., 2009).
Our previous research showed that ZSASW was significantly less toxic than cinnabar (Wang et al., 2013). However, the potential for each herb to alleviate the toxicity of cinnabar still needs to be studied. In the current study, 1H NMR spectroscopy was used to analyze the urinary and blood metabolites in rats to investigate the detoxification of each herb in ZSASW. This study demonstrated that NMR-based metabonomics analysis could be a promising approach for investigating the detoxification of Chinese medicines and the rationale behind TCM prescriptions.
2 MATERIALS AND METHODS
2.1 Reagents and samples
2,2,3,3-Deuterotrimethylsilylpropionic acid (TSP) and D2O were purchased from Norell, Inc. (United States). Phosphate buffer was prepared by mixing 0.2 M Na2HPO4 and 0.2 M NaH2PO4 (pH 7.4; Sigma, St. Louis, MO, United States). Cinnabars, Coptidis Rhizoma, Angelicae Sinensis Radix, Rehmanniae Radix, and honey fried Glycyrrhizae Radix were purchased from Liaoning Tongren Pharmaceutical Co., Ltd. (Shenyang, China) and authenticated by Professor Jincai Lu (Shenyang Pharmaceutical University, China). All traditional Chinese medicine uses raw materials.
2.2 Animals and drug administration
All animal experiments were approved by the Experimental Animal Research Committee of Shenyang Pharmaceutical University (Shenyang, China, SYPU-IACUC-GZR2020-0416-203) and experiments were conducted in accordance with the relevant institutional and national guidelines and regulations. A total of 36 male Wistar rats (SPF, weighing 220 ± 20 g; animal license no. SCXK- (military) 2007-004) were obtained from the Experimental Animal Center of Shenyang Pharmaceutical University. After a seven-day acclimatization period, the rats were kept under standard laboratory conditions, including a temperature of 25°C ± 1°C, relative humidity of 45% ± 15%, and a 12-h light/dark cycle. They were housed in individual metabolic cages with ad libitum access to food and water. All rats were randomly divided into 6 groups (n = 6): control group (injected with water), cinnabar group (treated with cinnabar at dosage of 1.8 g/kg), CAS group (treated with cinnabar and Angelica sinensis at a dosage of 1.8 g/kg), CRG group (treated with cinnabar and Rehmannia glutinosa Libosch at a dosage of 1.8 g/kg), CCC group (treated with cinnabar and Coptis chinensis French at a dosage of 2.7 g/kg), and CGU group (treated with cinnabar and Glycyrrhiza uralensis Fisch at a dosage of 0.9 g/kg) (Wei et al., 2008).
2.3 Sample collection and pretreatment
Urine samples were collected overnight on dry ice in tubes containing 1 mL of 1% sodium azide (from PM 8:00 to AM 8:00). These samples were immediately frozen and stored at −20°C until they were prepared for NMR spectroscopic analysis. At the end of the experimental period (day nine), all animals were sacrificed, and blood was drawn from the inferior vena cava. Serum was obtained by centrifugation at 14,000 rpm for 10 min at 4°C. All the serum samples were stored at −80°C until further analysis. Livers and kidneys were removed from the rats and immersed in 10% neutral buffered formaldehyde solution (Sigma, St. Louis, MO, United States) for histopathology experiments.
2.4 Serum biochemical analysis and histopathology examination
The liver, kidney and intestinal tract tissues were dehydrated, embedded in paraffin, and cut at 5 μm thickness. The sliced sections were stained with hematoxylin and eosin (H&E) and examined via light microscopy (×200). The serum biochemical test included the following parameters: aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), glucose (GLU), creatinine (CREA), triglyceride (TG), total protein (TP), cholesterol (CHO) and carbamide (UREA).
2.5 1H NMR spectroscopic measurements of urine and serum samples
Five hundred microliters of a thawed urine sample was mixed with 200 μL of phosphate buffer (0.2 M, pH 7.4) and centrifuged at 8000 rpm for 10 min to remove insoluble material. Five hundred microliters of supernatant was placed into a 5 mm NMR tube containing 50 μL (TSP, 0.1%, w/v) and 60 μL D2O. NMR spectral measurements were acquired on a Bruker-Av600 spectrometer at 298 K. Typically, 32 free induction decays (FIDs) were collected into 64 k data points over a spectral width of 12019.23 Hz with a relaxation delay of 3 s and an acquisition time of 2.73 s. The number of scans was 64.
Frozen serum samples were thawed, and 400 μL of serum was mixed with 60 μL of D2O and 40 μL of TSP and transferred to 5 mm NMR tubes. TSP acted as an internal standard reference (δ 0.00 ppm), and D2O was used for the locking signal. 1H NMR spectra of these samples were also recorded on a Bruker-Av600 spectrometer at 298 K. The pulse program was a 1D experiment with a T2 filter using the Carr‒Purcell‒Meiboom‒Gill sequence. Thirty-two FIDs were collected into 64 k data points over a spectral width of 12019.23 Hz with a relaxation delay of 3 s and an acquisition time of 2.73 s. The power level for presaturation was 50 dB, and the number of scans was also 64.
2.6 Data reduction analysis of 1H NMR spectra
Baseline-corrected and manual phase adjustments of the spectra were performed. The 1H NMR spectra from urine or serum were segmented into 192 integrated regions of equal width (0.04 ppm), corresponding to the region δ 0.2–10.0, using MestReNova 9.0.1 (Mestrelab Research SL.). The area for each segmented region was calculated, and the integral values contributed to an intensity distribution of the whole spectrum. The region (δ 4.2–5.0) was deleted to remove any spurious effects of variability in the suppression of water resonance. For the urine spectra, the region containing urea (δ 5.2–6.0) was also excluded to eliminate any consequent chemical exchange effects on the urea signal. All remaining regions of the spectra were then scaled to the total integrated area of the spectra to reduce any significant concentration differences.
Finally, all the spectral data were normalized to a constant integrated intensity. The data set was mean centered, meaning that the average peak intensity across all samples was set to zero. PLS-DA-based multivariate data analysis was performed using the SIMCA-P 13.0 software package (Umetrics AB, Umea, Sweden).
The goodness of fit of each model was evaluated using three quantitative parameters: R2X was the explained variation in X, R2Y was the explained variation in Y, and Q2Y was the predicted variation in Y. The range of these parameters was between 0 and 1, with values approaching 1 indicating a perfect fit of the model. (Liu et al., 2010).
3 RESULTS
3.1 Clinical biochemistry and histopathology
To verify the presence of liver damage in each group of rats, the serum levels of AST, ALT, ALP, TP, UREA, CREA, TG, CHO, and GLU were measured. The biochemical changes in the serum are presented in Table 1. Significantly increased levels of serum AST and ALP were found in the cinnabar and CRG groups compared with those in the control group. However, there were no significant changes in the levels of urea, glucose or creatinine among the CCC and CGU groups.
TABLE 1 | Selected clinical biochemical parameters of serum. The data are presented as the means ± SDs of six animals per group.
[image: Table 1]As demonstrated in Figure 1, the main lesions in the cinnabar and CAS groups exhibited diffuse hepatocyte degeneration, necrosis, and apoptosis. Significant swelling (ballooning degeneration) (Figure 2) of hepatocytes was also observed in the cinnabar, CAS and CRG groups. On the other hand, no liver or renal damage was observed in the control group, CCC group or CGU group.
[image: Figure 1]FIGURE 1 | Liver histopathology of rats. Livers from the control (A), CAS (B), CGU (C), cinnabar (D), CRG (E), and CCC (F) groups.
[image: Figure 2]FIGURE 2 | Kidney histopathology of rats. Kidneys from the control (A), CAS (B), CGU (C), cinnabar (D), CRG (E), and CCC (F) groups.
After the administration of cinnabar, most red blood cells in the intestinal cavity of the rats appeared as blood. Most inflammatory cells can be observed in the intestinal chorion. No abnormalities were found in the intestinal cavity or chorionic membrane of the other administration groups, including the control group (Figure 3). The above results indicate that other Chinese herbs in Zhusha Anshenwan may have potential protective effects on intestinal injury caused by cinnabar.
[image: Figure 3]FIGURE 3 | Intestinal histopathology of rats. Kidneys from the control (A), CAS (B), CGU (C), cinnabar (D), CRG (E), and CCC (F) groups.
3.2 Analysis of 1H NMR spectral data of urine
Many endogenous metabolites were observed in the 1H NMR spectra of urine from the control, cinnabar, CAS, CGU, CRG, and CCC groups on day 9 (Figure 4). Assignments of endogenous metabolites involved in 1H NMR spectra were based on the literature (Jung et al., 2011; Tang et al., 2012). The main endogenous metabolites, such as leucine, isoleucine, 3-hydroxybutyrate (3-HB), acetate, 2-ketoglutarate (2-OG), citrate, lactate, creatine, alanine, trimethylamine-N-oxide (TMAO), glycine, hippurate, formate, phenylalanine, creatinine and succinate, were identified (Figure 4). To illustrate the differences in the metabolic profiles, a PLS-DA score plot based on 1H NMR spectra of urine from the 6 groups is shown in Figure 5.
[image: Figure 4]FIGURE 4 | 600 MHz 1H NMR spectra of urine from the cinnabar group (A), control group (B), CCC group (C), CAS group (D), CRG group (E), and CGU group (F). Keywords: 1, leucine + isoleucine; 2,3-hydroxybutyrate (3-HB); 3, acetate; 4,2-ketoglutarate (2-OG); 5, citrate; 6, lactate; 7, creatine; 8, alanine; 9, trimethylamine-N-oxide (TMAO); 10, glycine; 11, hippurate; 12, formate; 13, phenylalanine; 14, creatinine; 15, succinate; 16, taurine.
[image: Figure 5]FIGURE 5 | PLS-DA score plot derived from 1H NMR spectra of urine from the 6 groups (R2X = 0.453, Q2 = 0.318). Keywords: control group ([image: FX 1]); CCC group ([image: FX 2]); CGU group ([image: FX 3]); cinnabar group ([image: FX 4]); CAS group ([image: FX 5]); CRG group ([image: FX 6]).
As shown in Figure 5, the PLS-DA results, as scores for the first two principal components from the spectra of the six groups, revealed that the CGU and CCC groups were distributed in the area of the control group, while the CAS and CRG groups were close to the cinnabar group. To investigate the impact of each herb in ZSASW on metabolic changes in detail, comparisons among the control and compatibility groups of cinnabars (CAS, CRG, CCC, CGU) were carried out using the PLS-DA model (Figures 6, 7).
[image: Figure 6]FIGURE 6 | PLS-DA score plot (A) and corresponding loading plot (B) based on 1H NMR spectra of urine from the control group, cinnabar group and CAS group (R2X = 0.545, Q2 = 0.352). PLS-DA score plot (C) and corresponding loading plot (D) based on 1H NMR spectra of urine from the control group, cinnabar group and CRG group (R2X = 0.577, Q2 = 0.353). Key: control group ([image: FX 1]); group CAS ([image: FX 5]); group CRG ([image: FX 6]); group cinnabar ([image: FX 4]).
[image: Figure 7]FIGURE 7 | PLS-DA score plot (A) and corresponding loading plot (B) based on 1H NMR spectra of urine from the control group, cinnabar group and CGU group (R2X = 0.557, Q2 = 0.428). PLS-DA score plot (C) and corresponding loading plot (D) based on 1H NMR spectra of urine from the control group, cinnabar group and CCC group (R2X = 0.466, Q2 = 0.324). Key: control group ([image: FX 1]); group CGU ([image: FX 2]); group CCC ([image: FX 3]); group cinnabar ([image: FX 4]).
In the PLS-DA-derived score plots (Figures 6A, C), the clusters of the cinnabar and CAS groups as well as the CRG were easily distinguished from those of the control group. The loading plots (Figures 6B, D) showed the relevant changes in endogenous metabolites responsible for the separation, which included increased alanine, lactate, TMAO, taurine, hippurate, phenylalanine, 3-HB, creatine and creatinine and decreased 2-OG, succinate, and citrate in the cinnabar, CAS and CRG groups compared with those in the control group.
However, from the PLS-DA score plots (Figures 7A, C), separation of the cinnabar group from the control, CGU and CCC groups was observed. By examining the corresponding loading plots (Figures 7B, D) and NMR spectra, the separation was attributed to depleted alanine, lactate, TMAO, phenylalanine, 3-HB, creatine and creatinine with elevated citrate, succinate, 2-OG, and hippurate in the CGU and CCC groups compared to the cinnabar group.
The endogenous metabolites in urine samples and their changes in different groups based on the analyses of the loading plots and the 1H NMR-detected relative integral levels are listed in Table 2.
TABLE 2 | Endogenous metabolites selected as biomarkers in urine profiles and their change trends.
[image: Table 2]3.3. Analysis of 1H NMR spectral data of serum
The 1H NMR spectra of the serum of rats in different groups are shown in Figure 8. The metabolite signals that were assigned to the proton region of the 1H NMR spectra included those corresponding to creatinine, creatine, valine, alanine, TMAO, pyruvate, choline, lactate, α-glucose, leucine and isoleucine (Nicholls et al., 2001).
[image: Figure 8]FIGURE 8 | 600 MHz 1H NMR spectra of serum from the cinnabar group (A), control group (B), CCC group (C), CAS group (D), CRG group (E), and CGU group (F). Key: 1, creatinine; 2, creatine; 3, valine; 4, alanine; 5, TMAO; 6, pyruvate; 7, choline; 8, lactate; 9, α-glucose; 10, leucine + isoleucine; 11, acetate.
The PLS-DA score plot based on 1H NMR spectra of the serum from the six groups is shown in Figure 9. The points of the CCC and CGU groups were classified to the region of the control group, while the cinnabar, CAS and CRG groups were mapped together.
[image: Figure 9]FIGURE 9 | PLS-DA score plot derived from 1H NMR spectra of serum from the 6 groups (R2X = 0.682, Q2 = 0.598). Key: control group ([image: FX 1]); group CCC ([image: FX 2]); group CAS ([image: FX 3]); group cinnabar ([image: FX 4]); group CGU ([image: FX 5]); group CRG ([image: FX 6]).
The PLS-DA score plots (Figures 10A, C) showed that the cinnabar, CAS and CRG groups were well discriminated from the control group. The loading plot (Figures 10B, D) revealed that the difference was attributed to an increase in the levels of creatinine, creatine, valine, alanine, TMAO, leucine and isoleucine as well as a reduction in the level of lactate in the cinnabar, CAS and CRG groups compared with the control group.
[image: Figure 10]FIGURE 10 | PLS-DA score plot (A) and corresponding loading plot (B) based on 1H NMR spectra of serum from the control group, cinnabar group and CAS group (R2X = 0.545, Q2 = 0.352). PLS-DA score plot (C) and corresponding loading plot (D) based on 1H NMR spectra of serum from the control group, cinnabar group and CRG group (R2X = 0.577, Q2 = 0.353). Key: control group ([image: FX 1]); group CAS ([image: FX 5]); group CRG ([image: FX 6]); group cinnabar ([image: FX 4]).
The performance of the score plots (Figures 11A, C) reflected discrimination where the control, CCC and CGU groups were separate from the cinnabar group. The corresponding loading plots (Figures 11B, D) and 1H NMR spectra showed that the main biochemical changes in the serum were decreased creatinine, creatine, valine, alanine, TMAO, leucine and isoleucine with increased choline, pyruvate and lactate in the control, CCC and CGU groups compared with the cinnabar group.
[image: Figure 11]FIGURE 11 | PLS-DA score plot (A) and corresponding loading plot (B) based on 1H NMR spectra of serum from the control group, cinnabar group and CGU group (R2X = 0.508, Q2 = 0.412). PLS-DA score plot (C) and corresponding loading plot (D) based on 1H NMR spectra of serum from the control group, cinnabar group and CCC group (R2X = 0.466, Q2 = 0.324). Key: control group ([image: FX 1]); group CCC ([image: FX 3]); group CGU ([image: FX 2]); group cinnabar ([image: FX 4]).
The assigned metabolites and their relative variations in serum samples from the different groups according to the PLS-DA loading plots and the 1H NMR-detected relative integral levels of metabolites are listed in Table 3.
TABLE 3 | Endogenous metabolites selected as biomarkers in the serum profile and their change trends.
[image: Table 3]3.4 Pathway analysis
In addition, to identify the most relevant pathways associated with cinnabar-induced acute hepatic injury, a comprehensive metabolic network was constructed using MetaboAnalyst 3.0. A total of sixteen biomarkers underwent pathway analysis via metaboanalyst 3.0 (http://www.metaboanalyst.ca), and the metabolic pathways associated with each substance and their FDR values are summarized in Figure 12. Pathways with an impact value >0.1 were considered the most relevant pathways to liver injury. In this study, the biosynthesis of valine, leucine, and isoleucine; as well as the metabolism of taurine and hypotaurine, phenylalanine, glycine, serine, and threonine, glyoxylate and dicarboxylate, and the TCA cycle pathways were identified as important metabolic pathways, with impact factors of 0.67, 0.42 0.41, 0.29, 0.29, and 0.15, respectively. Pathway analysis indicated that the alleviation effect of each herb in ZSASW was connected to alterations in energy metabolism and amino acid metabolism.
[image: Figure 12]FIGURE 12 | Summary of pathway analysis.
4 DISCUSSION
Our previous research investigated the liver and kidney toxicity of cinnabar. However, at the toxic dose, no corresponding damage was detected in the zhusha Anshen wan. We speculate that each single traditional Chinese medicine in the formula has a certain protective effect on the damage caused by cinnabar. Based on the relationship of the various traditional Chinese medicine combinations in the formula, in order to provide a better basis for the rational clinical use of the formula, we conducted a preliminary exploration of the detoxification effect of each single drug on cinnabar in the Zhusha Anshen wan.
Succinate, citrate, and 2-OG are the three key intermediates in the TCA cycle. The TCA cycle is a series of chemical reactions that breakdown glucose into energy molecules such as ATP. Downregulation of the TCA cycle may lead to a reduction in the levels of cinnabar and CAS groups. The tricarboxylic acid (TCA) cycle is a metabolic pathway that converts glucose into energy molecules, including ATP (Martínez-Reyes et al., 2016). Succinate is converted back to citric acid, which is then further converted to CO2 and used for respiration. However, succinate, citrate, and 2-OG tended to reverse the changes observed in the CCC and CGU groups, indicating that the herbs Coptis chinensis and Glycyrrhiza uralensis Fisch could reverse energy metabolism.
On the other hand, lower ATP disrupts mitochondrial function, leading to higher AMP concentrations. We observed high levels of alanine, an intermediate of anaerobic metabolism, in the serum of the cinnabar and CRG groups. An increase in amino acids, such as alanine and phenylalanine, was also observed in the rats treated with cinnabar, CAS, or CRG, which indicated disruption of hepatic amino acid metabolism. This could have resulted from hepatic damage or depletion of hepatic ATP induced by cinnabar treatment. Elevated levels of branched-chain amino acids (leucine and valine) were observed in the serum of cinnabar and CAS groups. A notable rise in alanine in the serum was also observed after cinnabar or CRG treatment. This finding implies that cinnabar disrupts hepatic amino acid metabolism. It is also thought that the loss of absorption capacity of the proximal tubules by cinnabar increases the excretion of amino acids such as alanine, isoleucine, leucine and valine. Moreover, the herbs Coptis chinensis and Glycyrrhiza uralensis Fisch reversed the increase in alanine, phenylalanine and lactate in the urine, which suggested that these two herbs could prevent liver and kidney damage induced by cinnabar.
It appears that betaine primarily affects peripheral tissues. Additionally, it has been reported that TMAO in plasma is produced through the following pathway: dietary phosphatidylcholine/choline → gut flora-formed TMA → hepatic FMO-formed TMAO (Feng et al., 2014), which was elevated in the rats in the cinnabar and CAS groups. The development of hydropic degeneration due to the hypotonic conditions of the extracellular fluid could associate with elevated levels of TMAO and betaine. A high level of urinary TMAO (an osmolyte mentioned above), commonly associated with osmotic stress in the renal medulla and a signal of drug-induced nephrotoxicity (Feng et al., 2002), supporting evidence for renal medullary damage, could also be found from the exfoliated epithelial cells and proteins in the lumen of the renal medulla as noted in the histopathological analysis. Rehmannia glutinosa, Rhizoma Coptidis and Glycyrrhiza uralensis Fisch reversed the increase in urine TMAO concentration induced by cinnabar, which indicated that these three herbal medicines might have protective effects on cinnabar-induced renal injury.
Taurine possesses numerous essential properties, including antioxidant effects, regulation of Ca2+ flux, membrane stabilization, osmoregulation, and attenuation of apoptosis (Rashid et al., 2013). Increased taurine levels have long been recognized as a specific indicator of liver toxicity in the urine (Waterfield et al., 1991). In the current study, the urinary taurine concentration was elevated in the cinnabar and CAS groups. These changes were accompanied by necrosis and steatosis, which correlated with the observed hepatocyte necrosis in histopathology. Furthermore, the significant increase in the serum AST concentration also provided evidence of hepatic injury. However, the taurine content was reduced by Rehmannia glutinosa in the CRG group. The level of taurine in the CRG was close to that in the control group. These results suggest that Rehmannia glutinosa could regulate the disruption of taurine metabolism caused by cinnabar.
Additionally, the urinary excretion of creatine and creatinine significantly increased, indicating that cinnabar impaired glomerular filtration function. Histopathological examination revealed evident kidney injury and dysfunction, characterized by vascular dilatation and congestion in the nephron. Additionally, elevated plasma creatinine levels were observed in the biochemical analysis. The fluctuations in biomarker concentrations and histopathology results indicated that Coptis chinensis and Glycyrrhiza uralensis in ZSASW were the main detoxification materials used for the liver and kidney damage induced by cinnabar.
Coptis chinensis (Huanglian) is a commonly used traditional Chinese medicine (TCM) herb, and alkaloids are the most important chemical constituents (Sun et al., 2014; Dai et al., 2016). Alkaloids reportedly have protective effects on the liver (Heidari et al., 2017; Wu et al., 2017). Furthermore, berberine, which is the main alkaloid in Coptis chinensis, could restore normal hepatic mitochondrial respiration (Teodoro et al., 2013). Analysis of the metabolic pathways associated with endogenous metabolites revealed that energy metabolism was involved in the detoxification mechanism. Therefore, one of the material criteria for the detoxification of cinnabars might be the presence of alkaloids in Coptis chinensis. Glycyrrhiza uralensis is one of the most popular herbal medicines worldwide and contains a large array of saponins (Tao et al., 2013; Farag et al., 2015). The pharmacological effects of Glycyrrhiza uralensis include the inhibition of gastric ulcers; anti-inflammatory, antiviral, and therapeutic effects on liver ailments have been well verified (Farag et al., 2015; Qiao et al., 2015; Yuan et al., 2016). The biological effects are attributed to the major biologically active constituents: terpenoids, alkaloids and saponins (Zhang and Ye, 2009). Glycyrrhizic acid (GA) is a natural constituent isolated from the dried roots of the genus Glycyrrhiza. GA has a potent protective effect against hepatotoxicity. Pretreatment with GA significantly decreased ALT, AST and ALP, attenuated the histopathology of hepatic injury, decreased the apoptotic index, ameliorated oxidative stress in hepatic tissue, and increased the activities of SOD and GPx (Orazizadeh et al., 2014). In combination with our experimental results, we concluded that Glycyrrhiza uralensis may have a detoxifying effect on cinnabar-induced injury, probably because it contains saponins, especially larger amounts of glycyrrhizic acid.
Choline can be broken down by the intestinal microbiota into methylamine metabolites, including DMA, TMA, and TMAO. The level of TMAO in the urine of cinnabar-treated rats was elevated, indicating that the choline metabolism of the intestinal microbiota accelerated under the pressure of cinnabar. Rehmannia glutinosa, Rhizoma Coptidis and Glycyrrhiza uralensis Fisch could reverse the increase in urine TMAO concentration induced by cinnabar, which indicated that these three kinds of herbal medicine might regulate intestinal disorders caused by cinnabar and maintain the dynamic balance of the intestinal flora. In addition, hipp is an important metabolite of amino acids in the intestinal microbiota. Hipps are formed by the combination of glycine and benzoate in liver tissue.
5 CONCLUSION
The results clearly showed that the metabolic profiles of the CCC and CGU groups were remarkably similar to those of the control group. The variation tendencies of the CAS and CRG groups were similar to that of the cinnabar group. In this study, the effects of the main detoxification herbs in ZSASW on liver and kidney damage induced by cinnabar were investigated using 1H NMR-based metabonomics for the first time. 1H NMR spectroscopy, along with histopathology and clinical biochemical assays, provided valuable insight into the relationship between metabolite changes and tissue toxicity. The associated biochemical pathways related to energy metabolism, amino acid metabolism, and gut microbiota disorders offer new insights for assessing the detoxification of each herb in ZSASW from a comprehensive and systematic perspective.
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Gouty arthritis (GA) is an inflammatory disease characterized by pain. The primary goal of current treatment strategies during GA flares remains the reduction of inflammation and pain. Research suggests that the gut microbiota and microbial metabolites contribute to the modulation of the inflammatory mechanism associated with GA, particularly through their effect on macrophage polarization. The increasing understanding of the gut-joint axis emphasizes the importance of this interaction. The primary objective of this review is to summarize existing research on the gut-immune-joint axis in GA, aiming to enhance understanding of the intricate processes and pathogenic pathways associated with pain and inflammation in GA, as documented in the published literature. The refined comprehension of the gut-joint axis may potentially contribute to the future development of analgesic drugs targeting gut microbes for GA.
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1 INTRODUCTION
Gouty arthritis (GA) is a crystalline arthritis caused by the deposition of monosodium urate (MSU) (Dalbeth et al., 2021). It is directly related to hyperuricemia (HUA), which results from impaired purine metabolism, and is recognised as one of the most distressing conditions for humans (Kuo et al., 2015). During GA flares, patients experience intense, knife-like joint pain that lasts for days, significantly affects their quality of life (Richette et al., 2020). In recent years, the prevalence of HUA and GA has steadily increased with improvements in living standards and dietary habits (Zhou M. et al., 2019). HUA and GA have a significant global impact, with an estimated prevalence exceeding 1 billion (Zhang M. et al., 2021). The incidence and prevalence of GA increases with age (Dalbeth et al., 2021). GA has emerged as a critical global public health issue, with the alleviation of GA pain forming the core of treatment (Stamp and Dalbeth, 2022).
The gut serves as a pivotal organ for digestion and absorption, as well as the largest immune organ (Wei et al., 2022). With advancements in our understanding of gut microbes, studies confirm their crucial roles in both acute and chronic pain disorders (Wang Y. et al., 2022). While there is no direct physical connection between the gut and joints, epidemiological studies suggest a possible relationship between the gut health and arthritis (Zundler et al., 2023). Inflammatory arthropathies are often preceded by subclinical intestinal inflammation or intestinal barrier disorders! Changes in gut microbes and intestinal barrier dysfunction also contribute to arthropathies (Tajik et al., 2020; Sun et al., 2023). Anti-acute gout arthritis (AGA) analgesic drugs such as nonsteroidal anti-inflammatory drugs (NSAIDs), colchicine(COL), glucocorticoids, and botanical drugs exert anti-inflammatory and analgesic effects by acting on inflammatory pathways once they are absorbed into the systemic circulation (Shi et al., 2020; Han R. et al., 2021; Tong et al., 2022). Gut microbes also play a key role in the pharmacological effects of these drugs. Pain is the primary characteristic of inflammation (Fitzcharles et al., 2021). Macrophages are critical cells in the inflammatory machinery and their inflammatory-pain channels are significant in activating sensory neurons associated with GA pain (Lan et al., 2021; Zaninelli et al., 2022). Therefore, this paper reviews the influence of gut microbiota on macrophage-mediated inflammatory and pain mechanisms in GA from the perspective of the gut-immune-joint axis. Its aim is to provide insights for GA diagnosis and treatment, as well as a reference for the development of new anti-GA analgesic drugs.
2 MACROPHAGES CONTRIBUTE TO THE INFLAMMATORY PAIN MECHANISMS OF GA
The macrophage-mediated inflammatory response plays a pivotal role in GA pain pathogenesis (Dalbeth et al., 2021). MSU crystals are recognized by macrophages via Toll-like receptors (TLRs) and ingested, leading to activation of the NLRP3 inflammasome and cleavage of pro-interleukin 1β (pro-IL-1β) into mature IL-1β (Zhou F. et al., 2019; Cabău et al., 2020; Cavalli et al., 2021). IL-1β is a potent pro-inflammatory cytokine central to GA inflammation and pain, enhances excitatory neuron transmission and inhibits inhibitory synapses, thereby amplifying nociceptive signaling to the central nervous system (Liu T.-W. et al., 2022). It enhances excitatory neuron transmission and inhibits inhibitory synapses, amplifying nociceptive signaling to the central nervous system (Mailhot et al., 2020). Additionally, activated macrophages also secrete hyperalgesic cytokines such as TNF-α, MCP-1, and IL-6, which promote polarization into pro-inflammatory M1 macrophages (Ren et al., 2021; Zhao J. et al., 2022; Nieradko-Iwanicka, 2022). M1 macrophages release reactive oxygen and nitrogen species, cyclooxygenase-2, and phospholipase A2, perpetuating inflammation and sensitizing TRPA1 pain channels (Yang and Xing, 2021) (Figure 1).
[image: Figure 1]FIGURE 1 | Macrophages participate in mediating inflammatory pain in GA. After binding to complement and IgG, MSU crystals enter macrophages via TLRs or cytosolic pathways, triggering immune and inflammatory responses and storing a large amount of pro-IL-1β. Subsequently, pro-IL-1β is delivered to the NLRP3/ASC/Caspase signaling pathway, promoting the conversion of pro-IL-1β into mature IL-1β and the secretion of other inflammatory factors such as TNF-α, MCP-1 and IL-6. On the one hand, IL-1β can promote macrophage polarization into M1 macrophages; on the other hand, it can form a positive feedback loop, further exacerbating GA pain.
By inhibiting macrophage apoptosis, this establishes a self-sustaining cycle of inflammation and pain in GA (Zhao et al., 2022d). In conclusion, macrophages play an indispensable role in the pathogenesis of pain and inflammation in GA through activation of the Nod-like receptor family pyrin domain-containing protein 3 (NLRP3) inflammasome and production of pro-inflammatory cytokines. Strategically targeting the activation pathways of macrophages presents a promising therapeutic approach for mitigating GA.
It is noteworthy that macrophages persist throughout the development, progression, and regression of GA by differentiating into pro-inflammatory M1 and anti-inflammatory M2 macrophage phenotypes (Zhao et al., 2022c). Recent studies have challenged classical the M1/M2 dichotomy, proposing instead that macrophages can be classified into subsets based on the expression of TREM2 and FOLR2 genes (Nalio Ramos et al., 2022). The gut microbiota and their metabolites significantly influence the regulation of macrophage activation states and function. Dysbiosis gut bacteria-derived Lipopolysaccharide (LPS) can bind to TLRs, inducing pro-inflammatory activation. Conversely, short-chain fatty acids (SCFAs) produced by commensal microbes exhibit anti-inflammatory effects on macrophages. A cohort of twenty patients diagnosed with AGA participated in this study. Blood and fecal samples were systematically collected over a 3-day duration, capturing patients at varying stages of acute manifestation and subsequent recovery. The analysis of the stool microbiome employed 16S rRNA sequencing, while SCFAs were quantified using gas chromatography-mass spectrometry. The investigation aimed to discern disparities in both the gut microbiome and SCFAs between the acute and recovery phases in individuals afflicted with GA. The findings revealed noteworthy alterations in bacterial composition that facilitated the production of SCFAs, particularly acetate, following the implemented treatment(Park and Lee, 2022).Targeting the gut microbiota-macrophage axis is representing a promising approach to reducing inflammation in GA. Clarifying the specific gut microbial metabolites and signaling pathways that influencing macrophage polarization will enable the development of novel microbiome-based therapies for managing GA pain and inflammation.
3 EXPLORING MACROPHAGE EXTRACELLULAR TRAPS IN THE PATHOGENESIS OF GA
Macrophage Extracellular Traps (METs) are specialized structures formed by macrophages, responding to stimuli like infections. METs, which consist of released chromatin and proteins, function to trap and eliminate pathogens. Their metabolites activate immune responses, making them crucial for bolstering the immune system’s defense mechanisms. The identification of METs has recently provided new insights into the pathogenesis of inflammatory diseases, including GA (Weng et al., 2024; Weng et al., 2024). In the context of rheumatoid arthritis (RA), METs can activate fibroblast-like synoviocytes through TLR signaling, thus perpetuating the inflammatory response (El Shikh et al., 2019). Previous studies on extracellular traps in GA have mainly concentrated on neutrophil extracellular traps (NETs) (Apel et al., 2018), the involvement of METs in this context remains elusive.
Considering the pivotal role that macrophages play in inflammation associated with GA, an exhaustive examination of the formation and function of NETs may elucidate previously overlooked mechanisms linking gut dysbiosis to joint inflammation. In a DSS-induced mouse model of colitis, the expression profiles of pro-inflammatory cytokines and chemokines were evaluated after oral administration of butyrate by researchers. The migration and release of NETs were also examined through the Transwell model and immunofluorescence using qRT-PCR and ELISA, respectively. The study indicates that oral administration of butyrate can effectively reduce mucosal inflammation in DSS-induced colitis in mice. This positive outcome was achieved by suppressing neutrophil-associated immune responses, including pro-inflammatory mediators and NET formation (Li et al., 2021). Metabolites within NETs may subsequently activate synovial cells and sensory neurons, contributing to the onset and progression of pain and inflammation (Tansley et al., 2022).
A better understanding of NETs as inflammatory triggers in GA pathology could reveal new microbiome-based therapies to reduce macrophage activation and limit NET release. Improved comprehension of NET signaling in GA will undoubtedly provide valuable insights into the various roles of macrophages in promoting joint inflammation caused by gut dysbiosis.
4 GUT MICROBES INTERVENE IN THE “INFLAMMATION-PAIN” MECHANISM OF GA VIA THE MACROPHAGES
4.1 TLRs overview: molecular mechanisms in the pathogenesis of GA
TLRs are membrane receptors that are critically involved in immune responses and contribute to shaping the microenvironment of inflammation (Arleevskaya et al., 2020). There are thirteen TLRs known to be recognized in mammals, namely, TLR1 to TLR13 (Lind et al., 2022). Current investigations into TLRs associated with GA are mainly focused on TLR2 and TLR4, while TLR1, TLR3 and TLR5 have also been reported in a few studies (Joosten et al., 2016). The ligands for TLRs identified so far include LPS, F protein, sodium urate, paclitaxel, heat shock protein 60, and fibronectin (Li and Wu, 2021). Upon recognition of their ligands, TLRs initiate the inflammatory response in GA by activating downstream signal transduction molecules. This activation leads to the stimulation of the TLR signaling pathway, culminating in the release of inflammatory factors such as IL-1β and TNF-α (Elsaid et al., 2023).
Gut microbe cell-wall components are a significant trigger for inflammation development (Tong et al., 2022). Gram-positive cell wall components Lipoprotein and peptidoglycan can stimulate TLR2 (Gowing et al., 2017), while LPS activates TLR2 and TLR4, respectively (Francisco et al., 2021). These metabolites collectively induce local inflammation and pain hypersensitivity, promoting the synthesis and secretion of inflammatory factors, including IL-1β, TNF-α, and IL-6, through the intramembrane TLR inflammatory signaling pathway. This activation, in turn, triggers corresponding receptors in sensory neurons. In the gut-kidney axis, an examination of the C57BL/6J hyperuricemia mouse model before and after folic acid treatment showed that folic acid reversed the changes in intestinal microecology induced by hyperuricemia. These alterations encompassed changes in the structure and species composition of the gut microbiota, along with modifications in metabolites, particularly SCFAs (Wang P. et al., 2022) (Figure 2A). Alterations in gut microbial composition can compromise the intestinal barrier, facilitating the entry of LPS into the bloodstream. Subsequently, LPS activates the TLR4/NF-κB inflammatory signaling pathway, leading to the upregulation of various inflammatory factors. Ultimately, this cascade results in nociceptive hypersensitivity and GA flares (Liu Z.-Q. et al., 2022). A cohort of 15 Anser cygnoides goslings, displaying typical symptoms of visceral gout, was meticulously selected and compared with a control group of 15 healthy goslings. Microbiome signatures in the cecum chyme of both groups were characterized through 16S sequencing. Additionally, assessments were conducted to evaluate changes in intestinal permeability, serum LPS levels, and the TLR-mediated inflammatory response. The investigation revealed that goslings with gout exhibited gut dysbiosis resulting from intricate interactions among diverse gut bacteria. The proliferation of the pathogenic genus Proteobacteria was identified as a key factor in this dysbiosis. Furthermore, the gout-afflicted group demonstrated an elevation in systemic LPS concentration, activating the LPS/TLR4/MyD88 inflammatory signaling pathway (Xi et al., 2019).
[image: Figure 2]FIGURE 2 | Gut bacteria and their metabolites can reach blood vessels, exert local effects in joints, modify macrophage-mediated inflammation and influence GA pain through breaches in the intestinal barrier. (A) LPS activates TLR4 receptors on macrophage membranes and induces IL-1β secretion via the TLR4/NK-κB pathway, causing GA inflammation and pain; (B) SCFAs and LPS affect GA pain by activating or inhibiting the NLRP3 pathway in macrophages, regulating IL-1β release; (C) P2X7R pathway activation following dysbiosis further regulates inflammatory signaling (e.g., the NLRP3 pathway), promoting mature IL-1β secretion and amplifying pain; (D) Complement activation by gut microbes may modulate GA pain by influencing metabolite levels and IL-1β secretion; (E) Gut microbiota may influence the NF-κB pathway by regulating ADPN expression in macrophages, affecting IL-1β maturation and secretion; (F) After MSU enters into macrophages via cytosolic mode, it promotes the conversion of Pro-IL-1β to mature IL-1β through NLRP3/ASC/Caspase-1-mediated inflammatory events.(G) Anti-GA drugs could affect macrophage-mediated GA pain mechanisms by influencing gut microbiota and metabolite concentrations; (H) TCM modulates macrophage immunity and inflammation alleviating GA pain through gut microbes and metabolites; (I) FMT is likely to treat GA pain by affecting BUA levels and inhibiting M1 macrophage polarization via gut microbes; (J) Probiotics reduce GA pain by restoring the intestinal barrier and inhibiting NLRP3 in macrophages, reducing inflammatory factors like IL-1β secretion.
The researchers conducted a systematic exploration of relevant literature from major databases. They found increased levels of Bifidobacterium, Lactobacillus, Bacteroidetes, and Prevotella. In contrast, they identified a decrease in Aspergillus abundance and altered thick-walled Bacteroidetes/Anthrobacteroidetes ratios, which led to subsequent changes in their metabolites. Alterations in the gut microbiota were induced by SCFAs and LPSs, resulting in the downregulation of the TLR4/NF-κB inflammatory signaling pathway and the inhibition of xanthine oxidase activity (Liu Z.-Q. et al., 2022).
4.2 Role of NLRP3 inflammasome in the mechanism of GA
Inflammasomes, intricate protein complexes, represent crucial components within the immune system (Wang et al., 2023). Inflammasomes, pivotal in orchestrating the inflammatory response, play a significant role in generating inflammatory cytokines that subsequently influence sensory neuron function (Rathinam and Fitzgerald, 2016). In recent years, inflammasomes have received significant scholarly attention due to their involvement in pain signaling (Sreejit et al., 2022). When MSU is recognized by the model receptor, the receptor will promote the synthesis of the NLRP3 inflammasome and the release of mature IL-1β, which will induce the onset of GA flares and pain. In patients with AGA, researchers synovial macrophages were isolated and demonstrated a notable reduction in MSU crystal-induced GA through the genetic ablation or pharmacologic inhibition of NLRP3 function (Lan et al., 2021). A clinical trial was conducted on 34 patients diagnosed with monoarticular gout flare confirmed by MSU crystals. The patients were divided into four dosage groups and orally administered dapansutrile, an oral selective NLRP3 inflammasome inhibitor, for 8 days. The primary outcomes evaluated changes in patient-reported pain in the target joint from baseline to days 3 and 7. The study showed a significant decrease in joint pain in all dosage groups, with the 300 mg/day group having the most significant effect, and a significant decrease in joint pain in all dosage groups, with the 300 mg/day group having the most significant effect. Dapansutrile was found to be safe and effective in relieving AGA pain (Klück et al., 2020). It is likely that MSU activates the NLRP3 inflammasome in macrophages through the reactive oxygen pathway, tissue protease pathway, and K+ efflux pathway. However, a central question in GA research persists: What specific pathway do MSU crystals follow to activate the NLRP3 inflammasome, leading to IL-1β release? This question remains crucial for comprehending the underlying mechanisms in the future.
Gut microbes and their metabolites are known to induce GA pain through the NLRP3 inflammasome signaling pathway (Lin et al., 2020; Wang et al., 2023). Studies have focused on two pathways (Figure 2B): LPS participates in the pathway and SCFAs are involved in the pathway(Wen et al., 2020; Sun et al., 2022). Among them, SCFAs, also known as volatile fatty acids (VFAs), mainly include acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid (Wu Y.-L. et al., 2022; Yao et al., 2022). These molecules are able to influence the onset of pain through the regulation of macrophage polarization and inflammation (Leong et al., 2022; Liu et al., 2023). One study showed that an increase in beneficial bacteria such as Rikenella and Alistipes, coupled with a reduction in potentially harmful bacteria such as Escherichia-Shigella and a decrease in LPS-bearing Gram-negative bacteria in an autoimmune hepatitis (AIH) mouse model, could inhibit the TLR4/NF-κB and NLRP3/Caspase-1 pathways in AIH (Kang et al., 2023). Therefore, targeting gut microbes and their metabolites to modulate macrophage polarization and, consequently, mitigate GA immune inflammation holds promise as a clinical therapeutic strategy.
4.3 Inflammatory signaling cascades: connecting P2X7 receptor to GA development
IL-1β is an essential inflammatory transmitter in GA flares (Spel and Martinon, 2020). Recently, a study reported that there was no significant difference in the elevated IL-1β levels between patients with GA and patients with HUA when MSU was stimulated alone. But when co-stimulated with MSU and adenosine triphosphate (ATP), levels of IL-1β were found to be significantly higher in patients with GA than patients with HUA, which suggests that ATP is a second pathogenic signal for GA in addition to MSU (Wu L. et al., 2022). ATP is a high-energy phosphate metabolite that is the most direct source of energy in living organisms (Genetzakis et al., 2022). Dramatic fluctuations in ATP are present in triggers of GA flares, such as alcohol abuse and overeating (Richette et al., 2020). The purinergic receptor P2X, ligand-gated ion channel 7 (P2X7), is a critical factor in the processing and release of IL-1β, which plays an important role in GA flares (Wu L. et al., 2022; Su et al., 2019). P2X7 expression is mainly associated with immune cells such as macrophages (Genetzakis et al., 2022). It has unique biological characteristics, including involvement in the processing and release of various inflammatory factors such as IL-1β, IL-18 and TNF-α (Li M.-Y. et al., 2023). It was found that infiltration and secretion of pro-inflammatory factors were quantified in fresh or cultured mouse peritoneal macrophages treated with COL in vitro or in vivo. The results showed that mouse peritoneal macrophages in the presence of COL exhibited less ATP-induced permeabilisation to ethidium bromide and less reactive oxygen species (ROS) formation, nitric oxide (NO) and IL-1β release. This finding confirms the significant role of ATP and P2X7R in the pathogenesis of GA flares (Marques-da-Silva et al., 2011). In addition, ATP is an important signal for GA, and the function and status of P2X7R may be an essential factor in GA flares (Li M.-Y. et al., 2023). The mechanism is that P2X7R activation causes Ca2+ inward flow, which synergistically activates NLRP3 with MSU, resulting in the secretion of large amounts of IL-1β by macrophages (Li X. et al., 2023). Thus, P2X7R, as a pro-inflammatory receptor, plays a critical role in the development of inflammation and pain during GA flares.
The gut is an important organ for digestion and absorption, which are closely related to energy metabolism (de Vos et al., 2022). As research on the gut-disease axis grows, researchers are also paying more attention to the interaction of gut microbes with purinergic signaling pathways and the biological effects they play in the evolution of disease (Li M. et al., 2023). In a therapeutic study, P2X7R+/+ mice were treated with the P2X7R selective inhibitor A740003.Video endoscopy and endoluminal ultrasound biomicroscopy revealed histological changes in colonic tissue.Analyses showed increased accumulation of immune cells, increased proinflammatory cytokine production and upregulated NLRP3 and NLRP12 genes in P2X7R+/+ mice, which were alleviated by P2X7R inhibition. Microbial alterations in P2X7R−/− and P2X7R+/+-induced mice were partially reversed by A740003, suggesting that the interaction between P2X7R and dysbiotic microbiota signals triggers intracellular pathways, inflammasome activation and exacerbates inflammation (Bernardazzi et al., 2022) (Figure 2C). In a murine model of alcoholic liver disease (ALD), carnosic acid (CA) mitigates ethanol-triggered lipid accumulation in AML12 cells and diminishes IL-1β release by suppressing the P2X7R-NLRP3 pathway in murine peritoneal macrophages (MPM) (Zuo et al., 2023). Thus, it would be a promising research field for the development of GA-analgesic drugs.
4.4 Targeting the complement activation pathway: therapeutic implications in GA treatment
The complement system, recognized as the activating pathway of complements, constitutes a significant element within the innate immune system (Rahal et al., 2021). Initially, the prevailing belief was that the complement system’s primary function lay in recognizing and eliminating pathogens exclusively through the stimulation of phagocytosis by immune cells (Killick et al., 2018). However, with the revelation of immunomodulatory functions extending beyond pathogen elimination, complement proteins have been shown to play a key role in mediating inflammation and regulating cellular immunity (An et al., 2014). Dysregulation of the complement system has been found to be closely associated with the pathogenesis and clinical manifestations of GA. Activation of the complement system via the classical, alternative, and lectin pathways triggers an inflammatory response mediated by immune cells, resulting in GA inflammatory damage and pain. The surface of MSU crystals from patients with GA is encapsulated with complement, which are able to activate both classical and alternative pathways of complement activation (Khameneh et al., 2017). MSU-associated complement mediates inflammatory responses in GA by stimulating immune cells to produce IL-1β. In contrast, inhibition of complement system activation can decrease the inflammatory response of GA (West and Kemper, 2023). As reported by Ling-Ling An et al., MSU crystal-induced proinflammatory cytokines/chemokines in human whole blood is predominantly regulated by C5a through its interaction with C5a receptor. C5a induces pro-IL-1β and IL-1β production in human primary monocytes, and potentiates MSU or cholesterol crystals in IL-1β production (An et al., 2014). Hence, the activation of the complement system enhances immune responses and is acknowledged as a crucial factor in various inflammatory diseases, including GA. Despite studies confirming MSU’s ability to activate the classical pathway of complement activation, the precise mechanism remains unclear.
The gut microbiota has been acknowledged to be vital in the development of metabolic-immune illnesses, functioning as crucial metabolic and inflammatory regulators (Lai et al., 2022). Moreover, an increasing body of literature highlights the significance of the gut microbiota in modulating the complement system. Research indicates that gut microbes exert influence on disease progression by manipulating gene expression, altering metabolite levels, activating the complement system, and impacting local and systemic immune responses (Figure 2D). A study investigated the influence of C4B gene number on gut microbiota and in vitro serum complement activation in patients with paediatric inflammatory bowel disease (PIBD). Using genomic reverse transcription-polymerase chain reaction (RT-PCR), the researchers found a positive correlation between C4B gene number and inflammation in PIBD. Elevated C4B gene copies may exacerbate dysbiosis in inflammatory bowel disease by increasing complement reactivity to the microbiota (Nissilä et al., 2017). Using a rat thoracotomy pain model, the researchers assessed pain behaviour and the expression of molecular markers. Employing molecular profiling techniques including RT-PCR, Western blot, immunofluorescence and single cell RNA sequencing, the study showed that downregulation of C3aR inhibited A1 astrocyte activation, leading to reduced expression of C3aR, C3 and GFAP.This led to alleviation of mechanical withdrawal thresholds and chronic pain (Zhu et al., 2023). Despite studies demonstrating the relevance of the gut microbiota to the complement system, scant research has investigated whether gut microbes and their metabolites influence autoimmune diseases such as GA through effects on the complement system.
4.5 Exploring the future of adiponectin in GA: advancing understanding and intervention strategies
Adiponectin (ADPN) is one of the most abundant adipokines in plasma (Fiaschi, 2019). It is abundantly secreted and expressed in adipose tissue and secreted in skeletal muscle cells, cardiac myocytes, endothelial cells, and various other cell types (Fang and Judd, 2018). Currently, ADPN is currently considered a potential pro-inflammatory mediator that acts primarily through its receptor (Łączna et al., 2022). The abnormal expression of ADPN and its receptor genes in GA patients suggests that ADPN may contribute to IL-1β-mediated inflammation through receptor signaling. In a study of 90 consecutive patients in a crystal arthritis unit, increased levels of interleukin-18 (IL-18), soluble interleukin-6 receptor (sIL-6R), regulated upon activation, normal T cell expressed and secreted (RANTES), leptin and ADPN were found in patients with intermittent gout compared with their controls (Diaz-Torne et al., 2021). However, it has also been reported that ADPN plays an anti-inflammatory role in GA and is negatively associated with BUA levels. In a study comprising 258 male gout patients and 111 males undergoing annual check-ups, elevated levels of leptin and plasminogen activator inhibitor-1, coupled with reduced ADPN and ADPN/leptin ratio, were noted in patients with gout (p < 0.05, respectively). These findings imply a significant role for ADPN in the pathogenesis of gout (Inokuchi et al., 2010). Interestingly, Ruyi Cong et al. evaluated whether there is a causal relationship between specific ADPN and the development of HUA and GA through a two-sample Mendelian randomization study. However, the results found that ADPN may not play a causal role in the development of HUA and GA (Cong et al., 2022). Nevertheless, multiple findings support the notion that lipocalin may reduce BUA levels in GA patients, although the exact mechanism remains unclear. Further investigation is imperative to ascertain the correlation between ADPN and inflammatory markers in GA, elucidating the regulatory mechanism as either positive or negative.
Presently, there is a paucity of research investigating the impact of ADPN on GA from the perspective of gut microbiota, given the unclear mechanisms underlying ADPN-induced GA inflammation (Cong et al., 2022). Valuable insights can be gleaned from studies on other inflammatory diseases that have explored the regulatory mechanisms of ADPN in inflammation (Figure 2E). In germ-free (GF) mice, one study discerns the Lactobacillus NK6 colony, closely associated with Lactobacillus taiwanensis strain BCRC 17755, as a potential catalyst for inducing FABP4, adipsin, and ADPN expression via TRAF2 and TRAF6 ubiquitination-mediated NF-κB signaling. These discoveries unveil a novel mechanism governing the gut microbiota-mediated expression of FABP4, adipsin, and ADPN in intestinal Paneth cells (Su et al., 2015).
5 EFFECTS OF CONSERVATIVE GA TREATMENTS ON INFLAMMATORY PAIN MECHANISMS VIA THE “GUT-IMMUNE-JOINT” AXIS
5.1 Influence of gut microbes on the efficacy at anti-GA analgesic drugs
With advancements in techniques for detecting gut microbes, it has become evident that gut microbes are not only linked to the causative factors of diseases but also influence the effectiveness of their treatment (Ahlawat et al., 2021). In the pathogenesis of GA, macrophages play a crucial role by recognizing and engulfing urate crystals, thereby initiating an inflammatory response. This process triggers the release of inflammatory mediators, resulting in tissue inflammation and the manifestation of pain symptoms (Dalbeth et al., 2021) (Figure 2F). Commonly used in clinical practice during arthritis flares are anti-inflammatory analgesic drugs such as COL, nonsteroidal NSAIDs, and glucocorticoids (Figure 2G). For instance, mice exposed to different doses of COL (0.1, 0.5 and 2.5 mg kg-1 bw per day) for 1 week exhibited severe intestinal injury. The researchers found that COL reduced the expression of pro-inflammatory cytokines and tight junction proteins in ileal and colonic tissues. At 2.5 mg/kg, a profound remodeling of the gut microbiota was observed, potentially increasing intestinal toxicity. Elevated serum levels of diamine oxidase (DAO) and LPS indicated increased intestinal permeability, compromising the intestinal barrier (Shi et al., 2020). NSAIDs like celecoxib and etoricoxib can impact gut microbial growth, subsequently influencing the anti-inflammatory and analgesic effects of these drugs (Hernandez-Sanabria et al., 2020).
An 8-week prednisolone treatment of male C57/Bl6J mice was investigated, revealing loss of bone trabeculae and altered gut microbiota. Microbiota analysis revealed shifts in Rumatobacteriaceae and Bacillariophyceae, with significant differences in OTUs for Porphyromonas and Clostridiaceae. Transplantation of faecal material from prednisolone-treated mice into untreated mice induced bone loss, confirming the functional role of the microbiota in glucocorticoid-induced osteoporosis (GIO) (Schepper et al., 2020; van Durme et al., 2014). Although some investigations have explored the effects of glucocorticoids on gut bacteria in other immune disorders, few have specifically addressed their impact in GA (Table 1).
TABLE 1 | Changes in Gut Microbiota and Outcome Measures Under Different Conservative Treatments for GA.
[image: Table 1]Considering that most GA patients are treated with multiple drug combinations, the interactions between these therapeutic agents and the gut microbiome could be intricate in vivo. Moving forward, larger interventional clinical trials are warranted to explore the effects of specific pharmacological agents on the gut microbiota of GA patients.
5.2 Analgesic drugs from traditional Chinese medicine (TCM): effects on “gut-immune-joint” axis-mediated GA pain mechanisms
Clinicians frequently prescribe combinations of analgesic drugs with diverse pharmacological properties to enhance their analgesic effects (Szeto et al., 2020). However, such polypharmacy also elevates the risks of liver and kidney damage, cardiovascular events, and gastrointestinal reactions, in addition to the inherent toxicities of individual drugs. This significantly restricts the widespread clinical application of anti-gout medications. Consequently, GA remains challenging to treat, particularly the chronic form characterized by recurrent acute flares. Given its high efficacy and low toxicity, TCM is now considered a novel and promising analgesic therapy for GA (Han R. et al., 2021; Jiang et al., 2022). For example, berberine functions as a regulator of p65Lys310 by inhibiting p300 expression in macrophages, thereby exerting an anti-inflammatory effect in mice stimulated with acute LPS (Zhang C.-L. et al., 2021). Moreover, TCM can beneficially modulate cellular immune responses, inflammatory mediators, and chemokines.
TCM plays a pivotal regulatory role in cellular immune responses, inflammatory factors, and chemokines, with its influence extending through interactions with the gut microbiota (Xu et al., 2021) (Figure 2H). For instance, berberine, an isoquinoline alkaloid from the Chinese herbal medicine Coptis chinensis Franch. [Ranunculaceae; Coptidis rhizoma], has been shown to reduce joint inflammation and pain in GA mouse models (Xu et al., 2021). Berberine acts by inhibiting proteins like MyD88, TLR7 and NF-κB p65 through effects on the NLRP3/TLR signaling pathway (Zhang et al., 2023). It also downregulates the levels of inflammatory factors such as TNF-α and IL-6. Through these actions, berberine alleviates arthritis pain. In order to treat pain of GA, scholars discovered that Qu-Zhuo-Tong-Bi decoction might alter macrophage polarization and block the synthesis of pro-inflammatory factors by altering the prevalence of butyrate-producing bacteria and SCFA production in C57/Bl6J mice (Wen et al., 2020). Other herbal formulations, including Si Miao San (Lin et al., 2020), Tongfu Ding (Yang and Xing, 2021) and Modified Baihu decoction (Wang X. et al., 2022), as well as individual botanical drugs extracts, including Cichorium intybus L. [Asteraceae; Cichorii radix], have all been demonstrated to be successful in preventing and treating GA pain (Bian et al., 2020; Han J. et al., 2021) (Table 1). Further exploration of the impact of botanical drug medications and formulations on the gut microbiota will contribute to a deeper understanding of how the gut microbiome and associated metabolites influence GA inflammation and pain.
5.3 Effect of fecal microbiota transplantation on GA pain
Fecal Microbiota Transplantation (FMT) stands as a contemporary and promising avenue of clinical research. This therapeutic strategy endeavors to reinstate gut microbial diversity by introducing microbiota from a healthy donor into the gastrointestinal tract of the recipient (Xie et al., 2022). FMT presents an innovative approach for addressing GA by modulating BUA levels, considering the intricate connection between BUA and gut microbial equilibrium (Figure 2I). While human research on FMT for health is still in its early stages, this technique emerges as a promising new modality for GA patients, meriting further investigation (Table 1). In a 14-month study, C57BL/6 male littermates were fed high-fat/high-cholesterol (HFHC), high-fat/low-cholesterol or normal chow. HFHC-fed mice received atorvastatin. Germ-free mice were transplanted with faces from mice fed different diets. Analysis included 16S rRNA sequencing for gut microbiota and LC-MS metabolomics for serum. As reported, germ-free mice gavages with HFHC-fed stools exhibited hepatic lipid accumulation, inflammation and cell proliferation (Zhang X. et al., 2021).
5.4 Effect of probiotics on GA pain
Lactobacillus, Bifidobacterium, and yeast have a longstanding history of application as probiotics in disease treatment (Zhao H. et al., 2022). Currently, probiotics exhibit promise for the treatment of GA (Zeng et al., 2022). Progress has been made in the utilization of probiotics for GA treatment. Probiotics seem to mitigate GA inflammation through two primary mechanisms (Figure 2J): inhibiting the inflammatory response and restoring the compromised intestinal epithelial barrier. For instance, one study investigated Limosilactobacillus fermentum JL-3, derived from “Jiangshui” (a Chinese fermented food). In vitro, JL-3 demonstrated a high capacity to degrade UA. Oral administration to mice for 15 days resulted in sustained colonization of JL-3 in the feces. Mice fed JL-3 had urinary UA levels similar to the control but significantly lower serum UA levels (31.3%), confirming the UA-lowering effect of JL-3. JL-3 also attenuated inflammatory and oxidative stress markers associated with hyperuricemia, and analysis of gut microbial diversity revealed its regulation of HUA-induced dysbiosis (Wu et al., 2021). In another experiment, mice underwent normal, high-fructose, or high-fructose with DM9218 diets, analyzing metabolic parameters, fructose- and UA-related metabolites, and fecal microbiota. The Lactobacillus strain DM9218 reduced serum UA and hepatic xanthine oxidase activity in fructose-fed mice. It mitigated high-fructose-induced intestinal dysbiosis by improving intestinal barrier function and reducing liver lipopolysaccharide. This aligned with downregulated inflammatory cytokine-stimulated xanthine oxidase expression and activity (Wang et al., 2019). In summary, probiotics enhance immune function, facilitate intestinal barrier repair, and regulate gut microbial balance to alleviate overall GA discomfort (Table 1).
6 CONCLUSION AND OUTLOOK
In the realm of biological sciences, microbiomics has emerged as a critical and indispensable field of study (Sorbara and Pamer, 2022). Considerable research has explored the connection between gut microbes and arthritis diseases (Ramasamy et al., 2021; Wang et al., 2021). Further investigations are essential to comprehend the evolution of arthritis, its control of inflammation, and the restoration of the compromised microecological environment. Dysbiosis of the gut microbiota is recognized as a key factor influencing the onset and progression of several metabolic diseases. Robust evidence from both animal models and clinical studies establishes a compelling link between alterations in the gut microbiota during the development of GA and subsequent immune responses. Consequently, targeting the gut microbiota emerges as a promising preventive and therapeutic strategy for GA and HUA.
The therapeutic approach for GA involves nuanced modulation of gut microbiota types and abundance, alongside their metabolites, to regulate immune-inflammatory responses, particularly those mediated by macrophages. Nonetheless, the translation of gut microbiota-based therapies from animal models to clinical contexts encounters multifaceted challenges, encompassing concerns about the safety and stability of the gut microbiota, optimal intervention duration, patient adherence to treatment plans, and potential impacts on existing GA therapies. Anticipated future developments involve increased utilization of immunotherapeutic strategies for the prevention and treatment of GA, contributing to a more refined theoretical understanding and improved prognosis for patients with this condition. Moreover, to precisely elucidate the contributions of the gut microbiota to GA pain pathogenesis, forthcoming clinical investigations must be more rigorous and systematic (Song et al., 2023). This approach will enhance our comprehension of how the gut microbiome modulates inflammation and pain in individuals with GA.
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Cardiovascular disease (CVD) is a serious public health problem, and among non-communicable diseases, CVD is now the leading cause of mortality and morbidity worldwide. CVD involves multiple organs throughout the body, especially the intestinal tract is the first to be involved. The impairment of the intestinal mucosal barrier is considered a significant pathological alteration in CVD and also contributes to the accelerated progression of the disease, thereby offering novel insights for CVD prevention and treatment. The treatment of Chinese medicine is characterized by multi-metabolites, multi-pathways, and multi-targets. In recent years, the studies of Traditional Chinese Medicine (TCM) in treating CVD by repairing the intestinal mucosal barrier have gradually increased, showing great therapeutic potential. This review summarizes the studies related to the treatment of CVD by TCM (metabolites of Chinese botanical drugs, TCM formulas, and Chinese patent medicine) targeting the repair of the intestinal mucosal barrier, as well as the potential mechanisms. We have observed that TCM exerts regulatory effects on the structure and metabolites of gut microbiota, enhances intestinal tight junctions, improves intestinal dyskinesia, repairs intestinal tissue morphology, and preserves the integrity of the intestinal vascular barrier through its anti-inflammatory, antioxidant, and anti-apoptotic properties. These multifaceted attributes position TCM as a pivotal modulator of inhibiting myocardial fibrosis, and hypertrophy, and promoting vascular repairment. Moreover, there exists a close association between cardiovascular risk factors such as hyperlipidemia, obesity, and diabetes mellitus with CVD. We also explore the mechanisms through which Chinese botanical drugs impact the intestinal mucosal barrier and regulate glucose and lipid metabolism. Consequently, these findings present novel insights and methodologies for treating CVD.
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INTRODUCTION
CVD poses a significant global health threat, affecting over 23 million individuals worldwide (Bui et al., 2011). In China, the incidence of CVD is steadily increasing each year, making it the leading cause of hospitalization and contributing to the overall disease burden (Wang et al., 2021a; Ren et al., 2021). CVD is a systemic ailment that impacts multiple organ systems beyond just the cardiovascular system, including the intestinal tract which often experiences initial manifestations (Krack et al., 2005; Keeter et al., 2022). Medications used for treating CVD such as nonsteroidal anti-inflammatory drugs (NSAIDs) and antithrombotic drugs can potentially compromise the integrity of the gastrointestinal mucosal barrier and lead to drug-induced gastrointestinal ulcers (US Preventive Services Task Force et al., 2022). Severe mucosal damage may result in intestinal dysfunction or even failure (Arutyunov et al., 2008; Krack et al., 2005). Experimental studies have demonstrated that impairment of the intestinal mucosal barrier, particularly alterations in gut microbiota and its metabolites, are closely associated with pathological mechanisms like inflammation, ischemia, and hypoxia, as well as metabolic disorders (Wang and Zhao, 2018). Targeting intestinal barrier dysfunction could potentially serve as a therapeutic approach for managing CVD (Lewis and Taylor, 2020).
However, drug studies targeting the intestinal mucosal barrier for CVD treatment in medicine are scattered across clinical and experimental reports. Recent research has demonstrated that candesartan cilexetil, a renin-angiotensin system blocker, not only reduces blood pressure and improves cardiac function but also repairs damage to the intestinal barrier (Wu et al., 2019a). Lubiprostone, a ClC-2 chloride channel activator utilized for constipation treatment, has demonstrated efficacy in reducing the lactulose/mannitol ratio in patients with NSAID-induced intestinal barrier dysfunction (Kato et al., 2017). Additionally, it has been found to restore the intestinal barrier and ameliorate inflammation in Western diet-induced Apolipoprotein E-deficient (ApoE−/−) mice by attenuating lipids, thereby mitigating atherosclerosis (AS) (Arakawa et al., 2019). Probiotics and prebiotics have demonstrated efficacy in clinical trials (Jin et al., 2019). However, the research and development of these therapeutic agents are still ongoing. The application of TCM formulas for CVD is extensively utilized in clinical settings (Chen et, al., 2023a). Hao et al. (Hao et al., 2017) systematically evaluated the efficacy and safety of TCM for CVD in conjunction with the potential pharmacological mechanisms of the active ingredients. The results suggest that TCM can be used as a complementary and alternative approach to the prevention and treatment of CVD. Many botanical drugs and their metabolites have been shown to repair intestinal barrier damage and improve the intestinal microbiota in CVD therapy (Li et al., 2017; Lyu et al., 2017). This article discusses the potential mechanisms by which botanical metabolites, botanical drugs, and proprietary Chinese medicines act on CVD from the perspective of the intestinal mucosal barrier and gut microbiota.
RELATIONSHIP BETWEEN THE INTESTINAL MUCOSAL BARRIER AND CVD
Functions of the intestinal mucosal barrier
The intestinal tract is the largest immune organ in the human body, and the intestinal mucosal barrier is an extremely important part of the intestinal tract that prevents the invasion of pathogens (Camilleri, 2019). Digestive juices and commensal bacteria in the gut degrade bacteria and antigens. Paneth cells secrete antimicrobial peptides that prevent bacterial colonization (Wang et al., 2018), and cuprocytes secrete a mucin barrier that prevents pathogen attachment (Johansson and Hansson, 2016). Tight junction proteins, including the occludin, claudin, zonula occludens, and junctional adhesion molecule families, prevent pathogen translocation (Odenwald and Turner, 2017). The lamina propria secretes IgA, cytokines, chemokines, and immune cells to play an immune role (Johansson and Hansson, 2016; Camilleri, 2019). In addition, the gut vascular barrier (GVB) is the last line of defense of the intestinal mucosal barrier and recognizes translocated microorganisms and antigens in the bloodstream (Spadoni et al., 2015).
Intestinal dysfunction in cardiovascular disease
Cardiovascular systems, such as heart, cardiac macro vessels, and capillaries are related to the circulation of the entire organism (Rakusan et al., 1992), and the gastrointestinal system contains abundant blood vessels, receiving about ¼ of the blood supply of the heart and is sensitive to ischemia and hypoxia (Krack et al., 2005). The presence of systemic inflammation and inadequate perfusion caused by cardiovascular disease results in a reduction in intestinal peristalsis, absorption, and the development of edema in the intestinal wall. This leads to disruption of the mucus layer, disarray within the bacterial flora, and loss of tight junctions, ultimately resulting in increased permeability commonly referred to as “leaky gut” (Usuda et al., 2021). Sandek et al. (2014) found that intestinal blood flow is reduced, and gastrointestinal symptoms are increased in patients with chronic heart failure (CHF). The study conducted by Drapala et al. (2020) demonstrated that intestinal blood barrier disturbances, such as decreased intestinal blood flow, reduced colonic mucosal thickness, and alterations in tight junctions, were observed in spontaneously hypertensive HF rats. Chronic inflammatory states induced by AS and dyslipidemia are involved in vascular injury and microvascular remodeling, increasing intestinal vascular permeability (Witjes et al., 2015). The combination of congestive heart failure, atrial fibrillation (AF), and other factors leads to intestinal hypoperfusion, while a hypercoagulable state of blood and blood stasis contribute to the development of intestinal ischemia (Mosinska and Fichna, 2015; Wang et al., 2016). Thus, both CVD itself and CVD-related risk factors (obesity, high-fat diet, diabetes, etc.) affect the function and structure of the intestinal barrier (Zhang et al., 2020a; Ding et al., 2020). The internal environment, such as inflammation and hypoxia, plays an important role (Kalogeris et al., 2016; Yuzefpolskaya et al., 2020). In a rat model of myocardial infarction, serum and intestinal levels of TNF-α and IL-6 were significantly increased, and IL-10 levels were significantly decreased, accompanied by increased tissue levels of cyclooxygenase-2 (COX-2) and positively correlated with matrix metalloproteinase-2 (MMP-2) activity (Chen et al., 2021).
Intestinal permeability and cardiovascular risk
After leaky gut, pathogens in the intestine as well as pathogen-associated molecular patterns (PAMPs), such as the harmful metabolite lipopolysaccharide (LPS), can readily leak from the damaged barrier into the bloodstream, causing systemic disease (Tripathi et al., 2018). Among them, LPS, a major component of the outer membrane of Gram-negative bacteria, translocates into the systemic circulation to develop low-grade endotoxaemia (Violi et al., 2023). Low-grade endotoxemia induces arterial inflammation, plaque instability, and thrombosis, which may lead to atherosclerosis and has been associated with cardiovascular events in patients at risk for or suffering from serious cardiovascular disease associated with cardiovascular events in patients at risk or with severe cardiovascular disease (Violi et al., 2023). Serum LPS levels are elevated in STEMI patients and correlate with levels of zonulin, a marker of intestinal permeability, and LPS is localized in coronary thrombi in STEMI patients (Carnevale et al., 2020). Zhang et al. (2022) found that intestinal barrier dysfunction in rats with a dramatic increase in LPS and glucose levels led to upregulated expression of NOD-like receptor protein-3 (NLRP-3) inflammasome, which promoted the development of AF. This may be one of the important reasons why intestinal disease induces the development of CVD and accelerates the development of CVD.
The role of gut microbiota in CVD
Gut microbiota is a very important part of the intestinal barrier, and intestinal commensal bacteria maintain intestinal homeostasis (Wells et al., 2017). The gut microbiota influences host immunity, metabolism, and development (Rosell-Mases et al., 2023). Structural disruption of gut microbiota or small intestinal bacterial overgrowth (SIBO) leads to impairment of intestinal barrier function, which directly or indirectly causes diseases, including CVD (Brown and Hazen, 2015; Adkins and Rezaie, 2018). Zhang et al. (2022) found that fecal Firmicutes transplantation (FMT) of feces from aged rats with high susceptibility to AF to young healthy rats increased AF susceptibility in young rats, whereas FMT of long-term healthy young rats to older rats prevented AF in older rats. Increased Firmicutes to Bacteroidetes ratios were found in the feces of hypertensive models and patients, whereas Coprococcus Pseudobutyrivibrio and Bifidobacterium, which produce acetate, butyrate, and lactate, were decreased (Yang et al., 2015).
The gut microbiota generally affects CVD through two pathways. One way is through changes in metabolites such as trimethylamine N-oxide (TMAO), bile acids (BAs), short-chain fatty acids (SCFAs), and tryptophan derivatives (Liu et al., 2021a). The gut microbiota can convert various dietary nutrients into trimethylamine (TMA). Most TMA enters the circulation and is subsequently oxidized to TMAO by heparin-containing monooxygenase (FMO) (Bennett et al., 2013). Studies have shown that TMAO is associated with strong pro-AS activity and myocardial remodeling, leading to a higher risk of adverse cardiovascular events (Tang et al., 2013; Organ et al., 2016; Zhu et al., 2016). The gut microbiota modifies primary BA through products such as 7α-dehydroxylase, and bile salt hydrolase (BSH), to produce secondary BA (Walker and Gilliland, 1993; Ridlon et al., 2006), which is associated with farnesoid X receptor (FXR), liver X receptor (LXR), pregnancy X receptor (PXR), and G protein-coupled receptor (GPCR) and interacts with various host nuclear receptors, causing lipid metabolism disorders and cardiovascular metabolic diseases such as AS (Hanniman et al., 2005; Hylemon et al., 2009; Pols et al., 2011; Li et al., 2013).SCFA is recognized as a beneficial factor for CVD (Hu et al., 2022). Cohort studies have shown that changes in fecal SCFAs, including acetate, propionate, and butyrate, are significantly associated with 24-h mean blood pressure in hypertensive patients (Huart et al., 2021). Intestinal butyrate-producing bacteria are enriched in the intestines of patients with STSMI infarction and rhesus monkeys undergoing ischemia-reperfusion, and supplementation with butyrate and colonization with butyrate-producing bacteria improves cardiac function and myocardial injury after myocardial injury (Chen et al., 2023a). Propionate was found to attenuate myocardial hypertrophy, myocardial fibrosis, vascular dysfunction, and hypertension in Ang II-induced wild-type NMRI mice or ApoE−/− mice (Bartolomaeus et al., 2019).
Another way is for the gut microbiota to induce changes in the immune pathways of the host. LPS can be sensed by Toll-like receptor 4 (TLR-4), which activates macrophages to take up oxidized low-density lipoproteins (ox-LDL) to form foam cells, triggering atherosclerotic progression (Caesar et al., 2010). A reduction in the relative abundance of butyrate-producing Roseburia and Faecalibacterium, as well as an increase in the TNFα: IFN-γ ratio and the production of TNFα and IL-6 in isolated peripheral blood mononuclear cells, can be observed in hypertensive patients (Kim et al., 2014). Butyrate has also been found to modulate CD4+ T helper cell differentiation, exerting an anti-inflammatory effect and thus influencing CVD (Hu et al., 2022).
POTENTIAL MECHANISMS OF METABOLITES OF CHINESE BOTANICAL DRUGS AFFECTING INTESTINAL MUCOSAL BARRIER FOR THE TREATMENT OF CVD
Phenols
Resveratrol (RSV), is a plant polyphenol phytoalexin (Baur and Sinclair, 2006), which is mainly found in Chinese botanical drugs such as Smilax glabra Roxb. (Smilacaceae; Smilacis glabrae rhizoma), Veratrum album L. (Melanthiaceae; Veratrum album) and other traditional Chinese medicines. RSV could decrease TMAO levels and increase the abundance of BSH-active bacteria such as Lactobacillus and Bifidobacterium, which reduces BA degradation and fecal excretion. In contrast, RSV was found to neither reduce TMAO levels nor increase hepatic BA synthesis in antibiotic-treated sham-naive mice, suggesting that RSV acts by remodeling the gut microbiota. The FXR/FGF15 axis was inhibited in this process, and cholesterol 7a-hydroxylase (CYP7A1) expression was increased, exerting an anti-AS effect (Chen et al., 2016). This suggests that the beneficial cardiovascular effects of RV are related to the composition of the gut microbiota. According to Chen et al., (Chen et al., 2019), RV also prevents programmed hypertension associated with an increased abundance of the abundances of phylum Verrucomicrobia and genus Akkermansia Muciniphila (Chen et al., 2019).
Quercetin, a plant-derived polyphenol, found in Glehnia littoralis (A.Gray) F.Schmidt ex Miq. (Apiaceae; glehniae radix), Eucommia ulmoides Oliv. (Eucommiaceae; Eucommiae cortex) and many other botanical drugs. Quercetin treatment effectively attenuated weight gain and mitigated the extent of atherosclerotic lesions in the aortic sinus. The observed reduction in malondialdehyde levels and elevation of IL-6 levels further substantiated the protective effects of quercetin on immune/inflammatory responses and oxidative stress (Nie et al., 2019). Moreover, quercetin supplementation led to decreased intestinal cholesterol, lysophosphatidic acids, and atherogenic lysophosphatidylcholine (LPC 18:1) levels, while promoting an increased level of coprostanol (Nie et al., 2019). Microbiological analyses unveiled that quercetin treatment significantly enhanced Actinobacteria and Bacteroidetes populations, whereas it markedly reduced Firmicutes abundance (Nie et al., 2019).
Baicalin is found in botanical drugs, such as Scutellaria baicalensis Georgi (Lamiaceae; Scutellariae radixp). Wu et al. found in SHRs that baicalin attenuated hypertension-associated intestinal hyperpermeability and reduced serum high-sensitivity C-reactive protein (hs-CRP), inflammatory markers such as IL-1β and IL-6 (Wu et al., 2019a). And Baicalin treatment increased the abundance of SCFA-producing fecal flora, such as Streptococcus, Akkermansia, Allobaculum, Bifidobacterium, Lachnospiraceae_NK4B4_group, and Roseburia, as well as increased levels of SCFA (Wu et al., 2019b).
Naringin is a flavanone-7-O-glycoside between the flavanone Naringenin and the disaccharide neohesperidose. Naringin could promote the growth of 7α-dehydroxylase-producing bacteria, such as Eubacterium coprostanoligenes and Eubacterium brachy, and inhibit BSH-producing bacteria, such as Clostridium, Enterococcus, and Bacteroides, which may be important in alleviating AS by increasing bile acid synthesis through activation of the FXR/FXR/Fibroblast Growth Factor 15 (FGF15)-Cytochrome P450 7A1 (CYP7A1) pathway, thereby lowering cholesterol levels (Wang et, al., 2021a). Furthermore, the integrity of the GVB represents the ultimate defense mechanism for controlling bacterial translocation, with particular emphasis on the pivotal role played by the vascular endothelium within this context (Spadoni et al., 2016). The TNF-α-induced injury model of rat intestinal microvascular endothelial cells (RIMVEC) serves as a valuable tool to mimic inflammation-induced damage to GVB. Notably, intervention with Naringin effectively ameliorated tight junction proteins in RIMVEC, including Zonula Occludens-1 (ZO-1), occludin, and claudin-1, thereby preventing apoptosis and inhibiting cell migration while mitigating GVB disruption (Liu et al., 2020).
Naringenin is found in botanical drugs, such as Pericarpium Citri Reticulatae (Rutaceae; Citrus reticulata Blanco), and Paeonia lactiflora Pall. (Paeoniaceae; Paeoniae Radix Rubra). Naringenin has also been demonstrated to effectively mitigate TNF-α-induced disruption of the RIMVECs, as evidenced by the restoration of occludin and claudin-1 expression levels. This effect is partly attributed to the inhibition of nuclear factor kappa-B (NF-κB)-mediated activation of the Myosin Light Chain Kinases (MLCK)/p-MLC and TLR4/NF-κB/NLRP3 pathways (Zhong et al., 2021). Intestinal barrier dysfunction, including gastrointestinal motility disturbances, is associated with aberrant smooth muscle function and structure. Naringenin has been shown to hyperpolarize colonic smooth muscle cells (SMCs) through selective activation of large-conductance calcium-activated K+ (BKCa) channels, thereby reducing Ca2+ influx via voltage-dependent calcium channels (VDCC) and promoting SMCs relaxation for treating dyskinesia in rat colon (Yang et al., 2014). The activating effect of Naringenin on BKCa channels is also observed in vascular smooth muscle. In rat tail artery myocytes, (+/−)-Naringenin concentration-dependently increased BKCa currents. Additionally, (+/−)-Naringenin exerted a concentration-dependent relaxing effect on endothelium-denuded rat aortic rings precontracted with 20 mM KCl or norepinephrine (Saponara et, al., 2006). Naringenin not only regulates gastrointestinal motility disorders, but also exerts vasodilatory effects, but is not found in the same model, and its intrinsic mechanism of action needs to be investigated.
Terpenoids
Notoginsenoside R1 (NGR1) is a metabolite from Panax notoginseng (Burkill) F.H.Chen (Araliaceae; Notoginseng radix et rhizoma)NGR1 significantly reduced myocardial infarct size, alleviated cardiomyocyte injury, decreased cardiomyocyte apoptosis, and improved cardiac function in mice with myocardial ischemia/reperfusion (MI/R) by inhibiting transforming growth factor β-activated protein kinase 1 (TAK1)/c-Jun amino-terminal kinase (JNK). Pretreatment with NG-R1 (25 μM) significantly inhibited apoptosis in murine neonatal cardiomyocytes (CMs) induced by hypoxia/reoxygenation (H/R) (Zeng et al., 2023). Low-grade endotoxemia, resulting from increased intestinal permeability, stimulates leukocytes, platelets, and endothelial cells. This leads to inflammation and a hypercoagulable state, which in turn causes plaque instability and thrombosis (Violi et al., 2023). NGR1 inhibited the LPS-induced degradation of IκB-α (inhibitor of NF-κB) and increased synthesis of IκB-α protein in monocytic cell line THP-1. Simultaneously, it prevented LPS-induced upregulation of plasminogen activator inhibitor-1 (PAI-1) antigen and tissue factor in endothelial cells, improved LPS-induced PAI-1 in mice, and exerted anti-inflammatory and anti-thrombotic effects (Zhang et al., 1997). Interestingly, NGR1 also plays a protective role in intestinal ischemia-reperfusion (I/R). NGR1 attenuated intestinal I/R-induced microvascular hyperpermeability, reduced inflammatory cytokine production such as jejunal TNF-α, IL-1β, and IL-6, activated the NF-κB pathway and increased tight junction proteins, and improved energy metabolism during intestinal I/R (Li et al., 2014).
Ginsenoside Rc (GRc) is Panax ginseng C.A.Mey. (Araliaceae; Ginseng radix et rhizoma), and many drugs for the treatment of CVD contain ginsenoside, such as Shexiang Baoxin Pill, Tongxinluo, etc. Xie et al. (2022) found that GRc significantly attenuated AS injury in high-fat diet (HFD)-fed ApoE−/− mice by lowering blood lipids, IL-6, and IL-1β serum levels. And they also found that GRc reversed AS-induced changes in the abundance of Bacteroidetes and Firmicutes, Muribaculaceae, Lactobacillus, Ileibacterium, Bifidobacterium, Faecalibaculum, Oscillibacter, Blautia, and Eubacterium_Coprostanoligenes_group and other flora (Xie et al., 2022). Fecal metabolomics revealed that GRc treatment significantly reduced adenine and uric acid and was positively correlated with serum levels of TG, IL-6, IL-1β, and TNF-α (Xie et al., 2022). Oxidative stress, vascular injury, and systemic inflammation due to elevated uric acid have deleterious effects on CVD (Ndrepepa, 2018). GRc treatment also elevates levels of cholic acid (CA), chenodeoxycholic acid (CDCA), isolithocholic acid (isoLCA), taurochenodeoxycholic acid (TCDCCA), and tricarboxylic acid (TCA) (Xie et al., 2022). Primary bile acids, such as CA and CDCA, as well as secondary bile acids can activate FXR and TGR5 and reduce AS formation (Miyazaki-Anzai et al., 2018; Schoeler and Caesar, 2019). This may be one of the mechanisms by which GRc mitigates AS damage.
Alkaloids
Berberine (BBR) was revealed to inhibit deoxynivalenol-induced intestinal injury by increasing the expression of serum antioxidant enzymes and T-cell surface antigens and by decreasing the release of pro-inflammatory cytokines in the small intestine. BBR significantly increased ileal and jejunal mucosal ZO-1 by decreasing the expression of deoxynivalenol (DON)-induced genes and proteins in the jejunum and ileum in the presence of extracellular regulated protein kinases (ERK), JNK, and NF-κB, occludin and claudin-1 protein expression levels, and improved jejunal morphology. BBR is also known to improve jejunal morphology (Tang et, al., 2021). BBR treatment significantly reduced AS area and lipid levels decreased pro-inflammatory cytokines TNF-α, IL-1β, IL-6, and increased anti-inflammatory IL-10 and lipocalin levels in HFD-fed ApoE−/− mice (Wu et al., 2020). In this study, 16S rRNA sequencing and macrogenic findings revealed that BBR altered the abundance of Roseburia, Blautia, Allobaculum, Alistipes, Turicibacter, and Bilophila. These colonies showed beneficial anti-inflammatory effects, modulation of glycolipid metabolism, increased SCFAs, and decreased TMAO potential (Wu et al., 2020). Furthermore, BBR has been utilized for treating atherosclerotic patients (0.5 g, bid). However, oral administration of 5 g bid of BBR for 4 months resulted in an increased susceptibility to plaque formation among these patients. Notably, there was a significant decrease observed in the abundance of TMA-producing potential gut microbiota species, including Eubacterium_hallii_group, Anaerostipes, Faecalibacterium, Dialister, Eubacterium_coprostanoligenes_group, Coprococcus_3, Butyricoccus, and Clostridium_sensu_strito_1. Additionally, fecal and stool levels of both TMA and TMAO were significantly reduced along with a notable decrease in plaque score (Ma et al., 2022). Another study showed that BBR protects against NSAID-induced intestinal mucosal damage by upregulating the expression of Protein gene product 9.5 (PGP9.5), glial fibrillary acidic protein (GFAP), and Glial-cell-line-derived neurotrophic factor (GDNF) with the repair of enteric nervous system (Chao et al., 2020).
Leonurine is present in Leonurus japonicus Houtt. (Lamiaceae; Leonuri herba). Leonurine has been shown to attenuate Ang II-induced cardiomyocyte hypertrophy, fibrosis, and inflammation, and to preserve cardiac function (Shen et al., 2023) In the clinic, the intervention of 36 subjects using different doses of Leonurine revealed an increase in the relative abundance of Ruminococcus, Streptococcaceae, etc., and a relative abundance of Myobacterium, Veillonella, Lachnospiraceae, and Weissella was downward (Liao et al., 2021). Accumulating evidence suggests that high homocysteine and low methionine levels are associated with AS and myocardial infarction (Verhoef et al., 1996; Homocysteine Studies Collaboration, 2002; McCully, 2015). In the Liao et al. (2021) study, metabolomic analysis showed that Leonurine can affect homocysteine-methionine metabolism, increasing methionine levels.
Potential mechanisms of metabolites of Chinese botanical drugs affecting the intestinal mucosal barrier for the treatment of CVD are shown in Table 1.
TABLE 1 | Lists of metabolites of Chinese botanical drugs acting on intestinal barrier damage in the treatment of CVD.
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Shen-Fu Decoction (SFD), a classic traditional Chinese formula, is composed of Panax ginseng C.A.Mey. (Araliaceae; Ginseng radix et rhizoma), Aconitum carmichaelii Debeaux (Ranunculaceae; Aconiti lateralis radix praeparata). SFD significantly reduced the mortality rate of sepsis model induced by cecal ligation and puncture (CLP), prevented intestinal and liver injury, alleviated increased intestinal permeability and inflammation, and impaired intestinal barrier by regulating the expression of ZO-1, occludin, claudin-1, and Phosphorylated Vasodilator Stimulated Phosphoprotein (p-VASP) (Liu et al., 2021b). Yan et al. (2018) demonstrated that the regulation of Fas, Fas-L, Bcl-2, and Bax proteins in the apoptotic pathway by SFD and microRNAs played a pivotal role in ameliorating cardiac function and hemodynamic indices in rats with HF. Interestingly, another formula containing Ren Shen and Fu Zi, Fuzi decoction (FZD), has also been shown to have therapeutic effects on CHF. Gao et al. (Gao et al., 2022) found that FZD improved cardiac function and reduced the effects of pyruvate and lactate. Recent studies have shown that the pyruvate-lactate axis is critical for cardiac homeostasis (Cluntun et al., 2021) Gao et al. (2023) also found that FZD increased the Firmicutes-Bacteroidetes ratio and the abundance of Lactobacillus, and affected the β-diversity of the intestinal microbiota in rats with CHF. FZD increased the Firmicutes-Bacteroidetes ratio and Lactobacillus abundance and affected the β-diversity of the gut microbiota in rats with CHF (Gao et al., 2023). Non-targeted metabolomics analysis showed that FZD affected the biosynthesis of valine, leucine, and isoleucine. It increased the levels of acetic acid, propionic acid, butyric acid, and isovaleric acid in the feces of CHF rats. FMT demonstrates once again that the mechanism of action of FZD in the treatment of CHF may be related to the improvement of the gut microbiota, the elevation of SCFA content, and the realization of the amino acid pathway (Gao et al., 2023).
Lingguizhugan decoction (LGZGD), an ancient TCM formula from the Treatise on Cold Pathogenic and Miscellaneous Diseases, was prepared from Poria cocos (Schw.) Wolf (Polyporaceae; Poria), Neolitsea cassia (L.) Kosterm. (Lauraceae; Cinnamomi ramulus), Atractylodes macrocephala Koidz. (Asteraceae; Atractylodis macrocephalae rhizoma), Glycyrrhiza uralensis Fisch. ex DC. (Fabaceae; Glycyrrhizae radix et rhizoma). In DOX-induced myocardial injury in rats, LGZGD was found to ameliorate cardiac dysfunction and attenuate myocardial morphological injury and mitochondrial damage. LGZGD downregulated miR-24 expression, upregulated junctophilin-2 (JP-2) expression, and antagonized T-tubule-sarcoplasmic reticulum (TT-SR) microstructural remodeling, thereby improving cyclic Ca2+ transients and cell contraction (Li et al., 2019). In transverse aortic constriction (TAC)-induced HF mice, LGZGD significantly ameliorated cardiac dysfunction by downregulating p38 and ERK and bi-directionally regulating the expression of cardiac hypertrophy-related genes and proteins such as protein kinase B (AKT)- Glycosynthase kinase 3β (GSK3β)/mammalian target of rapamycin (mTOR)/P70S6K in TAC mice (Chen et al., 2022).
Buyang Huanwu Decoction (BYHWD) is composed of Astragalus mongholicus Bunge [Fabaceae; Astragali radix], Angelica sinensis (Oliv.) Diels [Apiaceae; Angelicae sinensis radix], Radix Paeonia lactiflora Pall. [Paeoniaceae; Paeoniae radix rubra], Pheretima Aspergillum (E.Perrier) [Megascolecidae; Pheretima], Rhizoma Ligustici Chuanxiong [Apiaceae; Chuanxiong rhizoma], Carthamus tinctorius L. [Asteraceae; Carthami Flos], Prunus persica (L.) Batsch [Rosaceae; Persicae semen] (Chen et al., 2020). Clinical studies have shown that BYHWD reduced levels of hs-CRP, TNF-α, IL-18, and TMAO, increased the abundance of Lactobacillus and Bifidobacterium, and reduced the abundance of Escherichia coli and fungi in patients with stable coronary artery disease (Liang et al., 2023). In vitro assays showed that BYHWD reduced the expression of IL-6, IL-1β, and matrix metalloproteinase 9 (MMP9), increased cell migration, decreased the proportion of RCFs in the S + G2 phase, and inhibited cell division and proliferation, thereby inhibiting myocardial fibrosis (Wang et al., 2022). The animal experiments demonstrated that BYHWD improved myocardial and cardiac function in HF rats, while also reducing serum d-lactate and TMAO levels. Furthermore, it increased the expression of occludin and claudin-1. Additionally, the taxonomic composition of gut microbiota was altered, with an observed increase in Lactobacillus abundance and a concurrent decrease in Romboutsia abundance following treatment with BYHWD in HF rats. These findings suggest that BYHWD has potential therapeutic implications for heart failure through its ability to restore intestinal mucosal barrier integrity (Weng et al., 2023).
Taohong Siwu Decoction (THSWD) consists of Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae, Rehmanniae radix praeparata], Angelica sinensis (Oliv.) Diels [Apiaceae; Angelicae sinensis radix], Radix Paeonia lactiflora Pall. [Paeoniaceae; Paeoniae radix rubra], Rhizoma Ligustici Chuanxiong [Apiaceae; Chuanxiong rhizoma], Carthamus tinctorius L. [Asteraceae; Carthami Flos], Prunus persica (L.) Batsch [Rosaceae; Persicae semen]. It is widely used in blood stasis type CVD (Liu et, al., 2022a; Luo et, al., 2019; Xia et, al., 2021). As found in a rat model of MI, THSWD administration improved cardiac function in MI rats. This study suggests that THSWD significantly increased the expression of basic bFGF, insulin-like growth factor-1 (IGF-1), reduced collagen deposition, promoted angiogenesis, reduced apoptosis, and activated the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway. Notably, THSWD significantly reduced mitochondrial ROS production and inhibited excessive mitochondrial fission. Beneficial changes in the fecal microbiota of rats also occurred after THSWD intervention, as evidenced by increased Firmicutes/Bacteroidetes (F/B) value and increased Lactobacillus.
Potential mechanisms of Chinese medicine formulas affecting intestinal mucosal barrier for the treatment of CVD are shown in Table 2.
TABLE 2 | Lists of Chinese medicine formulas acting on intestinal barrier damage in the treatment of CVD.
[image: Table 2]POTENTIAL MECHANISMS OF CHINESE PATENT MEDICINE AFFECTING INTESTINAL MUCOSAL BARRIER FOR THE TREATMENT OF CVD
CPM has been extensively utilized in the secondary prevention and treatment of CVD (Chen et al., 2023a; Shang et al., 2009). Tongxinluo (TXL), is an approved CPM by the State Food and Drug Administration of China for angina pectoris and ischemic stroke (Qi et al., 2022). Qi et al. (2022) found TXL could enhance atherosclerotic plaque stability, suppress NLRP3, caspase-1, IL-1β, and IL-18 inflammatory pathways expression as well as increase the relative abundance of F/B ratio, Alipipes, Campylobacter, Rikenella, indistinctus, viscericola, nordii, subantarcticus, and other bacteria. The fecal metabolites erucic acid, N-acetylneuraminate, chenodeoxycholate, and 6-tuliposide B in the TXL intervention group were significantly reduced, while hydroxyphenyllactic acid, trans-ferulic acid (TFA), and others were significantly increased. This study found that some metabolites were significantly associated with some bacteria and some inflammatory factors. In particular, the metabolite trans-ferulic acid transcarboxylate inhibits the NLRP3 inflammatory pathway (Qi et al., 2022). Trans-ferulic acid, the major active form of ferulic acid (Cai et al., 2006), has been shown to reduce oxidative stress, apoptosis, and necrosis in peripheral monocytes (Perez-Ternero et al., 2017), and is involved in the activation of classical inflammatory pathways such as PPARγ and NF-κB//NLRP3 (Mahmoud et al., 2019). This evidence suggests that TXL may achieve improved plaque stability and inflammation in rabbits with atherosclerotic AS by regulating gut microbiota and metabolism (Qi et al., 2022). Another study demonstrated that TXL treatment attenuated intestinal I/R-induced mast cell activation, restrained overexpression of TLR4, NF-κB, TNF-α, platelet endothelial cell adhesion molecular (PECAM), High Mobility Group Protein 1 (HMGB1) expression, and protected VE-cadherin and Angiopoietin Like protein 4 (ANGPTL4) proteins to repair microvascular dysfunctionand endothelial injury (Zhang et al., 2020a; Zhang et al., 2018).
Qiliqiangxin (QL) capsules contain Astragalus mongholicus Bunge [Fabaceae, Astragali radix], Panax ginseng C.A.Mey. [Araliaceae; Ginseng radix et rhizoma], Aconitum carmichaelii Debeaux [Ranunculaceae; Aconiti lateralis radix praeparata], Salvia miltiorrhiza Bunge [Lamiaceae; Salvia miltiorrhizae radix et rhizoma], Descurainia sophia (L.) Webb ex Prantl [Brassicaceae, Descurainiae semen lepidii semen], etc. QL, also a CPM for the treatment of HF, reduced protein expression levels of myocardial NF-κB, NLRP3, ASC, caspase-1, and cleaved-IL-1β, preserved cardiac function, and significantly improved LV remodeling. In addition, QL treatment of HF rats resulted in increased Lactobacillus, improved intestinal villus edema, breakage or absence, and gaps between epithelial cells (Lu et al., 2022). In addition, Qiliqiangxin therapeutically protects the heart from ventricular remodeling and HF by modulating the microbiota of Paraprevotella, Phascolarctobacterium, and Intestinimonas and repairing the intestinal mucosal barrier (Lu et al., 2022).
Xuesaitong (XST) primarily consists of Panax notoginseng saponin (PNS), which exhibits dual effects of hemostasis and angiogenesis, making it extensively utilized for the treatment of cardiovascular and cerebrovascular diseases (Liao et al., 2023). Angiogenesis plays a crucial role in the reparative process following MI injury (Wu et al., 2021). In a mice model of MI, XST was demonstrated to enhance myocardial angiogenesis and mitigate myocardial fibrosis by specifically targeting nuclear hormone receptor77(Nur77) to suppress miR-3158-3p (Liao et al., 2023). Additionally, XST exhibited the ability to upregulate the expression of the VEGF signaling pathway, thereby promoting angiogenesis (Wang et al., 2012). Proteomic and cellular investigations unveiled that XST-induced alterations in protein levels of myocardial pyruvate dehydrogenase E1 alpha (PDHA1), hydroxyacyl-coenzyme A dehydrogenase (HADHA), peroxiredoxin 3 (PRX3), gamma-enolase, acetyl-coenzyme A acyltransferase 2 (ACAA2). In addition, XST promoted the activity of PDH, a crucial enzyme associated with the tricarboxylic acid (TCA) cycle, and enhanced intracellular levels of acetyl coenzyme A and ATP effectively mitigated malondialdehyde (MDA) release in cardiomyocytes (Zhao et al., 2017). Xu et al. investigated the impact of XST on intestinal barrier dysfunction and its underlying mechanisms in a rat model of intestinal I/R injury. XST demonstrated significant efficacy in alleviating I/R-induced intestinal barrier dysfunction by suppressing TNF-α expression, upregulating Bcl-2, downregulating caspase-3, and promoting intestinal peristalsis (Xu et al., 2015).
Zheng et al. (2023) conducted a randomized controlled trial in patients with acute ST-segment elevation myocardial infarction after percutaneous coronary intervention (PCI) and found that Tongguan capsules were able to improve the ventricular remodeling of patients. In addition, Tongguan capsules adjust the abundance of relevant genera of intestinal Prevotella, Agaricus, Microbacterium, and Enterococci, which increases the beneficial bacterial colonization and bacterial diversity, as well as adjust the structure of gut microbiota.
Shenfu injection, comprising ginsenosides and aconite alkaloid, exhibited enhanced hemodynamics and sustained intragastric pH in a myocardial I/R model, thereby preventing inadequate perfusion of the gastrointestinal microcirculation following myocardial I/R (Zhang et al., 2006). In children undergoing heart surgery for congenital heart defects, Shenfu injection significantly reduced the decrease in gastric mucosal pH during surgery. It also decreased plasma levels of diamine oxidase (DAO), MDA, LPS, IL-6, and creatine kinase isoenzyme MB. Additionally, Shenfu injection reduced postoperative utilization of positive inotropic drugs and length of stay in the care unit. Therefore, Shenfu injection attenuated gastrointestinal tract injury and suppressed inflammatory response after extracorporeal circulation in patients with congenital heart disease (Xia et al., 2005).
Potential mechanisms of Chinese patent medicine affecting intestinal mucosal barrier for the treatment of CVD are shown in Table 3.
TABLE 3 | Lists of Chinese patent medicine acting on intestinal barrier damage in the treatment of CVD.
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Fasting hyperglycemia, hypertriglyceridemia, low HDL cholesterol, hypertension, and/or metabolic disorders such as abdominal obesity and nonalcoholic fatty liver disease are risk factors for the development of coronary heart disease (CHD) and cardiovascular events (Lakka et al., 2002). RV intake decreased the relative abundance of Turicibacteraceae, Moryella, Lachnospiraceae, and Akkermansia and increased the relative abundance of Bacteroides and Parabacteroides in obese mice. And fecal FMT of healthy resveratrol-fed mice improved glucose homeostasis in obese mice (Sung et al., 2016).RV may indirectly treat CVD by modulating the microbial structure and improving lipid and glucose metabolism.
Porras et al. (Porras et al., 2017) identified the ability of quercetin to regulate lipid metabolism genes such as LXRα, sterol regulatory element binding protein (SREBP)-1c, fatty acid synthase (FAS), fatty acid binding protein (FABP)1 and FAT/CD36 and other lipid metabolism genes expression to regulate cytochrome P450 2E1 (CYP2E1)-dependent lipid peroxidation and related lipotoxicity, thereby reducing intrahepatic lipid accumulation and hence insulin resistance. Quercetin restored gut microbiota imbalance, SCFAs in HFD-fed mice, occludin, claudin 1, and intestinal alkaline phosphatase expression (Porras et, al., 2017). In addition, the associated endotoxemia-mediated TLR-4 pathway was also inhibited by quercetin, which subsequently inhibited inflammasome response and reticular stress pathway activation and blocked lipid metabolism gene expression (Porras et al., 2017).
Lu et al. (2020) demonstrated that Neohesperidin (Neo) attenuated the levels of inflammatory factors, including TNF-α, monocyte chemoattractant protein-1 (MCP-1), and IL-1β while modulating the expression of lipid transporter genes, adipogenic genes, and fatty acid oxidation in epididymal white adipose tissue. Additionally, Neo improved intestinal barrier integrity and reduced serum metabolic LPS levels in obese mice. However, eWAT was shown to be an exosome-dependent promoter of Ang II-induced cardiac fibrosis and subsequent cardiac dysfunction (Su et al., 2022). The study by Lu et al. also found that Neo neo-administration induced significant alterations in the composition of gut microbiota in high-fat diet-fed mice, characterized by a decrease in Faecalibaculum and an increase in Blautia, Mucispirillum, Lachnospiraceae_ UCG-006, Streptococcus, Enterorhabdus, and Bacteroides. Furthermore, FMT with Neo-treated samples effectively ameliorated obesity and metabolic disorders observed in HFD-fed mice (Lu et al., 2020).
Ginsenoside Rb1 (Rb1) oral supplementation ameliorated dyslipidemia, improved insulin sensitivity in HFD-induced obese mice, and reversed the expression of uncoupling protein 2 (UCP2), Nuclear receptor subfamily one group H member 4 (Nr1h4), and Fiaf. Rb1 altered gut microbiota composition and increased Akkermansia spp. abundance, and maintains amino acid metabolic homeostasis, particularly leucine (Leu), isoleucine (Iso), tryptophan (Trp), and alanine (Ala). Correlation analyses revealed that Akkermansia spp. alteration of the Ala gut microbiota and regulation of amino acid metabolism may be the mechanism by which Rb1 acts (Yang et al., 2021).
BYHWD was able to inhibit body fat accumulation and blood triglyceride levels in HFD rats significantly increase Bacteroidetes and dramatically decrease Firmicutes at the phyla level, and the remarkable increase in the abundance of Lactobacillus and Blautia (Liu et al., 2022b). Glycoside metabolites (astragaloside IV, paeoniflorin, and amygdalin) in BYHWD were shown to alleviate atherosclerotic inflammation. These glycosides were able to reduce pro-inflammatory factors and adhesion molecules, decrease the number of foam cells and intracellular lipid content, and prevent macrophage inflammation, all by inhibiting the activation of the Janus Kinase (JAK)/signal transducer and activator of transcription (STAT) pathway (Fu et al., 2022).
Lingguizhugan decoction (LGZGD) is an ancient Chinese herbal formula from the Treatise on Cold Pathogenic and Miscellaneous Diseases, consisting of Poria cocos (Fu Ling), Ramulus Cinnamomi (Gui Zhi), Atractylodis Macrocephalae Rhizoma (Bai Zhu), and Radix Glycyrrhizae (Gan Cao). It was found in the HFD rat model that LGZGD treatment not only reduced plasma insulin concentration, glucose tolerance, and lipids but also restored small intestinal villus morphology and upregulated occludin levels. This may be achieved by upregulating the relative abundance of Akkermansia, Faecalibacterium, and Phascolarctobacterium (Ning et al., 2022).
Potential mechanisms of TCM affecting intestine to treat CVD risk factors are shown in Table 4.
TABLE 4 | Lists of TCM acting on intestinal barrier damage in the treatment of CVD risk factors.
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In conclusion, TCM can regulate intestinal tight junctions, intestinal smooth muscle motility, intestinal mucus barrier, and gut microbiota, improve intestinal hemodynamics, and alleviate systemic or general inflammatory damage and oxidative stress injury, thus exerting potential therapeutic effects on CVD. In particular, the metabolites of the gut microbiota are closely related to the development of cardiovascular diseases. By intervening in the metabolism of gut microbiota, botanical drugs reduce the level of intestinal endotoxins and attenuate the inflammatory response. It is worth noting that the effect of some of these botanical drugs on altering the body’s glycolipid metabolism and CVD risk factors is also related to the intestinal mucosal barrier. Therefore, we hypothesized that the repair of intestinal mucosal barrier damage by botanical therapy is one of the mechanisms to protect the cardiovascular system.
However, the current understanding of the relationship and mechanisms between the cardiovascular system and the intestinal mucosal barrier remains limited in contemporary research. The pharmacological and toxicological mechanisms as well as the bioavailability of Chinese medicines to the organism and the gut microbiota also need to be continuously investigated. Chinese medicines emphasize individualized treatment, giving different prescriptions according to the different stages of the disease, and most of the studies are on simple disease models, such as simple hypertension, simple heart attack, and other animal models, which do not completely simulate the real clinical situation, especially when there are multiple confounding factors such as hyperlipidemia, hyperglycemia, or renal disease in the clinical patients, which needs to be further demonstrated with a combination of disease-evidence-based modeling and a high-quality clinical randomized controlled study or a real-world studies to further prove the scientific validity. Although the TCM formula and metabolites mentioned in the article were shown to treat CVD and repair the intestinal mucosal barrier, respectively, they were not in the same study and the same model. More importantly, most of the studies only demonstrate that botanical drugs can treat both CVD and repair the intestinal mucosal barrier, but these studies are not sufficient to confirm that botanical drugs can target the intestinal tract to treat CVD, direct evidence is still scarce, and there is a need for continued research on the intermediary mediators and pathways mediated by botanical drugs and on how certain flora specifically can affect CVD.
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Quantitative proteomics reveals the protective effects of Yinchenzhufu decoction against cholestatic liver fibrosis in mice by inhibiting the PDGFRβ/PI3K/AKT pathway
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Introduction: Yinchenzhufu decoction (YCZFD) is a traditional Chinese medicine formula with hepatoprotective effects. In this study, the protective effects of YCZFD against cholestatic liver fibrosis (CLF) and its underlying mechanisms were evaluated.
Methods: A 3, 5-diethoxycarbonyl-1, 4-dihydro-collidine (DDC)-induced cholestatic mouse model was used to investigate the amelioration of YCZFD on CLF. Data-independent acquisition-based mass spectrometry was performed to investigate proteomic changes in the livers of mice in three groups: control, model, and model treated with high-dose YCZFD. The effects of YCZFD on the expression of key proteins were confirmed in mice and cell models.
Results: YCZFD significantly decreased the levels of serum biochemical, liver injury, and fibrosis indicators of cholestatic mice. The proteomics indicated that 460 differentially expressed proteins (DEPs) were identified among control, model, and model treated with high-dose YCZFD groups. Enrichment analyses of these DEPs revealed that YCZFD influenced multiple pathways, including PI3K-Akt, focal adhesion, ECM–receptor interaction, glutathione metabolism, and steroid biosynthesis pathways. The expression of platelet derived growth factor receptor beta (PDGFRβ), a receptor associated with the PI3K/AKT and focal adhesion pathways, was upregulated in the livers of cholestatic mice but downregulated by YCZFD. The effects of YCZFD on the expression of key proteins in the PDGFRβ/PI3K/AKT pathway were further confirmed in mice and transforming growth factor-β-induced hepatic stellate cells. We uncovered seven plant metabolites (chlorogenic acid, scoparone, isoliquiritigenin, glycyrrhetinic acid, formononetin, atractylenolide I, and benzoylaconitine) of YCZFD that may regulate PDGFRβ expression.
Conclusion: YCZFD substantially protects against DDC-induced CLF mainly through regulating the PDGFRβ/PI3K/AKT signaling pathway.
Keywords: Yinchenzhufu decoction, proteomics, cholestasis, liver fibrosis, PDGFRβ/PI3K/AKT
1 INTRODUCTION
Cholestatic liver disease (CLD) is a hepatobiliary disorder characterized by liver damage due to obstructions in bile formation, secretion, and/or excretion. CLD is associated with the accumulation of bile acids (BAs) in the liver, resulting in liver inflammation, hepatocyte damage, and liver fibrosis and cirrhosis, for which treatment options are limited (Goodman, 2007; Gines et al., 2021). Persistent cholestasis may lead to chronic inflammatory responses within the liver and damage bile duct cells and hepatocytes (Cai et al., 2017; Zeng et al., 2023). Various factors associated with hepatocyte apoptosis and necrosis, including inflammation in the liver and activation of Kupffer cells, trigger the secretion of pro-inflammatory cytokines (Kisseleva and Brenner, 2021). Alongside various chemical messengers, these cytokines activate and transform hepatic stellate cells (HSCs) into myofibroblasts. Furthermore, activated HSCs can enhance myofibroblast proliferation through paracrine or autocrine mechanisms, resulting in the synthesis of abundant collagen fibers and other extracellular matrix (ECM) components. During this process, regulatory factors such as platelet-derived growth factor (PDGF) can interact with the ECM in a complex network to promote liver fibrogenesis.
Cholestatic liver fibrosis (CLF) is a serious pathological process in CLD development (Novo et al., 2009). Ursodeoxycholic acid (UDCA) is an FDA-approved drug for the treatment of primary biliary cholangitis (PBC) (Lindor, 2007). However, UDCA is often unavailable or intolerable. Alternatively, obeticholic acid (OCA) is used for patients with UDCA intolerance, but its application is limited by various adverse reactions, such as severe pruritus (Beuers et al., 2015). Moreover, the efficacies of both agents in primary sclerosing cholangitis (PSC) remain unclear (Ghonem et al., 2015). As a result, limited drugs to treat cholestasis and liver fibrosis are available.
Traditional Chinese medicine (TCM) formulas exert therapeutic effects against cholestasis via multiple signaling pathways, including pathways related to bile acid metabolism, gut microbiota, inflammation, and fibrosis (Wei et al., 2022). In TCM, CLD belongs to the category of jaundice, which can be divided into Yin-yellow and Yang-yellow syndromes. Yinchenzhufu decoction (YCZFD) is a classical TCM formula for the treatment of Yin-yellow syndrome. YCZFD consists of six herbs: Artemisiae Scopariae Herba (Artemisia capillaris Thunb.), Atractylodis Macrocephalae Rhizoma (Atractylodes macrocephala Koidz.), Aconiti Lateralis Radix Praeparaia (Aconitum carmichaelii Debx.), Zingiberis Rhizoma (Zingiber officinale Rosc.), Glycyrrhizae Radix et Rhizoma Praeparata (Glycyrrhiza uralensis Fisch.), and Cinnamomi Cortex (Cinnamomum cassia Presl.). Previous studies of acute cholestatic model induced by alpha-naphthylisothiocyanate and chronic cholestatic mouse model induced by 3,5-diethoxycarbonyl-1,4-dihydroxychollidine (DDC) found that YCZFD exerts a hepatoprotective effect through ameliorating disordered BAs homeostasis and inflammation (Wang et al., 2020; Li et al., 2023). YCZFD has been widely used for treating the Yin-yellow syndrome, which belongs to chronic liver disease, in clinical settings (Zhu Fanghong and Li, 2021). However, whether YCZFD protects against CLF and its molecular mechanisms are unclear.
Quantitative proteomic analysis has been widely employed to investigate the formation and progression of cholestasis, identify disease biomarkers, and find the alterations in protein and signaling pathways under drug intervention, thereby providing preliminary insights into the characteristic biomarkers and pathobiology of diseases such as PSC and PBC (Massafra et al., 2017; Li et al., 2019b; Wu et al., 2020; Wang et al., 2021a). Previous studies have explored the novel mechanisms of TCM formulas at the protein level (Lao et al., 2014). In the present study, quantitative proteomics was used to elucidate the potential networks modulated by YCZFD in DDC-induced cholestatic mice. Our results indicated that YCZFD ameliorates CLF mainly via the PDGFRβ/PI3K/AKT signaling pathway.
2 MATERIALS AND METHODS
2.1 Materials
The chemicals and reagents are described in Supplementary Material M1. Crude drugs Artemisia capillaris Thunb. (210218), Atractylodes macrocephala Koidz. (210430), Aconitum carmichaelii Debx. (210309), Zingiber officinale Rosc. (210403), Glycyrrhiza uralensis Fisch. (2106034), and Cinnamomum cassia Presl. (210309) were purchased from Shanghai Kangqiao Chinese Medicine Tablet Co., Ltd. and authenticated using morphological and microscopic identification in accordance with the Chinese Pharmacopoeia by Dr. Jinrong Wu from Shanghai University of Traditional Chinese Medicine (Commission, 2020).
2.2 YCZFD preparation and quality control
YCZFD extract was prepared according to our previously reported method (Wang et al., 2020). Briefly, the crude materials of Artemisia capillaris Thunb. (300 g), Atractylodes macrocephala Koidz. (600 g), Aconitum carmichaelii Debx. (150 g), Zingiber officinale Rosc. (150 g), Glycyrrhiza uralensis Fisch. (300 g), and Cinnamomum cassia Presl. (100 g) were immersed in 16 L of water for 30 min and boiled for 1 h to collect the first decoction. After filtration, 12.8 L of water was added and the mixture was boiled for 1 h to collect the second decoction. The two decoctions were mixed and concentrated with a rotary evaporator. The mixture was freeze-dried to obtain powdered YCZFD extract with 19% yield.
Qualitative analysis using an ultra-high performance liquid chromatography coupled to a linear trap quadrupole-Orbitrap (UHPLC-LTQ-Orbitrap) elite MS system (Thermo Fisher Scientific, Bremen, Germany) (Wang et al., 2020) revealed 58 plant metabolites in YCZFD extract (Supplementary Table S1). The quality control of YCZFD was performed as the methods described previously (Li et al., 2023). A total of 18 chemical plant metabolites (chlorogenic acid, scoparone, 4-hydroxyacetophenone, atractylenolide I, atractylenolide Ⅱ, atractylenolide Ⅲ, benzoylaconine, benzoylhypaconine, benzoylmesaconitine, formononetin, glycyrrhitinic acid, glycyrrhizic acid, isoliquiritigenin, isoliquiritin, liquiritigenin, liquiritin, ononin, and cinnamic acid) were quantified and shown in Supplementary Table S2. Among these plant metabolites, glycyrrhizic acid (1275.88 μg/g), liquiritin (901.26 μg/g), chlorogenic acid (782.2 μg/g), isoliquiritin (91.1 μg/g), and atractylenolide I (39.11 μg/g) had the highest contents.
2.3 Animal experiment
Male C57BL/6J mice weighing 20 ± 2 g were obtained from Shanghai SLAC Laboratory Animal Co., Ltd. The mice were housed and acclimatized for 1 week at the Animal Experimental Center of Shanghai University of Traditional Chinese Medicine (SHUTCM). The temperature and humidity in the breeding room were maintained at 20°C–26°C and 40%–60%, respectively. Pharmaceutical experiments were performed after 1 week. The mice were divided into four groups (n = 8): control (CON), DDC model (DDC), DDC+YCZFD-L (1.14 g/kg YCZFD extract, equivalent to 6 g crude drug/kg), and DDC+YCZFD-H (2.28 g/kg YCZFD extract, equivalent to 12 g crude drug/kg). The mice in the CON group were fed a normal diet, while those in the three other groups were fed a diet containing 0.025% DDC. After 1 week of diet feeding, the mice in the CON and DDC groups were orally administered normal saline, while those in the DDC+YCZFD-L and DDC+YCZFD-H groups were orally treated with YCZFD extract once a day for the following 4 weeks. During the drug treatment period, the mice in the DDC, DDC+YCZFD-L, and DDC+YCZFD-H groups were still fed a diet containing 0.025% DDC. The experimental design is shown in Figure 1A. All mice were sacrificed at the experimental endpoint, and the serum and liver tissues were collected for further studies. Animal experiments were approved by the Experimental Animal Welfare and Ethics Committee of SHUTCM (Approval number Pzshutcm190823002).
[image: Figure 1]FIGURE 1 | YCZFD protects against 3,5-diethoxycarbonyl-1,4-dihydroxychollidine (DDC)-induced intrahepatic cholestasis in mice. (A) Scheme of animal experiment; (B) Biochemical analysis of serum samples from each group; (C) Histological analyses of liver tissues under different conditions (H&E, scale bar 100 μm and 50 μm). Data are presented as means ± SD, n = 8 for serum biochemical parameters and histological analyses; **p < 0.01 and *p < 0.05 compared with the DDC group. ALT, alanine aminotransferase; AST, aspartate transaminase; ALP, alkaline phosphatase; TBA, total bile acid; TBIL, total bilirubin; DBIL, direct bilirubin.
2.4 Serum biochemistry and histological analysis
Details regarding serum biochemistry and liver histopathological morphology analysis can be found in Supplementary Material M2.
2.5 Immunohistochemistry (IHC)
Mouse livers fixed by formalin were paraffin embedded, sectioned, and then stained with an anti-alpha-smooth muscle actin (anti-α-SMA) or collagen type 1 alpha 1 chain (COL1A1) antibody sourced from Abcam (Cambridge, MA, United States). To facilitate histological examination, the sections were ultimately affixed using the DPX Mountant (Sigma).
2.6 Quantitative proteomics analysis
2.6.1 Protein extraction and peptide digestion
Liver tissue samples from the mice in the CON, DDC, and YCZFD-H groups (8 mice per group) were washed with phosphate buffered saline (PBS) to remove residual blood on the tissue surface. Subsequently, the samples were lysed with an SDT buffer composed of 4% sodium dodecyl sulfate, 100 mM dithiothreitol, and 100 mM Tris (pH 7.6). The samples were crushed using a tissue homogenizer, sonicated, and then heated at 95°C. After centrifugation, the supernatant was collected, and the protein concentration was determined using tryptophan-based fluorescence quantification (Thakur et al., 2011). Peptides were generated in accordance with the Filter Assisted Sample Preparation protocol as detailed in Supplementary Material M3 (Wisniewski et al., 2009).
2.6.2 Mass spectrometry
The Thermo Fisher nLC1000 HPLC system and Thermo Fisher Q Exactive HF mass spectrometer were used for LC-MS/MS. A self-packed separation column was used (75 μm × 200 mm, 3.0 µm ReproSil-Pur 120 C18-AQ resin). Mobile phase A was 100% H2O containing 0.1% formic acid, and mobile phase B was 100% acetonitrile containing 0.1% formic acid. The peptide sample (1 µg) was injected for LC-MS/MS. The peptides were detected in data-independent acquisition (DIA) mode. The chromatographic gradient was set to 90 min with the following settings: 1%–5% B for 0–1 min, 5%–26% B for 1–75 min, 26%–32% B for 75–83 min, 32%–90% B for 83–85 min, and 90% B for 85–90 min. The DIA parameters were set as follows: scan range, 350–1,600 Da; first-level mass resolution, 120,000; AGC target, 3e6; and maximum injection time, 20 ms. Data were collected using 40 variable windows. The second-level mass resolution was set at 30,000, AGC target at 5e5, and normalized collision energy at 27.
DIA data were analyzed using Spectronaut software (version 14, Biognosys). The search parameters were set as follows: for quantification, major and minor group quantities were set as sum peptide quantity and sum precursor quantity, respectively, and local normalization was applied. Other parameters were set to default. After the database search, the raw data and the data with quantificative information were exported for subsequent analyses.
2.6.3 Data processing and analysis
Data processing and analysis were performed using R. Proteins that were quantified in more than 60% of the samples were retained, and column data were median normalized. Comparisons were performed using one-way analysis of variance (ANOVA), and the Benjamini–Hochberg (BH) procedure was applied to correct for multiple p-values. The criteria for selecting differentially expressed proteins (DEPs) were as follows: BH-adjusted p-value < 0.05 and fold change (FC) ≥ 1.2 or FC ≤ 1/1.2. Fuzzy c-means clustering was performed using the Mfuzz package in R. Functional enrichment of Gene Ontology (GO) biological process and Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed using the DAVID database (https://david.ncifcrf.gov/), and visualization was conducted in R. The STRING database was used to predict protein–protein interaction (PPI) networks, and Cytoscape (version 3.6.1) was used for visualization of PPI networks.
2.7 Hepatic stellate cell culture and treatment
The human HSC line (LX-2) was cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS and incubated at 37°C in an atmosphere of 5% CO2. Cells were treated with 5 ng/mL transforming growth factor-β (TGF-β) or TGF-β (5 ng/mL) and increasing concentrations (5, 10, 25, and 50 μg/mL) of YCZFD for 48 h.
2.8 Real-time PCR
Details regarding real-time PCR are provided in Supplementary Material M4 and Supplementary Table S2.
2.9 Western blot
Details regarding Western blot analysis are presented in Supplementary Material M5. The primary antibodies were as follows: anti-FN1 (151613-1-AP, Proteintech), anti-COL1A1 (NBP1-30054, Novus), anti-α-SMA (ab124964, Abcam), anti-TIMP2 (5738, CST), anti-TGF-β (ab92486, Abcam), anti-GAPDH (G8795, Sigma-Aldrich), anti-PDGFRβ (13449-1-AP, Proteintech), anti-p-PDGFRβ (AP0815, ABclonal), anti-PDGF-B (ab178409, Abcam), anti-AKT1(2967S, CST), anti-p-AKT1 (15116, CST), anti-PI3K (19H8, CST), anti-p-PI3K (AT-3241, Affinity), and anti-proliferating cell nuclear antigen (anti-PCNA; 61079, Active motif) antibodies.
2.10 Cell cycle assay
LX-2 were cultured in DMEM with TGF-β (5 ng/mL), or with TGF-β (5 ng/mL) and YCZFD extract (5 and 25 μg/mL) for 48 h. Subsequently, the cells were harvested in cold PBS at 4°C and then fixed using 70% ethanol at the same temperature overnight. Following fixation, the cells were washed with cold PBS to remove excess fixative and then stained with propidium iodide containing RNase A. FlowJo (Tree Star) was employed to evaluate the DNA content of the stained cells.
2.11 Extraction and cultivation of primary hepatocytes
After the injection of 25% pentobarbital, incision of abdominal wall, and separation of the portal vein, a cannula connected to an infusion tube was inserted into the portal vein, the inferior vena cava was cut, and a peristaltic pump was turned on. Perfusion solution was perfused for 40 min. The liver was placed in culture medium and then agitated to release hepatocytes. The extracted cells were passed through a 200-mesh cell strainer, centrifuged, and then resuspended in DMEM. The cells were transferred to the upper layer of the medium containing Percoll and then centrifuged. The viable cells were resuspended in DMEM, centrifuged, resuspended in Williams’ MediumE (WME) containing 10% FBS, 10 nM insulin, and 10 nM dexamethasone, and counted.
On the day before the sandwich culture and treatment of primary cells, the lower gelatin layer [100 mL of ultrapure water + 114 μL of ice-cold acetic acid (0.02 M) + 1.6 mL of type I mouse tail collagen] was prepared, and the culture dishes were coated. On the day of primary cell extraction, the plates were seeded. On the second day, the upper gelatin layer (50 mL system: 2.5 mL of serum, 0.5 mL of glutamine, 0.5 mL of dexamethasone, 0.5 mL of ITS, and 46.45 mL of WME) was prepared. On the third day, drug treatment was administered. The CCK-8 assay was used to screen the safe dosage range of plant metabolites of YCZFD (Supplementary Figure S2). Glycyrrhetinic acid at 10 μM and the other plant metabolites at 30 μM did not affect the viability of primary cells and thus were used in subsequent experiments. Taurocholate acid (TCA) and TCA combined with individual plant metabolites were administered simultaneously. After 24 h of incubation, the mRNA expression of PDGFRβ was detected.
2.12 Statistical analysis
The data were statistically analyzed using GraphPad Prism version 8.0 (GraphPad Software, La Jolla, CA, United States). ANOVA followed by Tukey post hoc tests was performed. Data are presented as mean ± SD. p < 0.05 was considered statistically significant.
3 RESULTS
3.1 YCZFD ameliorates cholestatic liver injury (CLI) in DDC-induced mice
After treatment with YCZFD, the DDC-induced increases in ALT, AST, TBA, DBIL, and TBIL were significantly attenuated (Figure 1B). Histopathological assessments revealed severe hepatic necrosis, inflammatory cell infiltration, and bile duct proliferation in the liver tissues of the mice subjected to DDC intervention. Treatment with YCZFD decreased the liver damage (Figure 1C). Overall, these findings demonstrated that treatment with YCZFD ameliorated CLI in the DDC-induced mice.
3.2 YCZFD alleviates CLF in DDC-induced mice
Sirius red staining showed greater parenchymal matrix deposition within the liver tissues in the DDC group than that in the CON group (Figures 2A, B), and this increase in collagen deposition was attenuated in the livers of the YCZFD treatment group. Immunohistochemical staining revealed that the increased expression of liver fibrosis markers (α-SMA and COL1A1) in the fibrotic septa of the DDC group was decreased in the YCZFD treatment group (Figures 2C, D). Consistent with the immunohistochemical staining results, the protein expression of COL1A1, FN1, and α-SMA and the mRNA expression of COL1A1 were increased in the DDC group and attenuated in the YCZFD group (Figures 2E–G). Additionally, the gene expression levels of SMAD2 and SMAD3 and the protein levels of TGF-β in the cholestatic mice were significantly decreased by YCZFD treatment. Overall, these findings demonstrated that treatment with YCZFD ameliorated CLF.
[image: Figure 2]FIGURE 2 | YCZFD protects against DDC-induced cholestatic liver fibrosis in mice. (A) Sirius red-stained liver sections under Control (CON), DDC-induced model (DDC), and DDC combined with high-dose YCZFD treatment (DDC+YCZFD) groups (n = 8) (scale bar, 100 μm). (B) Quantification of Sirius red staining for each group is shown in a bar graph (Ten random fields were taken in one slide and scoring by a blinded experimenter). (C) Representative images of immunohistochemical staining of α-SMA and COL1A1 in each group (n = 8) (scale bar, 100 μm). (D) Quantification of α-SMA and COL1A1 staining for each group is shown in a bar graph (Ten random fields were taken in one slide and scoring by a blinded experimenter). (E) mRNA expression of COL1A1, FN1, SMAD2, and SMAD3 in mouse liver tissues in each group (n = 5). (F) Liver protein expression of FN1, COL1A1, α-SMA, TIMP2, and TGF-β in each group detected using Western blot. (n = 4 per group). (G) Quantification of Western blot data in (F). Data are presented as means ± SD; **p < 0.01 and *p < 0.05 compared with the DDC group.
3.3 Identification and quantification of differentially expressed proteins (DEPs) influenced by YCZFD
DIA technology was used for the quantitative proteomic analysis of liver tissues from the CON, DDC, and DDC+YCZFD (DDC+YCZFD-H) groups to elucidate the mechanism by which YCZFD ameliorates cholestatic liver fibrosis. The experimental workflow is shown in Figure 3A. A total of 4,746 proteins were identified, and 4,669 proteins had quantitative information in 60% of the samples (Figure 3B). The proteomic data were subjected to median normalization for each sample to eliminate variation in sample injection amounts (Figure 3C). The distribution of protein abundance in each sample was similar, indicating good parallelism among samples. Furthermore, the median coefficients of variation among the eight replicate samples from the CON, DDC, and YCZFD groups were all less than 0.1 (Figure 3D), indicating good quantitative reproducibility of the data. Overall, the proteomic data were of high quality. ANOVA was used to identify DEPs among the three groups. Based on BH-corrected p-values (p < 0.05) and fold change (>1.2 or <0.83), 420 DEPs were identified (Supplementary Table S3).
[image: Figure 3]FIGURE 3 | Proteomic analysis of mouse liver tissues from the CON, DDC, and DDC+YCZFD groups. (A) Workflow chart of label-free quantitative proteomic experiment (n = 8 for each group). (B) Summary of identified and quantified proteins. In total, 420 proteins were differently expressed in the YCZFD treatment and CON groups compared with the DDC group, respectively. (C) Boxplot of protein profiles. (D) Density distribution of coefficient of variation in three groups.
3.4 Enrichment analysis for DEPs
The DEPs were clustered into four subclusters (Figure 4A, left panel) by using the mfuzz clustering algorithm, and a pheatmap was used to visualize the expression levels (Figure 4A, right panel). Proteins in Cluster 2 and Cluster 4 were differentially expressed between the DDC and CON groups, with the attenuation of expression changes after YCZFD intervention. Cluster 2 consisted of 127 proteins, with downregulated expression in the DDC group and restored expression after YCZFD treatment (Figure 4A). Cluster 4 consisted of 164 proteins, with upregulated expression in the DDC group and restored expression after YCZFD treatment.
[image: Figure 4]FIGURE 4 | Identification of dynamic expression patterns and molecular characteristics of 420 differential proteins. (A) Differentially regulated proteins were separated into four clusters through the fuzzy c-means soft clustering method (left panel) and HCA (right panel). (B) KEGG analysis of the proteins in each cluster. (C) GO analysis of biological processes of the proteins in each cluster.
Proteins in the four clusters were evaluated through GO biological process and KEGG pathway enrichment analyses (Figures 4B, C). Proteins in Cluster 2 were mainly enriched in glutathione metabolism, proximal tubule bicarbonate reabsorption pathways, and lipid metabolic process. Proteins in Cluster 4 were mainly enriched in the sterol biosynthesis pathway, spliceosome signaling pathways, ECM–receptor interaction, PI3K-AKT pathway, and cell adhesion process.
3.5 Enrichment of PDGFRβ in cholestatic by a bioinformatics analysis
The PPI network and pathway enrichment results were integrated (Figure 5). Pathways related to sterol metabolism were significantly enriched, including sterol synthesis-related proteins (e.g., Sqle, Hmgcs1, and Nsdh1), which belong to Cluster 4 (Supplementary Figure S1). Importantly, PI3K-AKT and focal adhesion-related proteins, such as PDGFRβ, PIKR3R1, ITGB5, COL1A1, COL6A1, COL6A3, and LAMA5, are mainly associated with liver fibrosis. PDGFRβ was identified as a hub protein, suggesting that YCZFD exerts a protective effect against cholestasis by alleviating fibrosis through the regulation of PDGFRβ.
[image: Figure 5]FIGURE 5 | PPI network analysis of potential interacting proteins corresponded to different clusters in the above biological processes and pathways.
3.6 YCZFD regulates PDGFRβ/PI3K/AKT in the fibrotic liver of cholestatic mice
PDGFRβ is a key protein involved in the PI3K/AKT signaling and focal adhesion pathways (Figure 5). As revealed from the proteomic analysis, the protein levels of PDGFRβ were significantly upregulated in the DDC group (fold change > 4) and downregulated after YCZFD administration (fold change > 2) (Figure 6A). Western blot and real-time qPCR results further confirmed these changes (Figures 6B–D). Treatment with YCZFD also downregulated PDGFRβ protein expression in the liver tissues. The expression of the ligand of PDGFRβ, PDGF-B, was also downregulated after YCZFD intervention (Figures 6B–D). The expression of PIK3R1, a regulatory subunit of phosphoinositide 3-kinases (PI3Ks), was significantly upregulated in the DDC group and restored in the YCZFD treatment group (Figure 6A). The activation of PI3K and AKT1 in the DDC group and attenuation in the YCZFD group were validated through Western blot (Figures 6C, D).
[image: Figure 6]FIGURE 6 | YCZFD regulates the PDGFRβ-PI3K-Akt pathway anti-liver fibrosis. (A) Boxplot of the relative abundances of the PDGFRβ and PI3K proteins in each group (n = 8 per group). (B) RT-PCR results of the mRNA expression of AKT, PI3K, PDGFRβ, and PDGF-B in mouse liver tissues from each group (n = 5 per group). (C) Liver protein expression of PDGFRβ, p-AKT, AKT, p-PI3K, PI3K, and PDGF-B detected using Western blot (n = 4 per group). GAPDH was used as the loading control. (D) Quantification of Western blot data in (C). Data are presented as means ± SD; **p < 0.01 and *p < 0.05 compared with the DDC group.
3.7 YCZFD regulates the PDGFRβ/PI3K/AKT pathway in LX2 cells
We validated the impact of YCZFD on the PDGFRβ-PI3K-AKT pathway in HSCs (Figure 7A). The expression of α-SMA, which reflects the activated state of HSCs, was increased after TGF-β intervention (Figures 7B, C). The phosphorylation levels of PDGFRβ (Tyr1021), PI3K (Tyr607), and AKT (Ser473) and the protein levels of PDGFRβ and PDGF-B increased in response to TGF-β (Figures 7B, C). Treatment with YCZFD attenuated the changes in levels of these factors. The PCNA expression and cell cycle progression were further investigated. The findings indicated that PCNA expression was downregulated following YCZFD intervention. The composition and ratio of cells in various phases varied with the concentration of YCZFD (0, 5, and 25 μg/mL). Compared to the distribution in TGF-β-treated cells, the percentage of cells in the G2/M phase increased from 25.8% to 36.9% (5 μg/mL YCZFD) and 46.1% (25 μg/mL YCZFD) (Figures 7D, E). These results demonstrated that YCZFD could effectively induce cell cycle arrest in the G2/M phase.
[image: Figure 7]FIGURE 7 | YCZFD regulates the PDGFRB-PI3K-Akt pathway in the human HSC cell line LX-2 and plant metabolites of YCZFD decrease PDGFRβ expression in mouse primary hepatocytes. (A) LX-2 were treated with or without 5 ng/mL TGF-β and then stimulated with YCZFD (0, 5, 10, 25, 50 μg/mL) for 48 h. (B) The levels of proteins involved in PDGFRβ/PI3K/AKT pathway were measured using Western blot. The experiment was performed five times. (C) Quantification of Western blot data in (B). Data are presented as means ± SD; **p < 0.01 and *p < 0.05 compared with the TGF-β group. (D) Flow cytometry of TGF-β and TGF-β+YCZFD group cell cycles. (E) Quantified flow cytometry results, indicating the proportion of cells in the G1, S, and G2/M phases of the cell cycle. Data are presented as means ± SD. **p < 0.01 and *p < 0.05. (F) Workflow chart of identifying active plant metabolites. (G) Influence of plant metabolites on the mRNA expression of PDGFRβ. Data are presented as means ± SD; **p < 0.01 and *p < 0.05 compared with the TCA group.
3.8 Plant metabolites of YCZFD decrease PDGFRβ expression in mouse primary hepatocytes
To find the effective plant metabolites of YCZFD in primary cells, we utilized a sandwich culture of primary cells incubated them with TCA (known to accumulate in cholestasis) (Figure 7F). PDGFRβ expression was upregulated in the TCA model group compared with the control group (Figure 7G). However, treatment with YCZFD plant metabolites such as chlorogenic acid, scoparone, isoliquiritigenin, glycyrrhetinic acid, formononetin, atractylenolide I, and benzoylaconitine downregulated the mRNA expression of PDGFRβ (Figure 7G). These results revealed that multiple plant metabolites of YCZFD may target PDGFRβ.
4 DISCUSSION
YCZFD is a representative TCM formula used to treat the Yin-yellow syndrome of jaundice, which is characteristic of chronic CLD and liver fibrosis. Before this study, the effects of YCZFD against CLF and its mechanisms have not been elucidated. The DDC-induced mouse model is a classic chronic cholestatic animal model (Fickert et al., 2007; Li et al., 2021). The main features of this model are bile duct reaction, hepatic inflammation, and fibrosis (Arino et al., 2023; Zhang et al., 2023). In our previous studies, the blood biochemical indicators and liver tissue pathomorphology of mice induced by diet containing 0.025% DDC at 2, 4, 6, and 8 weeks were investigated (Li et al., 2021). Our results confirmed that the liver tissues of mice induced by diet containing 0.025% DDC for 4 weeks have obvious bile duct hyperplasia, collagen deposition, and HSC activation, indicating chronic liver fibrosis (Li et al., 2021). Therefore, in the current study, diet containing 0.025% DDC was used to establish a CLF mouse model. In this study, YCZFD treatment ameliorated the DDC-induced cholestatic liver fibrosis. YCZFD is a classical traditional Chinese herbal prescription that has been used in clinic since the Qing Dynasty in China. The given dose of YZCFD extract (1.14 g/kg, equivalent to 6 g crude) is twice the equivalent dose for clinical use. In our previous animal studies, we found that treatment with YCZFD extract at low, middle, and high doses of 0.57, 1.14, and 2.28 g/kg body weight, respectively, can significantly ameliorate liver injury in cholestatic mice (Wang et al., 2020; Li et al., 2023). Moreover, our results showed that middle- and high-dose YCZFD are more effective than low-dose YCZFD in ameliorating the liver pathological morphology of cholestatic mice (Wang et al., 2020; Li et al., 2023). Therefore, middle- and high-dose YCZFD were used in the present study. Our previous study showed that administering high-dose YCZFD (2.28 g/kg YCZFD extract, equivalent to 12 g crude drug/kg body weight) does not affect the body weight, blood biochemistry, and liver pathology of normal mice (Li et al., 2023), indicating the safety of YCZFD.
To clarify the mechanism of action of YCZFD, we evaluated protein expression in liver tissue samples by using label-free quantitative proteomics technology. The expression levels of 291 proteins belonging to Cluster 2 and Cluster 4 were altered due to DDC injury, and these alterations were reversed by YCZFD treatment, suggesting that these loci are potential targets of YCZFD. In functional enrichment analyses of the DEPs, PI3K-AKT pathway and cell adhesion process were potentially regulated by YCZFD. Previous studies have shown that the PI3K/AKT pathway participates in the formation of liver fibrosis by promoting cell proliferation and collagen synthesis (Zhang et al., 2019; Gong et al., 2020). The focal adhesion complex provides a direct sensor for the integrity of the extracellular environment (Zhang et al., 2019). Moreover, PPI and pathway enrichment analyses revealed that PDGFRβ is a hub protein that interacts with PI3K-AKT and focal adhesion-related proteins. The expression of PDGFRβ, a receptor for PDGFs, was significantly upregulated in the liver of cholestatic mice induced by DDC and downregulated by YCZFD treatment. In the liver fibrosis mouse model, PDGFRβ expression is upregulated in activated HSCs (Reichenbach et al., 2012; Klinkhammer et al., 2018; Zhang et al., 2019; Wang et al., 2021b). The binding of PDGFRβ to its ligands, such as PDGF-B, can activate the downstream PI3K/AKT pathway and promote the proliferation and activation of HSCs (Kinnman et al., 2001; Krampert et al., 2008; Reichenbach et al., 2012; Klinkhammer et al., 2018; Zhang et al., 2019; Wang et al., 2021b). Our current proteomic results suggested that YCZFD protected against CLF by regulating the PDGFRβ/PI3K/AKT pathway.
To validate the proteomics results, the protein and mRNA expression levels in the PDGFRβ/PI3K/AKT pathway in DDC-induced mice were measured through Western blot and real-time qPCR, respectively. PDGF-B may promote fibrosis in animal models and at the cellular level (Wang et al., 2016). In the present study, the protein levels of PDGFRβ/PI3K/AKT and PDGF-B were upregulated in the DDC-induced cholestatic fibrotic mice and downregulated after YCZFD treatment. Further, we conducted in vitro experiments in TGF-β-induced liver stellate cells HSCs (LX2 cells) because PDGFRβ is lowly expressed in quiescent HSCs but highly expressed in activated states (Ikeda et al., 1999; Bonner, 2004). In line with the in vivo experiment, the increased protein expression levels of PDGFRβ, PI3K, AKT, and PDGF-B induced by TGF-β were also attenuated by YCZFD. In addition, PCNA, a cofactor of DNA polymerase, is extensively expressed in the nuclei of proliferating hepatocytes. The PI3K/AKT pathway is involved in the regulation of cell cycle progression and PCNA levels and activity (Chang et al., 2003; Strzalka and Ziemienowicz, 2011). In the present study, the expression of PCNA was upregulated in TGF-β-induced LX2 cells and downregulated after YCZFD intervention. These results showed that YCZFD can reverse TGF-β-induced HSC proliferation caused by TGF-β. To investigate the mechanism by which YCZFD inhibits HSC proliferation, we analyzed the cell cycle progression of LX2 cells through flow cytometry. The results demonstrated that YCZFD inhibited LX2 growth by arresting the cell cycle in the G2/M phase. Therefore, YCZFD ameliorated CLF by inhibiting HSC proliferation and collagen production, which is associated with its role in inhibiting the PDGFRβ/PI3K/AKT signaling pathway (Figure 8). However, in the future, experiments involving PDGFRβ knockdown or overexpression are still needed to verify the effect of YCZFD on this pathway.
[image: Figure 8]FIGURE 8 | Hypothetical mechanism of action of YCZFD while protecting against hepatic fibrosis induced by DDC via the PDGFRβ/PI3K/AKT signaling pathway. YCZFD downregulated the DDC-induced increase in PDGFRβ expression. Consequently, the downregulation of PDGFRβ inhibited the PI3K-AKT signaling pathway, effectively preventing HSC cell proliferation and collagen production.
In addition to the findings of the present study, our previous study found that YCZFD can ameliorate chronic cholestasis by improving the homeostasis of disordered BAs and inhibiting TLR4/NF-κB-mediated inflammation of the liver tissues of mice (Li et al., 2023). This phenomenon possibly contributed to the alleviation of YCZFD on CLF because BA disorders and inflammation are also involved in the occurrence and development of CLF (Li et al., 2019a; Zhuang et al., 2023). However, the relationship between the c and PDGFRβ/PI3K/AKT pathways in cholestatic liver fibrosis warrants further research.
Moreover, according to the main plant metabolites determined as shown in Supplementary Table S1, the effects of those plant metabolites of YCZFD on PDGFRβ were further investigated in mouse primary hepatocytes. Among these plant metabolites, chlorogenic acid, scoparone, isoliquiritigenin, glycyrrhetinic acid, formononetin, atractylenolide I, and benzoylaconitine exhibited inhibitory effects on PDGFRβ mRNA expression. Previous studies reported that chlorogenic acid, scoparone, liquiritigenin, and glycyrrhetinic acid exhibit hepatoprotective effects against liver fibrosis (Hui et al., 2020; Wang et al., 2021c; Miao et al., 2022; Pan et al., 2022). These active plant metabolites may contribute to the protective effect of YCZFD against DDC-induced CLF by regulating PDGFRβ.
Additionally, disordered energy metabolic processes such as steroid biosynthesis, retinol metabolism, cholesterol biosynthetic processes, glutathione metabolism, arginine biosynthesis, and lipid metabolic processes participate in the development of fibrosis (Chang and Yang, 2019). Results of our proteomic analysis indicated that DEPs in Cluster 2 and Cluster 4 were significantly enriched in these metabolic processes, suggesting that YCZFD intervention can improve liver metabolic functions in cholestatic mice. However, further evaluation and validation in the future are warranted. Moreover, our previous study indicated that YCZFD can ameliorate CLI by improving the homeostasis of disordered BAs. In line with our previous study, the results of proteomic analysis in the present study showed that YCZFD increased the expression of BA metabolic enzymes, such as CYP2B10 and UGT1A1, which promoted BA metabolism. However, the influence of YCZFD treatment on the relationship between BA homeostasis and PDGFRB/PI3K/Akt pathway needs further research.
5 CONCLUSION
Our results indicate that YCZFD ameliorates CLF mainly through inhibiting the PDGFRβ/PI3K/AKT pathway. These findings support the beneficial effects of YCZFD against CLF and provide therapeutic targets for further research.
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The anti-cholestatic effects of Coptis chinensis Franch. alone and combined with Tetradium ruticarpum (A. Jussieu) T. G. Hartley: dual effects on fecal metabolism and microbial diversity
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Introduction: Drug dosages and combinations are the main factors that affect the efficacy of pleiotropic traditional Chinese medicine (TCM). Coptis chinensis Franch. (CF) is a representative TCM with multiple effects and is often combined with Tetradium ruticarpum (A. Jussieu) T. G. Hartley (TR) to treat cholestasis. The present study assessed the influence of CF dose and its combination with TR on the efficacy of CF in cholestasis treatment, including their effects on fecal metabolism and fecal microorganisms.
Methods: Rats with α-naphthylisothiocyanate (ANIT, 50 mg/kg)-induced cholestasis were administered low (0.3 g/kg) and high (0.6 g/kg) doses of CF, as well as CF combined with TR at doses of 0.6 g/kg and 0.9 g/kg, respectively. The anti-cholestatic effects of these treatments were assessed by determining their anti-inflammatory, hypolipidemic, and anti-oxidative stress properties. Additionally, fecal metabolomics and fecal microorganisms were analyzed.
Results: Low dose CF had a more potent hypolipidemic effect than high dose CF, whereas high dose CF had more potent anti-inflammatory and anti-oxidative stress effects. Combination with TR enhanced the hypolipidemic effect, but antagonized the anti-inflammatory effect, of CF. Analyses of fecal metabolomics and fecal microorganisms showed differences in the regulation of lipid- and amino acid metabolism-related pathways, including pathways of linoleic acid, tyrosine, and arachidonic acid metabolism, and amino acid biosynthesis between different doses of CF as well as between different doses of CF in combination with TR. These differences may contribute to differences in the anti-cholestatic effects of these preparations.
Conclusion: CF dose influences its anti-cholestatic efficacy. The combination with TR had synergistic or antagonistic effects on the properties of CF, perhaps by altering fecal metabolism and fecal microbial homeostasis.
Keywords: anti-cholestatic effects, Coptis chinensis Franch., Tetradium ruticarpum (A. Jussieu) T. G. Hartley, fecal metabolism, fecal microbial diversity
1 INTRODUCTION
The clinical application of Chinese botanical drugs has been found to play a vital role in maintaining human health. Coptis chinensis Franch. (CF), one of the most commonly used botanical drugs in traditional Chinese medicine (TCM), is widely used in the treatment of various diseases, such as coronary heart disease, cholestasis, and gastroenteritis (Wang et al., 2019). The "Pharmacopoeia of the People’s Republic of China,” an official revision of the Chinese pharmacopeia, has summarized its efficacy in three main areas: clearing heat, eliminating dampness, and detoxification, regarding CF as crucial in the treatment of cholestasis (Commission, 2020), a common disease characterized by abnormal bile secretion or excretion (Song et al., 2022).
The effects of CF in TCM may depend on its dosage and its combination with other botanical drugs (Deng, 2018). For example, the Huanglian Jiedu decoction, a combination of CF with Cortex phellodendri chinensis, Radix scutellariae, and Fructus gardeniae in a 3:2:2:3 ratio, showed antipyretic effects by disrupting the JAK2/STAT3 and MAPK signaling pathways (Lu et al., 2020a; Li et al., 2021). Similarly, the Zhuyu pill, a combination of CF with Tetradium ruticarpum (A. Jussieu) T. G. Hartley (TR) in a 1:1 ratio, exhibited a significant hypolipidemic effect through the gut-liver axis and the NF-κB signaling pathway (Pan et al., 2023; Xu et al., 2023). Although CF has shown therapeutic efficacy in various diseases, further investigations are required to explore the impact of different dosages of CF or combinations with other agents on its effectiveness. Therefore, in treating cholestasis, the CF dose and its possible combination with other botanical drugs may vary according to specific conditions.
The efficacy of TCM botanical drugs in clearing heat, eliminating dampness, and detoxification is frequently assessed by measuring its anti-inflammatory, hypolipidemic, and anti-oxidative stress effects, respectively (Zhang et al., 2018; Lu et al., 2020b; Shou and Shaw, 2023). Because mechanisms involved in the pathology of cholestasis include inflammatory reactions, lipid metabolism disorders, and increased oxidative stress (Li et al., 2022a; Labiano et al., 2022), CF may be effective in treating cholestasis by having anti-inflammatory effects, promoting lipid metabolism, and reducing oxidative stress. Our previous study (Han et al., 2023a) found that CF and TR in a 1:1 ratio could treat cholestasis by regulating lipid and bile acid metabolism. It was unclear, however, whether the effectiveness of CF in cholestasis was due to its anti-inflammatory effects, its enhancement of lipid metabolism, or its resistance to oxidative stress. More, the therapeutic efficacy of CF in the treatment of cholestasis may be dose dependent or may be altered when combined with TR.
The effects of CF doses, alone or combined with TR, were therefore evaluated in a rat model of cholestasis. In addition, the biological mechanisms leading to differences in efficacy were analyzed by fecal metabolome sequencing and fecal microbial homeostasis. The effects of CF dosage and compatibility on its therapeutic efficacy in the treatment of cholestasis were analyzed, providing a biological basis for the effects of dosage and compatibility on the efficacy of drugs in TCM.
2 MATERIALS AND METHODS
2.1 Reagent preparation
Coptis chinensis Franch. and T. ruticarpum (A. Jussieu) T. G. Hartley were purchased from Beijing Tongrentang Co., Ltd. (China). Ursodeoxycholic acid (UDCA), α-naphthylisothiocyanate (ANIT), and sodium pentobarbital were obtained from Merck Pharmaceuticals, Inc. (Germany); and olive oil was from Shanghai Yi En Chemical Technology Co.
2.2 Drug preparation and identification of active metabolites
The characteristics of the botanical drugs used in these four combinations are shown in Table 1. The dosage of each medicinal plant was based on the dosage range specified in the "Pharmacopoeia of the People’s Republic of China.” Each group of botanical drugs was prepared according to the decoction method stipulated in the "14th Five-Year Plan” of the National Higher Education Materials on TCM. Briefly, each group of botanical drugs was mixed separately and immersed in 20 times the volume of purified water. Heating was started after 30 min and continued for an additional 30 min. The liquid was filtered and collected; the above procedure was repeated; and the twice-collected liquid was mixed and stored at −20°C.
TABLE 1 | Characteristics of the botanical drugs in this study.
[image: Table 1]The active metabolites in these herbal decoctions were identified by Q-Orbitrap high-resolution LC-MS. Information on the equipment used, sample handling procedures, mass spectrometry conditions, and chromatographic conditions is included in Supplementary Material 1. The decoctions were subjected to high-resolution liquid chromatography, with the results collected using CD 3.3 (Compound Discoverer 3.3, Thermo Fisher Scientific) and compared with the database (mzCloud, https://www.mzcloud.org/) to identify the compounds. Determination of the activity of orally administered Chinese botanical drugs requires overcoming barriers due to absorption, distribution, metabolism, and excretion processes. The active metabolites obtained from the comparison were further screened by assessing their oral bioavailability (OB) (Xu et al., 2012) and drug-likeness (DL), with substances having a DL index ≥0.18 considered highly drug-like (Guo et al., 2019). The OB and DL of each active metabolite was assessed using the TCMSP database (https://old.tcmsp-e.com/molecule.php?qn=2649). Active metabolites were screened based on their OB, DL, and comparison with the database (mzCloud, https://www.mzcloud.org/), with active metabolites regarded as molecules with an OB ≥ 30%, a DL ≥ 0.18, and score of an mzCloud best match ≥80.
2.3 Animals and treatments
Thie animal protocol was approved by the Animal Ethics Committee of Chengdu University of Traditional Chinese Medicine (Experimental Animal Welfare Ethics Review Certificate No. 2023024), and the animals were handled strictly according to internationally recognized animal management and rules.
The rat model, the administration of drugs by gavage, and the procedures for anesthesia, blood collection, and extraction of liver tissues have been described (Yu et al., 2022a). Briefly, 42 healthy male Sprague Dawley rats weighing 250 ± 20 g were purchased from Chengdu Da Shuo Experimental Animal Co., Ltd., production license number SCXK (CHUAN) 2020-0030. After 6 days of acclimatization feeding, the rats were randomly divided into seven groups of six rats each: the control group (Control), the model group (Model), the CF low dose group (CF_L), the CF high dose group (CF_H), the CF low dose CF plus TR group (CT_L), the CF high dose plus TR group (CT_H), and the positive control group (UDCA). Figure 1. shows the entire process of model construction and drug administration by gavage. Cholestasis in rats was induced by intragastric administration of ANIT, at a dose of 50 mg/kg, dissolved in olive oil. Intragastric administration of CF and CT was determined relative to body surface area. After gavage administration on day 17, all rats were fasted for 16 h. After collecting fresh feces from each rat on day 18, the rats were anesthetized by intraperitoneal injection of sodium pentobarbital 30 mg/kg. Blood samples were collected, the rats were sacrificed, and liver tissue samples were collected. Feces and liver tissues were frozen and stored at −80°C.
[image: Figure 1]FIGURE 1 | Animal Experimental Procedures. Cholestasis model construction; gavage administration; fecal collection; anesthesia; blood and liver tissue collection.
2.4 Liver function assays
Rat blood samples were centrifuged at 3,500 × g for 15 min at 4°C to obtain serum. ALT, AST, ALP, γ-GT, DBIL, TBIL, and TBA concentrations in serum were determined using a fully automated biochemical analyzer (BS-240VET). Liver tissue samples were fixed with 4% paraformaldehyde, washed with water, dehydrated, embedded, and sectioned. The sections were stained with HE and examined under a microscope for pathological determination.
2.5 Assessments of anti-inflammatory, hypolipidemic, and anti-oxidative stress effects
The anti-inflammatory effects of treatment were evaluated by determining the levels of expression of TNF-α, IL-1β, IL-6, and IL-10 mRNAs in rat liver tissue by real-time quantitative PCR (qRT-PCR), using qRT-PCR primers (Table 2) based on the mRNA sequences in the NCBI database.
TABLE 2 | qRT-PCR primers used in this study.
[image: Table 2]The effect of regulating lipid metabolism was evaluated by staining liver tissue with oil red O, as well as by measuring TC and TG concentrations in blood samples. The serum concentrations of GSH, ROS, NO, MDA, and SOD were determined by micro-enzyme assay (cat. no. A006-2), enzyme-linked immunosorbent assay (cat. no. YJ206302), colorimetry (cat. no. E-BC-K035-S), tribarbituric acid assay (cat. no. A003-1), and hydroxylamine assay (cat. no. A001-1), respectively.
2.6 Fecal metabolomics and analysis of microbial diversity
Metabolites in each group of rats were analyzed by gas chromatography-mass spectrometry (GC-MS). The analytical process included metabolite extraction and derivatization, detection by GC-MS, data pre-processing, and statistical analysis. Additionally, 16S rRNA amplicons were sequenced to determine the fecal microbial characteristics of rats in each group. This analysis included DNA extraction, PCR amplification, library construction and sequencing, and bioinformatics analysis. Both tests were performed by Shanghai OE Biomedical Technology Co., Ltd., and their methodology and procedure have been described (Yu et al., 2021). Further details can be found in Supplementary Material 2.
2.7 Statistical analysis
Differences among multiple groups were assessed by one-way ANOVA or the Kruskal Wallis test. All statistical analyses were performed using GraphPad Prism 9, with p < 0.05 considered statistically significant.
3 RESULTS
3.1 Active metabolites of drugs in each group
The active metabolites of medicinal plants observed in each group are shown in Figure 2. The primary active metabolites in the CF_L and CF_H groups were berberine, glycitein, and arachidonic acid, whereas the primary active metabolites in the CT_L and CT_H groups were these three metabolites, along with evodiamine, catechin, isorhamnetin, obacunone, and quercetin (Table 3).
[image: Figure 2]FIGURE 2 | Potential active metabolites of each group for botanical drugs. RT: Chromatographic retention time.
TABLE 3 | All active metabolites of the botanical drugs in each group.
[image: Table 3]3.2 Serum biochemistry and histopathological analysis
Low and high doses of CF, as well as their combinations with TR, exhibited significant anti-cholestatic activity, with a therapeutic efficacy similar to that of UDCA (Figures 3A–G). Pathohistological examination showed that all groups of botanical drugs reduced the inflammation and liver cell necrosis induced by ANIT (Figures 3H–O). Taken together, these findings indicated that CF and CT had significant therapeutic efficacy against cholestasis.
[image: Figure 3]FIGURE 3 | Liver function assay. Serum biochemical indices (A) ALT, (B) AST, (C) ALP, (D) γ-GT, (E) DBIL, (F) TBIL, (G) (TBA), (H) Liver inflammation and necrosis score, n = 6, ***/**/*, p < 0.001/p < 0.01/p < 0.05, ns, not significant. (I–O) Histopathological examination at 100x and 200x.
3.3 Assessment of anti-inflammatory effects
CF_L significantly reduced the concentrations of inflammatory factors IL-1β and IL-6 in liver tissues of cholestatic rats, showing some anti-inflammatory efficacy, whereas CF_H significantly reduced IL-1β, TNF-α, IL-6, and increased IL-10 (Figure 4). CF had significant anti-inflammatory effects, which were more pronounced at high than low CF doses, indicating a quantitative relationship between CF dose and anti-inflammatory activity. The addition of TR, however, did not enhance the anti-inflammatory effects of both low and high doses of CF. Interestingly, CT_H was less effective than CF_L in reducing IL-6 and increasing IL-10 concentrations, suggesting an antagonism between the anti-inflammatory effects of the two drugs in the treatment of cholestasis.
[image: Figure 4]FIGURE 4 | Levels of inflammatory factors in liver tissue of rats in each group. (A) IL-10, (B) IL-1β, (C) TNF-α, (D) IL-6. ***/**/*, p < 0.001/p < 0.01/p < 0.05, ns, not significant.
3.4 Assessment of hypolipidemic effects
The effects of treatment on lipid metabolism were determined by measuring the levels of lipids in serum and liver samples. Using an automatic biochemical analyzer, lipid-related indices (Figures 5A–D) were detected in the serum of each group of rats. Steatosis was assessed by oil red O staining of liver tissue (Figure 5E). The results indicated that either CF or CT could significantly reduce the accumulation of lipid droplets in the liver tissue of cholestatic rats and improve lipid metabolism disorder. CT_L had a significantly more substantial hypolipidemic effect than CF_L, suggesting that CF and TR had a synergistic hypolipidemic effect in the treatment of cholestasis.
[image: Figure 5]FIGURE 5 | Assessment of lipid metabolism disorders. (A) TC, (B) TG, (C) LDL-C, (D) HDL-C, (E) Liver tissue oil red O staining. ***/**/*, p < 0.001/p < 0.01/p < 0.05, ns, not significant.
3.5 Assessment of anti-oxidative stress effects
The anti-oxidative stress effects of treatment were determined by measuring serum concentrations of GSH, ROS, SOD, NO, and MDA in these rats (Figure 6). CF_L did not show a significant anti-oxidative stress effect, whereas CF_H had a highly significant anti-oxidant effect, perhaps because only high doses of CF have anti-oxidant stress efficacy. The addition of TR, however, did not significantly enhance the anti-oxidative stress effect of CF.
[image: Figure 6]FIGURE 6 | Oxidative stress indicator analysis. (A) GSH, (B) ROS, (C) NO, (D) SOD, (E) MDA. ***/**/*, p < 0.001/p < 0.01/p < 0.05, ns, not significant.
3.6 Multivariate statistical analysis of GC-MS results
The overall distribution among the samples and the stability of the whole analysis process were initially determined by unsupervised principal component analysis (PCA) (Figures 7B–F). Subsequently, supervised orthogonal partial least squares analysis (OPLS-DA) was used to differentiate the overall differences in metabolic profiles among the groups and to identify the differentially expressed metabolites in these groups (Figures 7G–J). The quality of the model was evaluated by using seven cycles of interactive validation and 200 response ordering tests to prevent model overfitting (Figures 7K–N), with the model parameters shown in Figure 7A. The above analyses showed significant metabolic differences between the CF_H and CF_L, the CT_L and CF_L, and the CT_H and CF_H groups.
[image: Figure 7]FIGURE 7 | Multivariate statistical analysis of metabolic profiles. (A) Parameters of PCA and OPLS-DA, (B) PCA score plot of all samples, (C–F) PCA analysis, (G–J) OLS-DA analysis, (K–N) 200-permutation test.
3.7 Screening of differentially expressed metabolites and pathway enrichment analysis
Metabolites differentially expressed by pairs of groups were screened by unidimensional and multidimensional analyses. In the OPLS-DA analysis, variables important in projection (VIP) were used to measure the strength of the influence of the metabolite expression pattern on the classification discrimination of each group of samples and to screen for significant differences in metabolites. Significant differences in the levels of different metabolites between groups were verified by t-tests. The criteria for screening were VIP >1 and p < 0.05, with volcano plots (Figures 8A–D) showing the expression trends and numbers of differential metabolites in between group comparisons. Comparisons of the Model and Control groups showed that 617 metabolites were downregulated and 479 upregulated in the former. Comparisons of the CF_H and CF_L groups identified 222 metabolites that were downregulated and 184 that were upregulated in the former. Furthermore, comparisons of the CT_L and CF_L groups found 255 metabolites downregulated and 307 upregulated in the former, whereas comparisons of the CT_H and CF_H groups identified 269 metabolites downregulated and 288 upregulated in the former. Cluster statistical analyses of between group comparisons screened the top 50 differentially expressed metabolites (Figures 8E–H). Differences in the therapeutic effects on cholestasis produced by different doses of CF and by combination with TR may be associated with the differential expression of these metabolites.
[image: Figure 8]FIGURE 8 | Differential metabolites screening and functional enrichment analysis. (A–D) Volcano plot of rat fecal metabolites, (E–H) Clustering heat map of rat fecal metabolites, (I–L) Differential metabolites KEGG enrichment analysis.
The presence of differentially expressed metabolites was likely due to differences in the anti-cholestatic efficacy of various doses of CF and their combinations with TR. Pathway enrichment analysis of these differentially expressed metabolites may reveal the mechanisms underlying these differences in anti-cholestatic metabolic pathways. KEGG enrichment analysis identified overlapping pathways in comparisons of the Model and Control groups (Figure 8I) and the CF_H and CF_L groups. These pathways included those involving ABC transporters, steroid biosynthesis, and linoleic acid, arachidonic acid, and tyrosine metabolism (Figure 8J). These pathways may be responsible for the differences in the anti-inflammatory, hypolipidemic, and anti-oxidative stress effects of high and low doses of CF. Differences in the efficacy of CT_L and CF_L in treating cholestasis were found to be related to differences in the biosynthesis of unsaturated fatty acids, in ABC transporters and in CAMP signaling pathway. The difference in efficacy of CT_H and CF_H was associated with the modulation of linoleic acid metabolism (Figures 8K, L).
3.8 Analysis of the diversity of fecal microorganisms
Based on the results of amplicon sequence variant (ASV) clustering analysis, the number of shared and unique ASVs in the rat groups were analyzed and plotted as a flower plot (Figure 9A). Three ASVs were shared by the Control, Model, CF_L, CF_H, CT_L and CT_H groups. Figure 9B summarizes the relative abundances of each sample at different taxonomic levels, including of phylum, class, order, family, genus, and species.
[image: Figure 9]FIGURE 9 | Analysis of fecal microbial diversity. (A) Amplicon Sequence Variant (ASVs)-based petal maps. (B) Statistics on the distribution of microbial communities in the samples. (C) Specaccum Species accumulation curve. (D) ASV diversity index dilution curve. (E) Rank abundance curve. (F–J) PCoA analysis. (K–N) NMDS analysis.
The reasonableness of the sequencing volume of the samples was evaluated by alpha diversity analysis, with this evaluation including the adequacy of the sampling volume, and the richness and homogeneity of the species in each sample (Figures 9C–E). Between-group differences in diversity were evaluated by beta diversity analysis, including PCoA and NMDS analyses (Figures 9F–N). Fecal microbial communities were found to differ significantly in the CF_H and CF_L, CT_L and CF_L, and CT_H and CF_H groups. These effects on the composition of the gut microbial community and its function may also be responsible for the differences in the efficacy of CF in treating cholestasis at different doses and after combination with TR.
3.9 Multivariate statistical analysis of fecal microorganisms
The species of differentially present microorganisms and their functions were further clarified by LEfSe and PICRUSt2 analyses. Figure 10A shows the significant species with relatively high abundance at the phylum, class, order, family, and genus levels, as determined by LEfSe analyses. Figures 10B–J show the top 10 species that differed at the genus level in between-group comparisons. Comparisons of the microbiomes obtained from the Model and Control groups identified Alloprevotella and Prevotella as being differentially expressed in the CF_H and CF_L groups, Prevotella and UCG-005 as being differentially expressed in the CT_L and CF_L groups, and Lactobacillus and Prevotella being differentially expressed in the CT_H and CT_L groups. 16S-based prediction of KEGG function revealed that, in treating cholestasis, the difference between CF_H and CF_L may be related to the biosynthesis of amino acids, the difference between CT_L and CF_L may be related to 2-oxocarboxylic acid metabolism, and the difference between CT_H and CF_H may be related to the biosynthesis of amino acids.
[image: Figure 10]FIGURE 10 | Statistical analysis of microbial multivariate variables. (A) LEfSe analysis, differential species annotation branch. (B) Histogram of LDA value distribution. (C, D, G, H) Top10 species with differential abundance at genus level. (E, F, I, J) KEGG function prediction based on 16S rRNA gene sequence.
3.10 Correlations between metabolites and microorganisms
Based on fecal metabolomics and analyses of microbial diversity analyses, differentially expressed metabolites and microorganisms were subjected to Spearman correlation analyses, thereby assessing the relationship between fecal metabolites and genera of fecal microbiota (Figure 11). Fecal metabolites were found to strongly correlate with fecal microbiota. Differences in the therapeutic effects of different doses of CF and different doses of CF paired with TR on cholestasis may be due to differences in the regulation of both fecal metabolites and fecal microbiota.
[image: Figure 11]FIGURE 11 | Correlation analysis of fecal metabolites with fecal microbiota genera based on the Spearman algorithm. (A) Model vs Control; (B) ZYP_H vs Model; (C) CT_L vs CF_L; (D) CT_H vs CF_H. Red is a positive correlation, blue is a negative correlation, with darker colors indicating a stronger correlation. ***/**/*, p < 0.001/p < 0.01/p < 0.05.
4 DISCUSSION
Most Chinese botanical drugs have multiple effects. In specific applications, how to control the direction of the effects of Chinese herbal medication by adjusting the dosage and selecting the combination is a classic problem in Chinese herbal medicine prescription science. CF and its commonly used drug combination CT are widely used in treating cholestasis (Yu et al., 2022a; Han et al., 2023b). ALT and AST directly reflected the damage degree of hepatocytes, and ALP and γ-GT were specific and significant markers of cholestasis (Han et al., 2019; Berköz et al., 2021); TBIL, DBIL, and TBA are the crucial indices of bile markers (Zhao et al., 2017). The degree of liver tissue damage and inflammation can be visually assessed by pathological histological observation. In the present study, serum biochemical indices and histopathological observations of the liver showed significant therapeutic effects of both CF and CT on cholestasis. On this basis, we investigated the characteristics of the therapeutic effects of CF on cholestasis at different doses (CF_L, CF_H) and in combination with TR (CT_L, CT_H) through the three perspectives of anti-inflammatory effect, hypolipidemic effect, and anti-oxidative stress effect, respectively. Levels of IL-6, TNF-α, IL-10, and IL-1β in liver tissue reflect the degree of hepatic inflammation caused by cholestasis (Wei et al., 2020; Gallucci et al., 2022), while serum levels of TC, TG, LDL-C, and HDL-C reflect lipid metabolism and oil red O staining visualizes lipid accumulation in liver tissue (Sheng et al., 2019). ROS, GSH, SOD, MDA, and NO reflect cytotoxicity and hepatic injury caused by the accumulation of reactive oxygen species (González et al., 2011; Yao et al., 2017). On the dose, the anti-inflammatory, hypolipidemic, and anti-oxidative stress effects of CF showed a significant quantitative dependence, in which the anti-inflammatory and anti-oxidative stress effects were enhanced with increasing dose; on the contrary, the hypolipidemic effects were weakened with increasing dose. Interestingly, after CF on the combined TR, the two have a synergistic effect regarding hypolipidemia and a potential antagonistic effect regarding anti-inflammation.
Gut microorganisms produce a range of metabolites during colonization and reproduction that directly and indirectly affect host metabolic and immune responses (Coker et al., 2022). Metabolomics technology is an important research method to investigate the effect mechanisms of Chinese medicines in treating diseases. To analyze the reasons for the above differences in efficacy, this study first used fecal metabolome sequencing, Model vs Control, CF_H vs CF_L, CT_L vs CF_L, and CT_H vs CF_H were screened for significant differential metabolites, and these metabolites were analyzed for functional enrichment, respectively. Linoleic acid promotes metabolism, regulates the endocrine system, and encourages lipid metabolism, among other functions (Spector and Kim, 2015). It is also a catalyst for cholesterol metabolism, which reduces the levels of cholesterol and lipids in the blood (Ebrahimi-Mameghani et al., 2016). Previous studies have shown that linoleic acid metabolism is closely related to inflammation and oxidative stress (Khazen et al., 2007). When liver injury occurs, linoleic acid is released from phospholipids and further produces inflammatory mediators, and the expression of linoleic acid is a marker of liver injury (Xu et al., 2021). Arachidonic acid plays a crucial role in allergy, inflammation, and other organ functional responses, and arachidonic acid metabolism can reflect, to some extent, the severity of inflammation (Nakaya et al., 2000; Canfora et al., 2015). Tyrosine is a significant substrate for endogenous peroxidases. The presence of tyrosine and its derivative in vivo and in vitro could ameliorate oxidative damage through ferryl heme reduction (Lu et al., 2014). Additionally, high levels of tyrosine may promote fatty acid synthesis, further promoting liver fat deposition (Jin et al., 2016).
Various previous studies have shown that ecological disturbances in the gut microbiota are closely related to the development of cholestasis (Tang et al., 2023; Yu et al., 2023), and our preliminary study found that the equipotential pairing of CF and TR could have a positive intervention effect on cholestasis by interfering with gut microbial homeostasis and metabolic homeostasis (Yu et al., 2022b). In this study, differential microbial communities were obtained by LEfSe analyses of between-group comparisons of Model vs Control, CF_H vs CF_L, CT_L vs CF_L, and CT_H vs CF_H, respectively. Prevotella is a symbiotic bacterium whose relative abundance has been reported to be associated with inflammation (Ning et al., 2020; Wang et al., 2020), with an enhanced ability to induce inflammatory mediators such as IL-6 and TNF-α (Larsen, 2017). UCG-005 helps promote the production of short-chain fatty acids (SCFAs), which helps alleviate inflammation and lipid metabolism disorders (Li et al., 2022b; Shi et al., 2023). Lactobacillus increase fecal lipid excretion and thereby reduce hepatic lipid accumulation by improving the activity of bile salt hydrolytic enzymes and the number of unconjugated bile acids (Janssen et al., 2017). Prediction of KEGG function in differential microorganisms showed that the difference between low-dose and high-dose CF for cholestasis was related to amino acid biosynthesis, whereas the difference between the therapeutic effects of CF and CT for cholestasis was related to 2-Oxocarboxylic acid metabolism and amino acid biosynthesis. These were similar to the results obtained from fecal metabolomics analyses. Additionally, correlation analyses of microorganisms and metabolites showed the existence of a relationship between the relative abundance of microorganisms and the levels of metabolites.
The anti-inflammatory, lipid-lowering, and anti-cholestatic effects of CF have been reported in many papers (Wang et al., 2019; Hu et al., 2022; Lan et al., 2022), and our previous studies have confirmed that the combination of CF and TR in the treatment of cholestasis is associated with regulating the expression of genes related to lipid metabolism (Han et al., 2023a). The effect of the combination of CF and TR in the regulation of disorders of lipid metabolism has also been demonstrated by other scholars in their studies (Zhang et al., 2022; Xu et al., 2023). Amino acid metabolism is closely related to oxidative stress, e.g., tryptophan is a necessary substrate for melatonin synthesis, while melatonin has a significant anti-oxidative stress effect for treating cholestasis (Yu et al., 2018). In future studies, we will continue to investigate the specific mechanisms by which different dosages and combinations of TR alter CF anti-cholestasis by modulating lipid and amino acid metabolism.
5 CONCLUSION
General, in the treatment of cholestasis, the efficacy of low-dose CF was biased towards hypolipidemic, and high-dose CF was biased towards anti-inflammatory effects; furthermore, CF and TR had synergistic effects on hypolipidemic effects and potential antagonistic effects on anti-inflammatory effects. On biological mechanisms, this may be due to differences in the dual effects on gut microbiology and metabolic homeostasis, of which lipid metabolism and amino acid metabolism are critical events. This study elucidates the mechanism of CF in the treatment of cholestasis and provides new ideas for the clinical application of CF in the treatment of cholestasis.
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Essential oils are potential alternatives to antibiotics for preventing Candida albicans (C. albicans) infection which is responsible for economic losses in the pigeon industry. Cymbopogon martini essential oil (EO) can inhibit pathogens, particularly fungal pathogens but its potential beneficial effects on C. albicans-infected pigeons remain unclear. Therefore, we investigated the impact of C. martini EO on antioxidant activity, immune response, intestinal barrier function, and intestinal microbiota in C. albicans-infected pigeons. The pigeons were divided into four groups as follows: (1) NC group: C. albicans uninfected/C. martini EO untreated group; (2) PC group: C. albicans infected/C. martini EO untreated group; (3) LPA group: C. albicans infected/1% C. martini EO treated group; and (4) HPA group: C. albicans infected/2% C. martini EO treated group. The pigeons were infected with C. albicans from day of age 35 to 41 and treated with C. martini EO from day of age 42 to 44, with samples collected on day of age 45 for analysis. The results demonstrated that C. martini EO prevented the reduction in the antioxidant enzymes SOD and GSH-Px causes by C. albicans challenge in pigeons. Furthermore, C. martini EO could decrease the relative expression of IL-1β, TGF-β, and IL-8 in the ileum, as well as IL-1β and IL-8 in the crop, while increasing the relative expression of Claudin-1 in the ileum and the crop and Occludin in the ileum in infected pigeons. Although the gut microbiota composition was not significantly affected by C. martini EO, 2% C. martini EO increased the abundance of Alistipes and Pedobacter. In conclusion, the application of 2% C. martini EO not only enhanced the level of antioxidant activity and the expression of genes related to intestinal barrier function but also inhibited inflammatory genes in C. albicans-infected pigeons and increased the abundance of gut bacteria that are resistant to C. albicans.
Keywords: Candida albicans, Cymbopogon martini essential oil, pigeon, antioxidant activity, immune response, intestinal barrier function, intestinal microbiota
INTRODUCTION
Pigeon candidiasis, also known as avian candidiasis or thrush, is a fungal infection caused by Candida species, most commonly Candida albicans (C. albicans). (Rosario Medina et al., 2017). It affects various parts of the pigeon including the crop, mouth, esophagus, and respiratory system (Pollock, 2003). The symptoms of pigeon candidiasis can vary depending on the affected area but commonly include the presence of white to yellowish plaques or lesions in the mouth, throat, or crop (Talazadeh et al., 2022). Conventional treatment options for pigeon candidiasis involve the use of antifungal medications such as fluconazole, itraconazole, and ketoconazole (Martin, 1999). However, many countries have restricted the use of antibiotics owing to the emergence of resistant strains, disruption of the gut microbiota, and residual environmental contamination (Lange et al., 2016; Tang et al., 2017; Hanna et al., 2018; Magalhães Pinto et al., 2019).
Essential oils are potential alternatives to antibiotics, with essential oils such as tea tree, lavender, eucalyptus, and peppermint essential oil exhibiting broad-spectrum antimicrobial activity against a range of bacteria, fungi, and viruses. (Bassolé and Juliani, 2012; Murbach Teles Andrade et al., 2014; Chouhan et al., 2017). It is believed that essential oils disrupt the cellular structure of pathogens, inhibit their growth, and promote the removal of pathogenic microorganisms in the infected animal (Szczepanski and Lipski, 2014; Omonijo et al., 2018; Andrade-Ochoa et al., 2021). Furthermore, essential oils are effective against various drug-resistant strains such as methicillin-resistant Staphylococcus aureus (MRSA) and multidrug-resistant Escherichia coli (MDR Escherichia coli) (Chao et al., 2008; Yap et al., 2015). Moreover, essential oils have advantages over other antibiotic substitutes. They are natural substances extracted from plants that retain the original properties and natural state of the plant relative to some antibiotic substitutes. They act through a variety of mechanisms such as inhibiting microbial growth, damaging cell membranes, and affecting microbial metabolism. This multiple mechanism of action may reduce the development of microbial resistance to essential oils compared to some antibiotic substitutes with a single mechanism of action. Cymbopogon martini (Roxb.) Will. Watson [Poaceae] is commonly called as palmarosa. Cymbopogon martini essential oil (EO) has also been shown to possess antibacterial activity against a variety of fungi, such as C. albicans (Singh et al., 2018). Previously, we evaluated the minimal inhibitory concentration (MIC) of several essential oils against C. albicans showing that C. martini EO was more effective against C. albicans in vitro than other essential oils.
However, the effect of C. martini EO on the C. albicans infected pigeons remains to be elucidated. Therefore, this study was designed to investigate the effects of C. martini EO on antioxidant activity, intestinal barrier function, immune-related genes, and gut microbiota in C. albicans-infected pigeons. This study provides a scientific basis for developing environmentally friendly prevention strategies for C. albicans-infected pigeons to improve their health status and promote the sustainable development of the breeding industry.
MATERIAL AND METHODS
Ethics statement
This study was carried out in accordance with the principles of the Basel Declaration and recommendations of the Institutional Animal Care and Use Committee guidelines, Zhongkai University of Agriculture and Engineering.
Bacterial strains and C. martini EO
The pathogenic C. albicans was isolated from the intestines of pigeons infected with C. albicans in Guangdong Province, China. The strain was stored at −80°C in fluid thioglycollate broth (FT, Beckson, Dickinson, and Company) supplemented with 30% glycerol. Cymbopogon martini EO were obtain from Guangzhou Rui Cheng Biotechnology Co., Ltd. (Guangzhou, China, batch no: 6–296695, sell by date:22/11/2025). Cymbopogon martini EO is obtained by distillation of the whole plant (the main chemical composition: myrcene 0.2%, cis-β-Ocimene 0.3%, trans-β-Ocimene 1.3%, linalool 2.2%, neral 0.1%, geraniol 67.7%, geranial 0.1%, geranylacetate 24.6%, caryophyllene 0.5%, gerany isobutyrate 0.1%, farnesol 0.9%). Cymbopogon martini EO were dissolved in soybean oil with 1% (v/v) and 2% (v/v) concentration and then stored at 4°C until use.
Animal trial design and sample collection
A total of eighty 30-day-old pigeons (negative for C. albicans) were purchased from a hatchery in Guangzhou city, Guangdong Province, China. They were randomly allocated to one of four experimental groups. Food and water were provided ad libitum, and the pigeons were maintained with 12-h light/dark cycles. The animal trials were conducted at the pigeon house located at Zhongkai University of Agriculture and Engineering. Four groups (20 pigeons per group) were designed: (1) NC group: C. albicans uninfected/C. martini EO untreated group; (2) PC group: C. albicans infected/C. martini EO untreated group; (3) LPA group: C. albicans infected/1% C. martini EO treated group; and (4) HPA group: C. albicans infected/2% C. martini EO treated group.
All pigeons were fed an antibiotic-free basic diet for pigeons (Supplementary Table S1). Groups PC, LPA, and HPA were orally gavaged once per day with an actively growing 200 μL concentration of 2 × 107 cfu/ml C albicans from 35 to 41 days of age. Group NC orally received sterilized normal saline in the same volume. Following infection, the pigeons gradually displayed symptoms such as mental depression, indigestion, and reduced ingestion. From 39 to 41 days of age, two pigeons were euthanized daily, and their crops were dissected to observe the status of C. albicans infection. The white pseudofilm in the crop was swabbed with a cotton swab and identified as C. albicans to confirm the success of the inoculation. It was observed that all inoculated groups were successfully infected with C. albicans. Meanwhile, Groups LPA and HPA were administered 200 μL of 1% and 2% (according to the previous studies (Zeng et al., 2011)) C. martini EO once per day from 42–44 days of age, respectively. Groups NC and PC were orally given soybean oil in the same volume. None of the pigeons died during the experiment. This animal experimental design is shown in Table 1.
TABLE 1 | Experiment design with pigeons.
[image: Table 1]At 45 days of age, blood samples were collected from seven pigeons in each group via the brachial wing vein using sterile syringes. The collected blood was centrifuged at 5000 g for 15 min at room temperature. The isolated serum was stored at −20°C for subsequent antioxidant activity testing. Subsequently, the pigeons were euthanized by cervical dislocation after blood collection. The jejunum-ileum content was extruded manually for subsequent DNA extraction. All intestinal content samples were immediately placed into sterile plastic tubes using alcohol-sterilized spatulas, snap-frozen in liquid nitrogen, and stored at −80°C until analysis. The ileum and crop tissues were dissected out. After slitting the tissue lengthwise and gently rinsing with ice-cold 1 × PBS, the collected tissues were immediately frozen in liquid nitrogen for RNA isolation.
Serum antioxidant activity test
The serum concentration of total antioxidant capacity (T-AOC), the superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and catalase (CAT) were determined according to the manufacturer’s instructions accompanying the assay kit, which involved a T-AOC, SOD, GSH-Px and CAT assay kit, (Nanjing Jiancheng Bioengineering Institute).
RNA isolation and RT-qPCR of the immune and intestinal barrier-related genes
Using the EZNA® Total RNA Isolation Kit (Omega Bio-Tek), RNA was isolate from ileal and crop tissue according to the manufacturer’s protocol. RNA was eluted in DEPC-treated water and stored at −80°C. Total RNA was quantified using a NanoDrop® ND-2000 UV spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States). Reverse transcription was performed with M-MLV Frist Strand cDNA Synthesis Kit (Omega Bio-Tek), following the manufacturer’s protocol. Quantitative PCR reaction was performed with cDNA temple in triplicate using SYBR Premix Ex Taq (TAKARA Bio, Otsu, Japan). The target genes values were normalized to the housekeeping gene encoding β-actin. The relative mRNA level of each target gene was calculated based on the expression of the β-actin using 2 −ΔCt method. The primers used for qPCR of interleukin (IL)-1β, transforming growth factor (TGF) -β, IL-8, claudin-1, occludin, Zona occludens (ZO)-1and β-actin are showed in Supplementary Table S2.
DNA extraction and 16S rRNA gene sequencing
DNA from pigeons jejunum–ileum content contents were extracted using QIAamp Fast DNA Stool Mini Kit (Qiagen, Valencia, CA, United States) according to the manufacturer’s instructions. Total DNA was quantified using a NanoDrop® ND-2000 UV spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States). The instrument measures absorbance at 260 nm (A260) to quantify DNA in samples, at 280 nm (A280) to verify protein contamination and at 230 nm (A230) for determining contamination by phenol. Only DNA samples with A260/A280 ratio as 1.7 and A260/A230 > 1.8 were used for further analysis. The extracts were stored at −20°C until use.
The V3-V4 hypervariable regions of 16S rDNA were PCR amplified from microbial DNA. The gene-specific sequences for the 16S V3 and V4 region were performed by using primers 341F 5′-CCTACGGGNGGCWGCAG-3′and 805R 5′-GACTACHVGGGTATCTAATCC-3’. The PCR conditions were as follows: one pre-denaturation cycle at 94°C for 4 min, 25 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 45 s, and elongation at 72°C for 30 s, and one post-elongation cycle at 72°C for 5 min. The PCR amplicons were separated on 0.8% agarose gels and then extracted using QIAEX II gel extraction kit (Qiagen) according to the handbook. Only PCR products without primer dimers and contaminant bands were used for sequencing. Amplicons were purified using AMPure X using the manufacturer’s instructions (Beckman Coulter, Mississauga, ON, Canada). Bar-coded V3 and V4 amplicons were sequenced using the 2 × 250 paired-end method by Illumina NovaSeq with a seven-cycle index read. Sequences processing was performed using QIIME to get clean data. Sequences with an average Phred (Q) score lower than 30, with ambiguous bases or homopolymer runs exceeding six bp, primer mismatches or sequence lengths shorter than 100 bp were removed. The consensus sequence was generated by FLASH (Fast length Adjustment of Short reads, v1.2.11) as following: only sequences with an overlap longer than 10 bp and without any mismatches were assembled according to their overlap sequences. Reads that could not be assembled were discarded. Barcode and sequencing primers were trimmed from the assembled sequence. The high quality paired-end reads were combined to tags based on overlap. Sequences analysis were performed by Uparse software. Sequences with 97% similarity were assigned to the same OTUs. OTU representative sequences were taxonomically classified using the Silva Database based on Mothur algorithm to annotate taxonomic information.
Statistical analysis
The relative expression of mRNA and the alpha diversity indices of Shannon, Simpson and ACE among the four groups were tested using ANOVA with a p-value of <0.05 considered to represent significance. Genus and species abundance were compared using Kruskal–Wallis test with Benjamini–Hochberg p-value correction.
RESULTS
Serum antioxidant activity
Figure 1 shows the effects of C. albicans and C. martini EO on antioxidant levels, including superoxide dismutase (SOD), total antioxidant capacity (T-AOC), catalase (CAT), and glutathione peroxidase (GSH-Px). The T-AOC, SOD, GSH-Px, and CAT levels in the PC group were significantly lower than those in the NC group (p < 0.05). Notably, the concentrations of SOD and GSH-Px increased significantly in the LPA and HPA groups compared to the PC group (p < 0.05). Furthermore, the levels of SOD and GSH-Px in the HPA group were significantly higher than those in the LPA group (p < 0.05).
[image: Figure 1]FIGURE 1 | Effect of C. martini EO on serum antioxidant levels in C. albicans infected pigeons NC: C. albicans uninfected/C. martini EO untreated group, PC: C. albicans infected/C. martini EO untreated group, LPA: C. albicans infected/1% C. martini EO treated group, HPA: C. albicans infected/2% C. martini EO treated group. *p < 0.05.
Expression of immune and intestinal mucosa barrier-related genes
Figure 2 and Figure 3 show the expression of immune and intestinal barrier-related genes observed in the four different groups Regarding the expression of immune genes, the relative expression of IL-1β and TGF-β in the ileum, and IL-8 in the crop, was significantly higher in the PC group compared to the NC group (p < 0.05). Additionally, the relative expression of IL-1β, TGF-β, and IL-8 in the ileum, as well as IL-1β and IL-8 in the crop, was lower in the LPA and HPA groups than in the PC group (p < 0.05). Regarding barrier-related genes, the relative expression of Claudin-1 and Occludin in the ileum, and Claudin-1 and Z O -1 in the crop, was significantly lower in the PC group compared to the NC group (p < 0.05). However, the relative expression of Claudin-1 and Occludin in the ileum, as well as Claudin-1 in the crop, significantly increased in the LPA and HPA groups compared to the PC group (p < 0.05). Furthermore, the relative expression of Z O -1 in the ileum, and Occludin in the crop, was higher in the HPA group than in the PC group (p < 0.05). Finally, the relative expression of Z O -1 in the crop was significantly higher in the LPA group than in the PC group (p < 0.05).
[image: Figure 2]FIGURE 2 | mRNA expression level in ileum. Relative gene expression presented as log10, ∗p < 0.05, ANOVA.
[image: Figure 3]FIGURE 3 | Relative change in gene expression in crop tissue Relative gene expression represented as log10, ∗p < 0.05, ANOVA.
Intestinal bacterial structure analysis
The alpha diversity of gut microbiota was measured using the abundance-based coverage estimator (ACE), Simpson, and Shannon indices (Figure 4). No significant variation was observed in the Shannon and Simpson indices among the four groups. However, the ACE index in the HPA group was significantly higher than in the NC and LPA groups. Principal Coordinate Analysis (PCoA) of binary-Jaccard indices demonstrated the diversity of bacteria among the four groups (Figure 5), with the HPA group showing distinct separation from the other three groups. The results of the microbiota in each group revealed that the relative abundance of the genus Ligilactobacillus, as well as the species Lactobacillus agillis and Lactobacillus johnsonii, in the PC group was significantly lower than in the NC group (p < 0.05, Figure 6; Figure 7). Additionally, the abundance of Alistipes and Pedobacter found in the HPA group was significantly higher than that in the PC group (p < 0.05, Figure 6). Moreover, the genus Ligilactobacillus in both the HPA and LPA groups was significantly lower compared to that in the NC group (p < 0.05).
[image: Figure 4]FIGURE 4 | Alpha diversity of the intestinal bacterial community in the four pigeon groups. ∗p < 0.05, ANOVA.
[image: Figure 5]FIGURE 5 | Principal coordinate analysis plot of binary-Jaccard indices for the gut microbiota of the four pigeon groups. The x-coordinate represents one principal component, the y-coordinate represents another principal component, and the percentage represents the contribution of the principal component to the sample difference. Each point in the diagram represents one sample, and samples from the same group are represented in the same color. The green, orange, purple and pink points indicate groups NC, PC, LPA and HPA respectively.
[image: Figure 6]FIGURE 6 | Comparison of gut bacterial composition at the genus level using relative abundance. ∗p < 0.05, Kruskal–Wallis test.
[image: Figure 7]FIGURE 7 | Comparison of gut bacterial composition at the species level using relative abundance.∗p < 0.05, Kruskal–Wallis test.
DISCUSSION
Cymbopogon martini EO is an essential oil that has been proven to inhibit C. albicans in vitro, therefore, this study was designed to investigate the effect of C. martini EO on antioxidant activities, immune and intestinal barrier-related responses, and gut microbiota in C. albicans-infected pigeons.
Antioxidant enzymes are a class of enzymes that play an important role in the antioxidant activities of organisms. They protect cells and tissues from oxidative stress by catalyzing oxidative reactions and reducing or neutralizing harmful oxidative substances, including SOD, CAT, and GSH-Px. Studies have reported that pathogen infections could damage the antioxidant system and its functions (Ahmad, 2014). This study also found that C. albicans infection could reduce the levels of T-AOC, SOD, GSH-Px, and CAT in the serum of pigeons. Candida albicans infection can lead to an increased oxidative stress response in pigeons, resulting in a reduction in antioxidant activity. Candida albicans directly triggers oxidative stress by producing a series of metabolites and toxins, such as reactive oxygen species and peroxides. These reactive oxygen species can damage the pigeon’s antioxidant defense system, including SOD and GSH-Px, leading to a decline in antioxidant capacity (Yan et al., 2013). Previous studies have shown that the inhibition of antioxidant enzyme activities is detrimental to animal health (Baker et al., 2004), and essential oils can significantly enhance antioxidation to reduce oxidative stress in animals (Zhang et al., 2011; Abdel-Tawwab et al., 2018). In this study, the results showed that the levels of T-SOD and GSH-Px in the C. martini EO treatment groups were significantly increased compared to the C. albicans infected/untreated groups, especially the 2% C. martini EO -treated group. These results may be because C. martini EO has a high level of natural antioxidants (Sinha et al., 2011), which have the potential ability to scavenge free radicals, chelate transtegmental ions, and decompose peroxides (Embuscado, 2015). Similar studies have found that dietary essential oils significantly enhance the level of serum antioxidant activity (Rasheed et al., 2023).
Tight junction (TJ) proteins play a crucial role in the formation and maintenance of TJs, specialized intercellular structures that establish a seal between adjacent cells. They regulate the movement of molecules and pathogens across epithelial and endothelial cell layers (González-Mariscal et al., 2003). Claudins, Occludins, and ZOs are essential components of TJ proteins, responsible for maintaining the integrity and selective permeability of epithelial and endothelial barriers (Inai et al., 1999; Heiskala et al., 2001; Suzuki, 2020). The expression levels of Claudin-1, Occludin, and Z O -1 genes can directly influence the abundance and localization of the corresponding proteins within the tight junctions. Decreased expression of these genes can result in reduced levels of their respective proteins in tight junctions, leading to compromised barrier integrity and increased permeability. In this study, we observed a significant decrease in the expression of Claudin-1, Occludin, and Z O -1 in the C. albicans infected group compared to the uninfected group, except in crop tissue. This reduction suggests a potential disruption in the structural organization and function of TJs, leading to increased paracellular permeability and compromising the barrier’s ability to prevent the entry of pathogens. However, the expression of Occludin in infected pigeon crop tissues was higher than that in uninfected pigeon. This increase in Occludin expression could be attributed to the production of virulence factors or the secretion of molecules by C. albicans. These fungal factors could trigger signaling pathways in the host cells, leading to the increased expression of Occludin mRNA. In addition, our experimental results demonstrated a significant increase in the expressions of Claudin-1, Occludin, and Z O -1 in the groups treated with C. martini EO, particularly at a concentration of 2%, compared to the C. albicans infected/untreated group. This elevation in Claudin-1, Occludin, and Z O -1 expression indicates the potential restoration of TJ integrity. Potentially, C. martini EO treatment could contribute to the repair of the structural organization and function of TJs, thereby improving barrier integrity and reducing paracellular permeability to prevent pathogen entry.
For the immune-related genes, the results of this experiment demonstrated a significant increase in the expression of IL-8, TGF-β, and IL-1β in the C. albicans infected group, which is consistent with previous reports (Letterio et al., 2001; Schaller et al., 2002). Previous study reported that C. albicans releases various inflammatory factors during the infection, which can activate host immune cells and trigger an inflammatory response. Additionally, the cell wall components of C. albicans can stimulate the host immune system to produce an inflammatory response. The polysaccharide substances in the cell wall can interact with recognition receptors on the surface of host immune cells, triggering inflammatory signaling pathways and leading to inflammatory responses (Richardson and Moyes, 2015). These experimental results indicated that the treatment of C. martini EO significantly reduced the elevated levels of IL-8, TGF-β, and IL-1β caused by C. albicans infection. This suggests that C. martini EO treatment can alleviate inflammatory responses. Therefore, C. martini EO treatment is beneficial for the overall health recovery of C. albicans-infected pigeons.
It has been previously shown that C. albicans challenge or essential oils can alter the structure of the gut microbiota in pigeons (Tiihonen et al., 2010; Hu et al., 2021). However, according to the results of alpha and beta-indices, C. albicans and C. martini EO had no significant effect on pigeon intestinal bacterial composition in this study. Typically, microbial species such as Lactobacillus agilis, Lactobacillus johnsonii, and Ligilactobacillus are probiotics belonging to the Lactobacillus genus. They promote intestinal health, maintain the balance of intestinal flora, inhibit the growth of harmful bacteria, and promote the growth of beneficial bacteria (Fooks and Gibson, 2002; Reid and Burton, 2002). This experimental study found that C. albicans infection resulted in a decrease in Lactobacillus in the pigeon’s gut, and even 2% C. martini EO treatment did not improve this condition. However, this study found that Alistipes and Pedobacter in the 2% C. martini EO -treated group significantly increased. Alistipes and Pedobacter which have multiple functions and potential benefits in the gut. They are involved in carbohydrate metabolism, degrading and utilizing indigestible cellulose and other complex carbohydrates, thereby producing short-chain fatty acids (SCFA) such as propionic acid, butyric acid, and lactic acid Margesin and Shivaji, 2015). These SCFAs serve as the main energy source for intestinal cells and play an important role in gut health and function. They regulate the function of the intestinal immune system and maintain intestinal immune balance by interacting with host immune cells (Martin-Gallausiaux et al., 2021). Additionally, the Pedobacter strain can inhibit potentially pathogenic microorganisms. They can inhibit the growth and spread of pathogens by competing for resources, producing antibiotic-like substances, or creating unfavorable environmental conditions (Wong et al., 2011). Therefore, it could be inferred that 2% C. martini EO may potentially promote the growth of SCFA-producing bacteria and maintain intestinal immune balance, thereby aiding in the resistance of pigeons to C. albicans. According to the previous studies, C. martini EO can improve the antioxidant activity, immune response and intestinal function of animals. We hold the view that he restoration of antioxidant capacity, immune response, intestinal barrier function and intestinal microbiota in pigeons infected with C. albicans is attributed to the enhanced immune function that induced by C. martini EO (Andrade et al., 2014; Kiani et al., 2022).
CONCLUSION
The use of 2% C. martini EO enhanced the antioxidant activity and the expression of genes related to intestinal barrier function but also inhibited inflammatory genes in C. albicans-infected pigeons. Additionally, 2% C. martini EO promoted the growth of SCFA-producing gut bacteria and helped maintain intestinal immune balance, thereby aiding in the resistance of pigeons to C. albicans. These results provide the basis for the development of an alternative to antibiotics for preventing C. albicans infection in pigeons.
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Ethnopharmacological relevance: As a representative classical prescription, Sijunzi decoction has powerful therapeutic effects on spleen–stomach qi insufficiency. Ulcerative colitis (UC) is a chronic, diffuse, and non-specifically inflammatory disorder, the etiology of which still remains unclear. In the traditional Chinese medicine (TCM) perspective, splenic asthenia is the primary cause of UC. Based on this, Sijunzi decoction has been extensively used in TCM clinical practice to alleviate UC in recent years. However, the pharmacological mechanism of Sijunzi decoction in modern medicine is still not completely clear, which limits its clinical application.Aim of the study: The purpose of this study was to investigate the Sijunzi decoction’s curative effect on acute UC mice and probe into its potential pharmacological mechanism.Materials and methods: The UC mouse model was set up by freely ingesting a 3% dextran sulfate sodium (DSS) solution. The relieving role of Sijunzi decoction on UC in mice was analyzed by evaluating the changes in clinical parameters, colon morphology, histopathology, inflammatory factor content, intestinal epithelial barrier protein expression level, and gut microbiota balance state. Finally, multivariate statistical analysis was conducted to elucidate the relationship between inflammatory factors, intestinal epithelial barrier proteins, and gut microbiota.Results: First, the research findings revealed that Sijunzi decoction could visibly ease the clinical manifestation of UC, lower the DAI score, and attenuate colonic damage. Moreover, Sijunzi decoction could also significantly inhibit IL-6, IL-1β, and TNF-α while increasing occludin and ZO-1 expression levels. Subsequently, further studies showed that Sijunzi decoction could remodel gut microbiota homeostasis. Sijunzi decoction was beneficial in regulating the levels of Alistipes, Akkermansia, Lachnospiraceae_NK4A136_group, and other bacteria. Finally, multivariate statistical analysis demonstrated that key gut microbes were closely associated with inflammatory factors and intestinal epithelial barrier proteins.Conclusion: Sijunzi decoction can significantly prevent and treat UC. Its mechanism is strongly associated with the improvement of inflammation and intestinal epithelial barrier damage by regulating the gut microbiota.[image: Graphical Abstract]Keywords: Sijunzi decoction, gut microbiota homeostasis, inflammation, ulcerative colitis, intestinal epithelial barrier
1 INTRODUCTION
Ulcerative colitis (UC) is a major type of inflammatory bowel disease (IBD), and it is a chronic, diffuse, and unspecific inflammatory state of the human gastrointestinal tract with unknown etiology (Chams et al., 2019). Clinically, UC usually manifests as intermittent diarrhea, abdominal discomfort, tenesmus, bloody or purulent feces, and body weight loss (Tian et al., 2021). Multiple etiologies are involved in UC pathogenesis and progression, such as environmental and luminal factors, hereditary predisposition, and mucosal immune disorders (Kobayashi et al., 2020). So far, a variety of therapeutic drugs, for example, immunomodulators, aminosalicylic acid, glucocorticoids, biologics, and even surgeries, have been used to treat UC (Hirten and Sands, 2021). However, these treatment strategies are often accompanied by adverse reactions, drug resistance, and unsatisfactory clinical curative efficacy (Hirten and Sands, 2021; Liu et al., 2022). Hence, it is imperative to find a novel, safe, and more effective treatment approach.
Due to its safety and effectiveness, traditional Chinese medicine (TCM) has been receiving increasing attention in the clinical practice of gastrointestinal diseases. There is no ‘UC’ in ancient Chinese medicine books. According to the clinical manifestations, there are many ways to name the disease, such as diarrhea, intestinal wind, dysentery, and dirty poison (Liu et al., 2022). From the perspective of TCM, spleen-qi insufficiency is the principal pathogenesis of UC (Tian et al., 2021). Sijunzi decoction from the Song Dynasty’s ‘Tai Ping He Ji Ju Fang’ is a celebrated classic formula in TCM for strengthening the spleen, containing four kinds of Chinese botanical drugs, namely, Panax ginseng C. A. Mey. (Renshen in Chinese), Atractylodes macrocephala Koidz. (Baizhu in Chinese), Wolfiporia cocos (F.A. Wolf) Ryvarden & Gilb. (Fuling in Chinese), and Glycyrrhiza uralensis Fisch. ex DC. (Gancao in Chinese) (Wang et al., 2020). Hence, Sijunzi decoction, as a basic prescription to invigorate the spleen and qi, is a preferred choice for the therapy of UC (Lu et al., 2017; Tian et al., 2021). Sijunzi decoction has recently been extensively and widely utilized in the clinical practice of TCM and has been proven to be beneficial for UC (Wu et al., 2023). Nevertheless, the potential mechanism of Sijunzi decoction in preventing UC has not been elucidated.
The gut microbiota plays a pivotal role in disease development, especially in multifarious gastrointestinal disorders (Guo et al., 2020; Feng et al., 2022; Wang et al., 2023). The composition of the gut microbiota in UC patients changes dramatically (Franzosa et al., 2019; Zhang et al., 2020; Zhang et al., 2021). An increase in pathogenic microorganisms combined with a decrease in probiotics has been identified as one of the characteristic features of UC (Dai et al., 2021). Gut microbiota disorder, the imbalance between pathogenic bacteria and normal flora, will damage the epithelial barrier. Then, the weakened barrier would cause bacterial translocation, which further aggravates epithelial barrier disturbance (Zhang et al., 2020; Guo et al., 2023). These processes would form a vicious cycle, resulting in further deterioration of UC. At present, the regulation of the gut microbiota has become a crucial step in UC therapeutic options. Studies have shown that Sijunzi decoction and its main chemical metabolites, including polysaccharides and saponins, can not only regulate the gut microbiota but also affect intestinal bacterial metabolites (Gao et al., 2018; Shi et al., 2019). It is inferred that Sijunzi decoction may have an anti-UC effect by remodeling the gut microbiota. However, there is still a need to experimentally assess this hypothesis.
The effectiveness of Sijunzi decoction in the prevention and treatment of UC was thoroughly assessed in this study. Furthermore, its potential mechanism was also systematically demonstrated from the perspective of remodeling gut microbiota homeostasis in improving epithelial barrier function and reducing inflammation. Both theoretical and clinical studies were carried out in this study to fully illustrate the above information.
2 MATERIALS AND METHODS
2.1 Materials and reagents
The Chinese medicinal materials used in Sijunzi decoction were sourced from the Bozhou Medicinal Materials Market in Anhui Province, China, and met the standards set by the Pharmacopoeia of the People’s Republic of China. Interleukin-10 (IL-10), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β) were purchased from Meimian Biotechnology (Yancheng, Jiangsu Province, China). Dextran sulfate sodium (DSS, molecular weight: 36–50 kDa) was obtained from Santa Ana MP Biomedicals in California, USA. Occludin and ZO-1 monoclonal antibodies were bought from Santa Cruz Biotechnology companies in California, USA. The water and methanol used in the experiment were of HPLC grade. Ultrapure water was obtained by filtration of distilled water using a Milli-Q system (Millipore, USA). LC–MS-grade acetonitrile was purchased from Thermo Fisher Scientific (Fair Lawn, New Jersey, USA), and LC–MS-grade formic acid was purchased from Sigma-Aldrich (St. Louis, Missouri, USA). RNAex Reagent, Evo M-MLV RT Mix Kit, and SYBR@ Green Premix Pro Taq HS qPCR Kit were acquired from Accurate Biotechnology (Changsha, China).
2.2 Preparation of the Sijunzi decoction extract
The four kinds of Chinese botanical drugs, including Panax ginseng C. A. Mey. (90 g), Atractylodes macrocephala Koidz. (90 g), Wolfiporia cocos (F.A. Wolf) Ryvarden & Gilb. (90 g), and Glycyrrhiza uralensis Fisch. ex DC. (60 g), following a 9:9:9:6 ratio were pulverized to pass a 40-mesh sieve and then extracted by reflux three times with deionized water (material: solvent = 1:10, m:v, g/mL). Next, the extraction solution was concentrated to 1 mL/g equivalent of medicinal materials. Finally, the concentrated extract was vacuum freeze-dried to obtain the Sijunzi decoction (SJZD) extract. To sum up, a standardized manufacturing process was established by our research group (Figure 1A).
[image: Figure 1]FIGURE 1 | Preparation procedure of SJZD and experimental design. (A) Standardized preparation procedure for SJZD. (B) Characteristic chemical structure formula. (C) Schematic illustration of the experimental design for SJZD administration. (D) Base peak chromatogram of SJZD: (a) negative ions and (b) positive ions.
2.3 Instruments and conditions
To ensure the quality of the SJZD extract, the UHPLC-QTOF/MS method was used in our research group. Chromatographic separation was performed on an ExionLC system (AB Sciex, Foster City, CA, USA). A Waters ACQUITY UHPLC HSS T3 Column (2.1 × 100 mm, 1.8 μm) was applied at a temperature of 35°C. The mobile phase A was water with 0.1% formic acid (v/v), and B was acetonitrile. The gradient was optimized as follows: 0–5 min from 3% to 8% B, 5–11 min from 8% to 30% B, 11–20 min from 30% to 80% B, 20–21 min from 80% to 95% B, 21–27 min at 95% B, then back to the initial ratio of 3% B, and maintained for an additional 10 min for re-equilibration. The injection volume of all samples was 2 μL.
To provide high-resolution detection, an X500B QTOF Mass Spectrometer (AB Sciex, Foster City, CA, USA) equipped with an electrospray ionization source (turbo ion spray) was applied. MS detection was implemented in both negative and positive ion modes. The parameters of the mass spectrometer were summarized as follows: gas1 and gas2, 45 psi; curtain gas, 35 psi; heat block temperature, 550°C; ion spray voltage, −4.5 kV in the negative mode and 5.5 kV in the positive mode; declustering potential, 60 V; collision energy, ±35 V; and the collision energy spread (CES) was ±15 V.
2.4 Animals
Male BALB/c mice (18–22 g) at 6 weeks of age were obtained from the Xuzhou Medical University Animal Center. Animals were fed in transparent plastic cages on a 12-h diurnal light cycle, and simultaneously, the surrounding environment was controlled with humidity (50%–55%) and temperature (22°C ± 2°C). All mice received sterile water and a standard diet during the first week (the adaptation period). Animal experimental procedures followed the rules established by the Experimental Animal Ethics Committee of Xuzhou Medical University (Ethics Approval Number: L20210226229).
2.5 UC model and intervention
After acclimatization feeding for 1 week, all mice were randomly distributed into six groups (n = 9), namely, the control group, model group (DSS group), positive group (5-ASA group), and low- (SJZD-L), medium- (SJZD-M), and high- (SJZD-H) dose groups of SJZD (Figure 1C).
Before the experiment, the administration dosages of SJZD and 5-ASA were first determined. Based on the yield of SJZD and its clinical dosage, the dosage in mice was determined according to the human-to-mouse dose conversion principle. Details are as follows: the daily clinical dosage of SJZD for adults is 33 g, and the dose per unit weight for a 70-kg human is approximately 47 mg/kg. Referring to the pharmacological experimental methodology edited by Professor Shuyun Xu, the equivalent dose coefficient between mice and humans was 9.1. Thus, the dose of SJZD administered to mice is calculated as follows: A = 47 (mg kg−1) × 9.1 × Z (where Z is the yield of SJZD). The calculations were rounded approximately to give a final result of 400 mg/kg. Then, the exact dose of SJZD is B = A ×W (where W is the body weight of the mice: 18–22 g). Moreover, SJZD of 400 mg/kg was considered the medium-dose group in this study. According to the two-fold correlation, half of the medium-dose group comprised the low-dose group, while the high-dose group was twice the size of the medium-dose group. As a result, the doses administered to SJZD-L, SJZD-M, and SJZD-H mice were 200, 400, and 800 mg/kg of SJZD, respectively. Meanwhile, the dose of 5-ASA was set to 100 mg/kg based on the previous literature (Le Berre et al., 2020).
During the experiment, to set up the mouse model of UC, the control group took standard food and sterile water, while the other five groups took standard food and sterile water containing 3% DSS (w/v, g/mL) (Wirtz et al., 2017). At the same time, SJZD-L, SJZD-M, and SJZD-H groups were administered SJZD of 200, 400, and 800 mg/kg/d by gavage (10 mL/kg/d), respectively. The positive group (5-ASA group) was given 100 mg/kg/d 5-ASA. The control and model (DSS group) groups were fed the same amount of sterile water. The intervention period lasted for 7 days. During this experiment, body weight, bloody stools, and loose stools were noted daily. All mice were anesthetized by inhalation of an overdose of isoflurane on the eighth day. After removing the eyeballs to collect blood, the mice were sacrificed using cervical dislocation. Immediately afterward, the colon tissues of mice were promptly dissected. The colonic length was measured and photographed for recording. Then, one part of the colon was fastened to a 4% concentration of paraformaldehyde, and the other was immediately reserved in an −80°C refrigerator for the next research.
Furthermore, the colonic permeability of UC mice was evaluated by oral administration of fluorescein isothiocyanate (FITC)-labeled dextran (FD-4, MW, 4 kDa) at 10 mg/kg. The mice were deprived of liquid and fasted for 4 h on the eighth day and were subsequently given intragastric administration with a 10 mg/kg FITC-dextran solution. Serum samples were collected after 4 h to measure fluorescence strength using a microplate reader (SpectraMax i3x) (Dong et al., 2022a).
2.6 Disease activity index
The same method previously outlined in the literature was used to determine the disease activity index (DAI) score (Hua et al., 2021). According to the recorded results of body weight, bloody stools, and loose stools, the DAI values were scored separately against each rating scale. DAI scores are described as follows: (a) body weight loss scoring criteria: 0 = no body weight loss; 1 = lose weight S ≤ 5%; 2 = loss of weight 5 < S ≤ 10%; 3 = lose weight 10 < S ≤ 15%; and 4 = over 15% weight loss. (b) bloody stools scoring criteria: 0 = no abnormalities; 2 = hemoccult test positive; and 4 = gross bloody stool. (c) stool consistency scoring criteria: 0 = no abnormalities; 1 = fluffy but shaped; 2 = loose stool; 3 = quite floppy and shapeless; and 4 = liquid stools or diarrhea.
The DAI score was evaluated based on formula (1):
[image: image]
In formula (1), S1 indicates the body weight loss score, S2 represents the diarrhea score, and S3 shows the bloody stool score.
2.7 Histological evaluation
Colon tissues were fixed to paraformaldehyde, dewatered, embedded in paraffin wax, and sectioned with a microtome. The obtained slices were dyed with hematoxylin and eosin (H&E), encapsulated airtight with resinene, then observed under a light microscope and blindly assessed by a gastrointestinal expert. Similarly, the scoring for colonic damage was carried out using a previously reported method (Erben et al., 2014).
2.8 Cytokine detection
After homogenizing the tissues with precooled PBS, the supernatant fluid was gathered after centrifugation at 3,000 × g for 15 min at 4 °C. The cytokines, labeled as IL-6, TNF-α, IL-10, and IL-1β, were measured using an appropriate ELISA Kit (Meifan Biotechnology, China), following the manufacturer’s product instruction manuals.
2.9 Immunofluorescence assay
Colon tissue sections were dewaxed with xylene and successively hydrated with various alcoholic concentrations (100%, 95%, 85%, and 75%) for 10 min. The obtained slices were repaired with citrate antigen, followed by blocking with BSA (0.1%) and Triton X-100 for half an hour. Then, they were rinsed three times with PBS and cultivated at 4 °C overnight with occludin/ZO-1 antibody diluted 1: 200. Tissues were further cultivated with the Alexa Fluor®488 antibody, which lasted 2 hours at ambient temperature in the dark. At last, these slices were dyed with 4,6-diamino-2-phenylindole for 5 minutes and then examined using a microscope.
2.10 Real-time PCR for mRNA expressions
Total RNA from tissues and cells was extracted using TRIzol. Reverse transcription was conducted using an RT-PCR kit, and then the RT-qPCR was performed on the CFX96 Real-Time PCR Detection System (Bio-Rad, USA). The expressions of target genes were measured using the 2−ΔΔCT method, and the expressions of β-actin were used as an internal control. The mouse primer sequences were designed as follows: β-actin: GGC​TGT​ATT​CCC​CTC​CAT​CG (forward) and CCA​GTT​GGT​AAC​AAT​GCC​ATG​T (reverse); occludin: TGA​AAG​TCC​ACC​TCC​TTA​CAG​A (forward) and TGA​AAG​TCC​ACC​TCC​TTA​CAG​A (reverse); and tight junction protein 1 (TJP1): GCC​GCT​AAG​AGC​ACA​GCA​A (forward) and GCC​CTC​CTT​TTA​ACA​CAT​CAG​A (reverse).
2.11 Gut microbiota analysis
Analysis of colonic contents deposited at −80 °C was obtained with 16S rRNA sequencing from Gidio Biotech Co., Ltd. (Guangzhou, China). In brief, DNA in stool samples was extracted using DNA extraction kits and determined on a nanodrop spectrophotometer. 16S rRNA (V3–V4 region) was amplified by polymerase chain reaction with the primers (341F: CCTACGGGNGGCWGCAG; 806R: GGACTACHVGGGTATCTAAT). Amplification products were purified and detected with a platform named NovaSeq from San Diego Illumina Inc. Sequences with 97% similarity were OTU-clustered using UPARSE software. Species composition and relative abundance were analyzed using HemI software (v1.0.3.7). The OTU abundance table (Supplementary Table S1) was used to draw a Venn diagram to analyze the similarity and specificity of OTU composition. Species abundance (ACE, Chao l index) and diversity (Shannon, Simpson index) of the gut microbiota among samples were described by an α-diversity analysis. The reliability of the number of samples for sequencing data was assessed using dilution curves. Non-metric multidimensional scaling (NMDS) analysis was used to compare the otherness in the gut microbial structure. The influence of differential microorganisms between groups was determined by linear discriminant analysis (LEfSe analysis) (LDA score (Log(10) = 2)). Enteric microbiota function was evaluated using Kruskal–Wallis analysis and Wilcoxon analysis.
2.12 Statistical analysis
The experiment data were analyzed using GraphPad Prism 9.5.1 and SPSS 17.0. and expressed in mean ± standard deviation form. The intergroup difference was estimated using a one-way ANOVA, followed by Tukey’s multiple comparison test. A multivariate statistical analysis was applied to test the correlation, with statistical significance denoted by p < 0.05.
3 RESULTS
3.1 Basic characterization of the chemical metabolites of SJZD
In order to ensure the quality of SJZD, the UHPLC-QTOF/MS method was used to analyze and identify the complex metabolites of botanical drugs. Unknown metabolites were classified and assigned according to the cleavage rules and diagnostic ions of plant metabolites of different structural types. A total of 118 metabolites were identified in SJZD. A total of 67 chemical metabolites were detected in Glycyrrhiza uralensis Fisch. ex DC., mainly flavonoids such as liquiritin and triterpenoids such as glycyrrhizic acid. Seventeen metabolites were detected in Panax ginseng C. A. Mey., all of which were triterpene saponins such as ginsenosides. A total of 18 metabolites were detected in Atractylodes macrocephala Koidz., including lactones (such as atractylenolides), polysaccharides, and other chemical types. Eight chemical metabolites were extracted from Wolfiporia cocos (F.A. Wolf) Ryvarden & Gilb., including triterpene acids such as tumulosic acid. In addition, some common chemical metabolites, such as amino acids and nucleosides, were detected. The base peak chromatogram (BPC) of SJZD is shown in Figure 1D. The numbers of metabolites are marked in the figure, and the corresponding chemical composition characterization results are shown in Supplementary Table S2. The representative chemical-type structural formula is shown in Figure 1B.
3.2 SJZD relieved clinical symptoms
The UC mouse model was set to drink a 3% DSS solution freely for 7 days (Figure 1C). Food intake was significantly reduced in the DSS group relative to the control group, and there was no obvious difference (p > 0.05) in water intake (Figures 2A, B). A survival study revealed that DSS had a much lower survival rate than other groups (Figure 2C). In Figures 2D,F, G, mice in the DSS group displayed a conspicuous decrease in weight compared to those in the control group; however, it could be significantly reversed by 5-ASA or SJZD treatment. The mice in the 5-ASA or SJZD (SJZD-L, SJZD-M, and SJZD-H) group reduced their loss on days 6 and 7 relative to the DSS group, especially in the 5-ASA, SJZD-M, and SJZD-H groups. The DAI score comprehensively reflected weight loss, hematochezia, and diarrhea scores. Therefore, DAI is a significant characteristic indicator for determining the severity of UC. In Figures 2E, H-J, the mice in the DSS group had significant increases in the diarrhea score and bloody stool score compared to those in the control group. As a result, the DAI score for the DSS group was manifestly higher than that of the control group, and simultaneously, the pathological indications evoked by DSS could be effectively reversed by 5-ASA or SJZD interventions. In addition, the therapeutic outcome of SJZD showcased an apparent dose-dependent relationship. The above results implied that the clinical symptoms of UC could be effectively reduced by SJZD.
[image: Figure 2]FIGURE 2 | Relieving effect of SJZD on the symptoms. (A) Food ingestion (G). (B) Water ingestion (mL). (C) Probability of survival (%). (D) Representative images of animals. (E) Picture of a loose stool remaining in the anus. (F) Body weight change (%). (G) Body weight loss score. (H) Bloody score. (I) Loose score. (J) DAI score. The data were denoted as the mean ± SD (n = 9). *p < 0.05, **p < 0.01, and ***p < 0.001 in comparison with the DSS group.
3.3 SJZD alleviated colonic injury
DSS intervention can cause colon injury and atrophy, which are common phenomena in DSS-induced UC models (Hua et al., 2021). From Figures 3A, B, by comparison of the controls, the colonic length was markedly shortened in the DSS group, while 5-ASA or SJZD treatment inhibited the colonic atrophy, especially in the SJZD-H group, which showed the best inhibitory effect. From Figures 3C, D, it was observed that the DSS group exhibited more severe colon injuries compared with the controls, including edema, adhesions, and ulceration, whereas the severity of these colon injuries induced by DSS was reversed by 5-ASA or SJZD treatment. Meanwhile, histopathological analysis also suggested that DSS-induced UC mice had colonic injuries, such as a decrease in goblet cells, morphological changes in crypts, and inflammatory cells that diffused tissue infiltration, resulting in increased histopathological scores compared to those of the controls (Figures 3E, F). However, as shown in Figures 3E, F, the administration of 5-ASA or SJZD significantly improved colonic injury. Moreover, the ameliorating effect of SJZD on colonic injury appeared in a significant dose-dependent manner. The data confirmed that SJZD could ameliorate colonic injury.
[image: Figure 3]FIGURE 3 | Ameliorating effect of SJZD on colonic damage. (A) Representational colonic length pictures. (B) Statistical pictures of the colon length. (C) Typical colonic injury images. (D) Morphology score. (E) Histopathological score. (F) Colon tissue H&E staining. *p < 0.05, **p < 0.01, and ***p < 0.001 relative to the DSS group. Red arrows indicate edema, adhesions, and ulceration in Supplementary Figure S3C. Red arrows indicate goblet cells and the morphology of crypts in Supplementary Figure S3F.
3.4 SJZD-regulated inflammatory factor secretion
The level of inflammatory factors has a significant impact on the progression of UC. In Figures 4A–D, the levels of pro-inflammatory factors (IL-6, TNF-α, and IL-1β) in the DSS group were observably increased compared with the controls, while the anti-inflammatory factor (IL-10) did not change significantly. In contrast, 5-ASA or SJZD intervention remarkably reduced tissue infiltration of these pro-inflammatory cytokines but had only little effect on the amount of anti-inflammatory cytokine expression (the change in anti-inflammatory factors was not obvious because the mice were in a state of stress.). To explore whether SJZD ameliorated UC by regulating colonic mucosal inflammation, we deeply analyzed the pro-inflammatory to anti-inflammatory cytokine ratio. In Figures 4E–G, increased secretion of pro-inflammatory cytokines after DSS intervention led to an inflammatory imbalance. However, IL-1β/IL-10, TNF-α/IL-10, and IL-6/IL-10 in colon tissue were remarkably reduced after treatment with 5-ASA or SJZD. These beneficial effects of SJZD also exhibited a clear dose-dependent pattern. The above results demonstrated that SJZD could regulate the colonic inflammatory response and attenuate inflammatory factor secretion.
[image: Figure 4]FIGURE 4 | Regulation of SJZD on cytokines and intestinal permeability. (A–D) IL-1β, IL-6, IL-10, and TNF-α levels. (E–G) Ratio of IL-1β/IL-10, IL-6/IL-10, and TNF-α/IL-10. (H) FD-4 level in serum. The data were denoted in the form of mean ± SD (n = 6). *p < 0.05, **p < 0.01, and ***p < 0.001 relative to the DSS group.
3.5 SJZD enhanced the intestinal epithelial barrier function
Increased intestine epithelial permeability is a marker of gut barrier dysfunction (Schoultz and Keita, 2020). Thus, serum FITC-Dextran (MW: 4,000) was detected to uncover whether SJZD could adjust intestinal barrier function by improving intestinal epithelial permeability. As shown in Figure 4H, there is an apparent increase in serum FITC-dextran in DSS-treated mice after 4 h of FITC-dextran intragastric administration, implying that DSS treatment could result in colonic barrier damage. Interestingly, SJZD (200, 400, and 800 mg/kg/d) groups in a dose-dependent manner attenuated serum FITC-dextran levels (Figure 4H). Occludin and ZO-1 both belong to tight junction proteins (Fang et al., 2021) and serve as mechanical barrier molecules that maintain intestinal mucosa integrity, thereby safeguarding intestinal homeostasis. The changes in the expression of ZO-1 and occlusion could directly mirror the intestinal barrier function. An immunofluorescence assay was applied to test occludin and ZO-1 in colon tissue. In Figures 5A–D, occludin and ZO-1 in the DSS group were inferior to those in the control group. In contrast, the expression of occludin and ZO-1 in the SJZD (200, 400, and 800 mg/kg/d) treated groups increased in a dose-dependent manner. Consistent with the expression of serum FITC-dextran, SJZD could enhance the intestinal barrier function to protect the tissue against UC. In addition, to further illustrate the effect of SJZD on the intestinal epithelial barrier, we performed a real-time PCR assay. As shown in Figures 5E, F, the mRNA expressions of occludin and TJP1 in the SJZD groups also increased in a dose-dependent manner. These results suggested that SJZD could enhance tight junction proteins and reduce colon permeability to induce the improvement of intestinal barrier function.
[image: Figure 5]FIGURE 5 | Expression of intestinal compact junction protein. (A) Representative immunofluorescence pictures of ZO-1 expression. (B) Representative immunofluorescence pictures of occludin expression. (C) ZO-1 expression level statistics. (D) Occludin expression level statistics. (E) mRNA expressions of TJP1 (relative to control). (F) mRNA expressions of occludin (relative to control). The data were denoted as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the DSS group.
3.6 SJZD restored intestinal dysbacteriosis in the UC mouse model
Research has revealed that enteric microorganism disorders are related to decreased gut barrier function and the pathogenesis of UC (Guo et al., 2020; Wang et al., 2023). Hence, 16S rRNA sequencing was applied to draw the gut microbiota profile in UC mice and to investigate the interventional role of SJZD on it. The dilution curves are displayed in Figure 6A. Each curve in the dilution curve verges to a plateau, which indicates that the sequencing data are sufficient, and adding data only yields thimblefuls of new OTUs. On this basis, 566 OTUs were clustered from four groups of mouse fecal samples (control, DSS, 5-ASA, and SJZD-H groups), and then a VENN map was drawn using the OTU abundance table. As shown in Figure 6B, there were 204 common OTUs in the four groups. Our results indicate that relative to the control group, the diversity and abundance of enteric microorganisms in mice treated with DSS decreased (Figures 6C–F). Nevertheless, the SJZD intervention ameliorated the decrease in gut microbiota diversity (Figures 6C–F).
[image: Figure 6]FIGURE 6 | SJZD effect on gut microbiota diversity. (A) Dilution curves. (B) Venn diagram (n = 6). (C–F) Simpson index, Chao l index, ACE index, and Shannon index analysis.
NMDS was used to compare the microbial differences between the groups. The results indicated a marked separation between the DSS and control groups, confirming a significant difference in the overall composition of the enteric microorganisms between the control and DSS groups (stress = 0.091 < 0.2; NMDS analysis results were reliable) (Figure 7A). Although there is a certain degree of crossover between the 5-ASA, SJZD, and DSS groups, some OTUs in the 5-ASA and SJZD groups are outside the range the area of the DSS group. Then, the microbial composition in UC mice was evaluated at both the phylum and genus levels. Figures 7B,C show the top 10 gut microbes at the phylum level. In comparison to the control group, the proportion of Bacteroidetes, Firmicutes, and Actinobacteria was reduced, while the Proteobacteria and Epsilonbacteraeota were increased in the DSS group. The 5-ASA or SJZD groups increased the abundance of Verrucomicrobia and Actinobacteria and decreased the abundance of Proteobacteria and Epsilonbacteraeota with respect to the DSS group. Interestingly, Verrucomicrobia was evidently enriched in the 5-ASA and SJZD groups compared to the control and DSS (Figures 7B,C). Meanwhile, the top 20 bacterial groups at the genus level are exhibited in Figures 7D,F. In comparison to the control group, the DSS group increased Bacteroides, Helicobacter pylori, and Enterococcus while reducing Leptospiraceae_NK4A136_ Group, Enterobacteriaceae, and Leptospiridae_ UCG-006. Furthermore, Bacteroides and Helicobacter in the SJZD group were much less than those in the DSS group. Erysipelotrichia, Turicibacter, Parabacteroides, Lactobacillus, Lachnospiraceae_NK4A136_group, Akkermansia, and Lachnospiraceae_UCG-006 were more abundant in the SJZD groups compared to the DSS group (Figures 7D–F). The data implied that SJZD could remodel gut microbiota homeostasis to a certain extent.
[image: Figure 7]FIGURE 7 | Effect of SJZD on gut microbiota diversity. (A) Non-metric multidimensional scaling analysis. (B) Top 10 bacteria at the phylum level between groups (n = 6). (C) Top 10 bacteria at the phylum level among samples (n = 6). (D) Top 10 bacteria at the genus level among samples (n = 6). (E) Top 10 bacteria at the genus level between groups (n = 6).
Linear discriminant analysis effect size analysis (LEfSe) obtained the evolutionary branch diagram and LDA value distribution histograms shown in Figures 8A,B (LDA >2, p < 0.05). Enterobacteriaceae, Enterobacteriales, Gammaproteobacteria, Enterococcaceae, and Enterococcus were enriched in the DSS group. It can be used as a biomarker for the DSS group. Verrucomicrobiales, Verrucomicrobiae, Verrucomicrobia Akkermansiaceae, Akkermansia, Actinobacteria, Corynebacterium_1, Corynebacteriaceae, and Corynebacteriales were enriched in the 5-ASA group and could be used as biomarkers in the 5-ASA group. At the same time, Escherichia_Shigella, Parabacteroides, Tannerellaceae, Parabacteroides_distasonis, Erysipelotrichia, Erysipelotrichales, Erysipelotrichaceae, and Lactobacillus_murinus were enriched in the SJZD group and could be used as biomarkers of SJZD. Gut microbiota, a new biomarker, is crucial in maintaining intestinal homeostasis (Chen et al., 2020). Bacteroidetes (Wang et al., 2021a), Lactobacillus (Pang et al., 2021), Muribaculaceae (Hiraishi et al., 2022), Verrucomicrobia (Kim et al., 2021), Akkermansia (Si et al., 2022), and Erysipelotrichaceae (Mao et al., 2021) can regulate pro-inflammatory factor levels, short-chain fatty acids (SCFAs), and butyrate production to maintain the gut barrier. Thus, the increase of these probiotic bacteria is a pivotal sign reflected in UC recovery after SJZD intervention. Meanwhile, the lack of probiotics or the presence of pernicious bacteria such as Enterobacteriaceae (Lupp et al., 2007), Proteobacteria (Wang et al., 2021b), Helicobacter (Salvatori et al., 2023), and Enterococcus (Fiore et al., 2019) may elevate the risk of amplifying inflammation and intestinal epithelial injury. Taken together, SJZD could modulate or reverse the gut microbiota composition.
[image: Figure 8]FIGURE 8 | SJZD effect on the differential markers of the microbiota. (A) LDA scores histogram (LDA>2.0) (n = 6). (B) LEfSe analysis cladogram (n = 6).
3.7 Effect of SJZD on gut microbiota functions
Enteric microorganisms play an essential role in an organism’s physiology and disease development and can also regulate biological functions in vivo (Wu et al., 2021). In this study, PICRUSt2 analysis further predicts the impact of SJZD on microbiota functions (Figures 9A,C). Metabolism, a functional category, was mainly affected and increased in relative abundance after DSS intervention, thereby participating in the pathogenesis and progression of UC. The abundance of metabolic markers, such as secondary bile acid biosynthesis, streptomycin biosynthesis, peptidoglycan biosynthesis, D-glutamine, and D-glutamate metabolism, and the biosynthesis of vancomycin-group antibiotics, was notably increased in the DSS group compared to the controls. However, SJZD intervention successfully suppressed the abundance of these metabolic markers, but the results were not significantly different (Figure 9B).
[image: Figure 9]FIGURE 9 | SJZD effect on microbiota function and phenotype in UC mice gut. (A) Abundance heatmap of microbiota function among samples (n = 6). (B) Kruskal–Wallis analysis for the microbiota function (n = 6). (C) Abundance heatmap of the microbiota function between groups (n = 6). (D) Stream analysis plot of phenotypic abundance. (E) Wilcoxon analysis of the microbiota phenotype (n = 6).
The impact of SJZD on the microbiota’s phenotypic function was explored based on BugBase analysis. As shown in Figures 9D,F, Stress_Tolerant, Contains_Mobile_Elements, Forms_Biofilms, Facultatively_Anaerobic, Contains_Mobile_Elements, and Potentially_Pathogenic had a higher abundance ratio in the DSS group compared to the controls. The abundance of Gram_Negative and Aerobic did not change much, while that of Gram_Positive and Anaerobic decreased. Interestingly, in comparison with the DSS group, the abundance ratio of Stress_Tolerant, Potentially_Pathogenic, Facultatively_Anaerobic, and Contains_Mobile_Elements was reduced after 5-ASA and SJZD treatment. Meanwhile, the relative abundance levels of Gram_Positive, Forms_Biofilms, Anaerobic, and Aerobic were enriched. These results indicated that SJZD could modulate the microbiota phenotype and functions in the intestine of UC mice.
3.8 Analysis of data distribution characteristics
Based on the clinical symptom parameters, inflammatory factors, pathological scores, intestinal barrier function, intestinal epithelial permeability indicators, and gut microbiota, the data of each group were standardized relative to the DSS group, and then statistical and cluster analyses were performed to investigate the regulation of data variation. As illustrated in Figures 10A,C, there were clear differences in the distribution of data on intestinal barrier function, intestinal epithelial permeability, and gut microbiota between different interventions. Meanwhile, the cluster analysis in Figure 10D showed that the indicators of each group showed an obvious clustering phenomenon. Broadly speaking, the data in the different treatment groups were classified into two clusters. Therein, DSS belongs to one cluster, while control, 5-ASA, and SJZD belong to the other cluster. The above results suggested that SJZD could reverse DSS-induced UC.
[image: Figure 10]FIGURE 10 | Data distribution, cluster analysis, and correlation analysis. (A) Bubble plot of the normalized distribution relative to DSS. (B) Star map of the top five relative abundances at the genus level among samples. (C) Circos diagram of the normalized distribution relative to DSS. (D) Cluster heatmaps of the normalized distribution relative to DSS.
3.9 Correlation analysis between epithelial barrier, inflammation, and gut microbiota
According to the LEfSe analysis, among bacteria with different characteristics (LAD >2), the genus level occupied the largest proportion, which implied that the genus level played a crucial role in this research. On this basis, the top five genus-level bacteria with the highest relative abundance were selected for analysis (Figures 10B, 11A). Compared to the control group, the abundance of Bacteroides and Helicobacter increased, while that of Lachnospiraceae_NK4A136_group and Alistipes decreased in the DSS group. Interestingly, there was little change in Akkermansia between the control and DSS groups. Compared with the DSS group, the SJZD group increased the abundance of Akkermansia and Lachnospiraceae_NK4A136_group while decreasing that of Bacteroides and Helicobacter. In addition, the correlation between genus-level key microbiota and clinical parameters (such as UC characteristics, inflammatory factors, intestinal barrier, and permeability) was investigated to determine the latent effects of gut microbiota in UC (Figure 11Β). The results found that Bacteroides, Lachnospiraceae_NK4A136_group, Akkermansia, Alistipes, and Helicobacter were strongly correlated with clinical characteristics, inflammatory factors, intestinal barrier proteins, and intestinal epithelial permeability of UC. These outcomes indicated that those microorganisms play an essential role in UC. However, whether there is a correlation between the different indicators is unknown. Hence, we further investigated the correlation between the significantly enriched microbes, inflammatory cytokines and gut barrier proteins, and clinical parameters based on Pearson correlation analysis, respectively. As shown in Figures 12A,B, the genus-level significant microbiota, inflammatory factors, and intestinal epithelial barrier markers were both positively correlated with clinical features (food ingestion, water ingestion, body weight variation, and colon length). In contrast, these indices were negatively correlated with colonic injury parameters (DAI score, histopathology score, and morphology score). To ascertain the underlying association between gut microbiota, gut barrier proteins, and inflammatory cytokines, Pearson correlation analysis was performed on these indicators (Figure 12C). The results displayed that the gut microbiota was remarkably correlated with inflammatory cytokines and gut barrier proteins. Similarly, the Sankey plot showed that there was a prominent correlation between clinical parameters, gut microbiota, inflammatory factors, and intestinal epithelial barrier markers (Figure 12D). Therefore, the results presented by Pearson’s analysis tentatively suggested that SJZD alleviated UC by alleviating gut microbiota-mediated inflammation and intestinal epithelial barrier damage.
[image: Figure 11]FIGURE 11 | Pearson correlation analysis and differential genus-level microbiota. (A) Relative abundance (%) of Helicobacter, Bacteroides, Lachnospiraceae_NK4A136_group, Akkermansia, and Alistipes. (B) Correlations among differential genus-level microbiota, UC clinical parameters, inflammatory cytokines, gut mucosal barrier, and permeability indicators. The data were denoted as the mean ± SD (n = 5) pattern. *p < 0.05, **p < 0.01, and ***p < 0.001 relative to the DSS group.
[image: Figure 12]FIGURE 12 | Correlations between multiple data points. (A) Correlations between significant flora and clinical parameters of UC. (B) Correlation analysis among UC clinical parameters, inflammation factors, gut barrier, and permeability indicators. (C) Correlations between significant flora, inflammation, gut barrier, and permeability indicators. (D) Sankey diagram of Pearson coefficients between significant flora, UC clinical parameters, inflammation, gut barrier, and permeability with each other. *p < 0.05, **p < 0.01, and ***p < 0.001 relative to the DSS group.
4 DISCUSSION
Increasing evidence suggests that the pathogenesis of UC is connected with hereditary factors, intestinal barrier injury, inflammatory disequilibrium, and microbial dysregulation. Based on the reported regulatory effect of gut microbiota by SJZD in disease prophylaxis and treatment, this paper proposed a reasonable hypothesis that SJZD alleviates UC via improving gut microbiota-mediated colorectal barrier dysfunction and inflammatory disequilibrium. Our research findings found that SJZD could reduce inflammation, restore colorectal barrier function, and improve the enteric permeability of UC mice by restoring intestinal microbial balance. These data proved the feasibility of this hypothesis with indisputable facts.
SJZD has been used in the clinical practice of gastrointestinal diseases for more than 1,000 years (Huang et al., 2017). In the preliminary preparation work, the research group conducted a systematic study on the extraction, concentration, and drying of SJZD and established a standardized preparation process. To ensure the stability of SJZD, the present study investigated its chemical metabolites using UHPLC-QTOF/MS. Thus, the controllability and reproducibility of this study were ensured. Based on the TCM theory, the primary pathogenesis of UC involves spleen–stomach weakness and disorders of transport and digestion, which will dissipate heat and change fire as time passes. It follows that spleen-qi insufficiency is the fundamental reason for the pathogenesis and pathogenic processes of UC. Therefore, SJZD, as a traditional prescription for invigorating the body and strengthening the spleen, should be the first choice for the therapeutic regimen of UC (Tian et al., 2021). Our findings confirmed that SJZD can indeed effectively prevent and treat UC.
Previous studies have shown that the DSS-induced UC mouse model and UC patients have extremely similar clinical manifestations (weight loss, bloody stool, and loose stool) and histological changes (inflammatory factor infiltration, intestinal epithelial barrier damage, and increased intestinal epithelial permeability) (Guo et al., 2022). Therefore, the mouse model of DSS-induced UC is the most widely applicable and easily described IBD model (Dong et al., 2022b). Based on this, the impact of SJZD on UC mice could be evaluated by key indicators such as clinical parameters and histopathological changes. The research findings showed that the DSS group showed clinical characteristics such as bloody stool, loose stool, diarrhea, and weight loss, which could be regarded as successful modeling. SJZD could reduce these clinical characteristics in a dose-dependent manner. DSS could inhibit enterocyte proliferation and damage intestinal immunologic function to cause epithelial barrier dysfunction, colon length shortening, and colon inflammation, which eventually leads to UC (Yu et al., 2016). Interestingly, SJZD and 5-ASA have similar therapeutic effects in inhibiting colonic atrophy, reducing intestinal mucosal edema, and preventing ulceration in mice. All those results suggested that SJZD could be a vital drug to alleviate UC. However, the UC mouse model used in our study was an acute UC model caused by DSS, which did not reflect the dynamic process of disease progression compared to the chronic UC model. Hence, the impact of SJZD on DSS-induced chronic UC remains to be further studied.
UC is characterized by diffuse injury to the colonic mucosa and an imbalance of inflammation (Dong et al., 2022a). The integrity of the intestinal epithelial barrier is influenced by the inflammatory response. For example, inflammatory factors can aggravate tissue infiltration of neutrophils and macrophages. The imbalance in the inflammatory response contributes to the destruction of the intestinal barrier, edema of the intestinal cavity, erosion of the large intestinal mucosa, and finally the formation of ulcers (Li et al., 2020). Therefore, the inflammatory response is a key link in UC pathogenesis. Several studies have found that the presence of pro-inflammatory cytokines and an imbalance in anti-inflammatory cytokines hinder the elimination of inflammation (Wang et al., 2021a). Our research uncovered that 5-ASA or SJZD dramatically reduced the infiltration of inflammatory factors into mucosal or submucosal tissues. In addition, SJZD in a dose-dependent manner decreased pro-inflammatory cytokines. Although 5-ASA or SJZD did not noticeably affect IL-10, it obviously decreased IL-6/IL-10, IL-1β/IL-10, and TNF-α/IL-10. Taken together, these data confirmed that SJZD could attenuate UC colonic injury by attenuating inflammation, and the effect of ameliorating colonic injury was dose-related.
The intestinal barrier is critical to protecting the host from invasion by exogenous pathogens. The destruction of this barrier may result in an increase in intestinal epithelial permeability and intestinal leakage and promote the release of pathogenic bacteria and toxins from the intestine into the blood (Guo et al., 2022). Tight junctions are the structural basis of the mechanical barrier. Membrane-spanning protein (occludin) and cytosolic protein (ZO-1) are involved in the construction of tight junctions (Fang et al., 2021). The tight junction is a significant component in the maintenance of the homeostatic balance of the colorectum, which is able to resist pernicious substances and microorganisms. The DSS-induced UC model is characterized by intestinal epithelial cell injury and intestinal barrier dysfunction (Rui et al., 2021). The present study showed that ZO-1 and occludin proteins were evidently upregulated after SJZD intervention. The upregulation of tight junction protein expression, a major determinant of intestinal barrier function, offers another description of the SJZD effect on anti-UC. Thus, SJZD has a favorable impact on intestinal barrier reconstruction in addition to the anti-inflammatory response.
The enteric microorganism constitutes the intestinal microbial barrier. Increasing evidence has shown that gut microbiota plays a pivotal role in the pathogenesis and progression of UC (Guo et al., 2020; Wang et al., 2023). When the homeostasis between pathogenic and probiotic bacteria is destroyed, the pathogen-induced inflammatory response damages the tight junctions between enterocytes (Lu et al., 2022). Meanwhile, the intact epithelial barrier function hinges on the mutual effects among enteric microbes (Guo et al., 2022). In short, enteric dysbacteriosis results in an increase in enteral mucosal permeability, the release of inflammatory cytokines, and the induction of gut barrier dysfunction, which then promotes the pathogenesis and progression of UC. The imbalance of the gut microbiota is the initial link and persistent factor for UC (Tian et al., 2021). Therefore, re-establishing microbial homeostasis has been identified as one of the key therapies for UC. It has been reported that a variety of drugs can alleviate UC by remodeling the gut microbiota (Feng et al., 2022; Wang et al., 2023). Based on this, we explored whether SJZD has an advantage in reconstructing the microbiota in the UC mouse model. According to the reports, the increased relative abundance of Proteobacteria (Rizzatti et al., 2017), Helicobacter (Salvatori et al., 2023), Enterobacteriaceae (Baldelli et al., 2021), and Enterococcus (Fiore et al., 2019) is strongly associated with the massive activation of inflammatory responses.
Proteobacteria, Epsilonbacteraeota, Bacteroides, Helicobacter, and Enterococcus were enriched in the DSS group, suggesting an imbalance of the gut microbiota in mice after DSS intervention. Bacteroidota, Deferri-bacterota, Proteobacteria, Actinobacteria, Firmicutes, and Desulfobacterota were the six center phyla of the gut microbiota, of which Bacteroidetes and Firmicutes accounted for over 95% of all (Wang et al., 2022). The literature has demonstrated that Firmicutes/Bacteroidetes are positively related to intestinal health (An et al., 2023). The present study shows that SJZD could markedly increase the Firmicutes/Bacteroidetes ratio compared to DSS, which implies that SJZD could regulate the transformation of enteric microorganisms into normal gut microbiota and promote gut health. Butyrate, the dominant energy source for enterocytes, can stimulate enterocytes to produce mucus, rearrange tight junction proteins, and improve intestinal barrier function (Silva et al., 2018). In this study, SJZD enriched several butyrate-producing florae, such as Lachnospiraceae_NK4A136_group, Muribaculaceae (Dong et al., 2022b), and Lachnospiraceae_UCG-006. However, some pernicious bacteria with higher abundances were also found in the SJZD group, such as Erysipelotrichia. In addition, Akkermansia, a bacterium of the phylum Verrucomicrobia that uses mucin as the main energy source, is considered to be a promising probiotic candidate for reducing inflammation, maintaining intestinal integrity, and ameliorating host metabolism and immunity (Si et al., 2022). We found that Verrucomicrobia was enriched after treatment with 5-ASA and SJZD compared with DSS treatment. Our research suggested that SJZD could reverse the imbalance of gut microbiota by enriching probiotics or lessening pathogenic bacteria, thereby treating UC.
PICRUSt and BugBase were applicable to forecasting the intestinal function and phenotype of the microbiota (Röttjers and Faust, 2018). Although these two methods have limitations in some aspects, PICRUSt gains the KEGG homology/pathway abundance tables of samples (Douglas et al., 2020), and BugBase offers 16S-based annotation and community genomics datasets. For this paper, DSS mainly affected metabolic function categories, and most of these effects were eliminated after SJZD intervention. Concurrently, the phenotypes of the control, 5-ASA, DSS, and SJZD groups were significantly different. The relative abundance of Stress_Tolerant, Potentially_Pathogenic, Facultatively_Anaerobic, and Contains_Mobile_Elements was higher in the DSS group. After 5-ASA and SJZD treatment, these phenomena could be improved, and the relative abundance of Gram_Positive, Forms_Biofilms, Anaerobic, and Aerobic bacteria increased.
In order to understand the distribution of the study data, we conducted data statistics and clustering analysis to find the data distribution rule. The results confirmed that the distribution of indicators in different intervention groups was different and that there were obvious clustering phenomena. Among them, DSS belongs to one cluster, while the control, 5-ASA, and SJZD groups belong to another cluster. It is worth mentioning that in the control, 5-ASA, and SJZD clusters, the control group belongs to one category, while the 5-ASA and SJZD groups belong to the other, which indicates that SJZD has the same effect as 5-ASA in relieving UC. To elucidate the latent effect of the gut microbiota in UC, we performed a correlation analysis between clinical parameters of UC and genus-level important flora. The literature indicates that the correlation gets stronger as the coefficient approaches an absolute value of 1 (Schober et al., 2018). Our studies showed that Bacteroides, Helicobacter, Alistipes, Akkermansia, and Lachnospiraceae_NK4A136_group were strongly correlated with UC characteristics, inflammatory factors, and intestinal barrier protein, which suggests that SJZD could improve UC by regulating the gut microbiota. To further clarify the relation between significant microbiota, intestinal barrier proteins, and inflammatory factors, we performed Pearson correlation analysis on these indicators separately. The results implied a strong correlation among epithelial barrier proteins, inflammatory factors, and gut microbiota. Therefore, we can tentatively conclude that SJZD can alleviate UC by improving gut microbiota-mediated inflammation and intestinal barrier impairment.
Some limitations arising from limited time and space should be mentioned. For example, the extract of SJZD in the present research was a mixture of several metabolites. However, the most effective anti-UC plant metabolite and its absorption and metabolism in vivo are still unknown. Due to the short administration time of SJZD administration in this experiment, whether there is organ toxicity after long-term administration of SJZD has not been elucidated. Furthermore, the exact mechanism of the SJZD pathway for the treatment of UC should be further investigated in detail. Therefore, future studies could place emphasis on the isolation and metabolism of key metabolites of SJZD and explore the mechanism of SJZD-anti-UC in depth by gene silencing or gene knockout experiments. Moreover, we also hope, in the future, to use metagenomics sequencing techniques or fecal microbiota transplantation experiments to further determine the role of gut microbiota in the treatment of SJZD.
5 CONCLUSION
In conclusion, SJZD has a significantly curative effect on DSS-induced acute UC. The relieving effect of SJZD on UC was achieved by regulating the gut microbiota. The regulation of SJZD in the gut microbiota can inhibit inflammation, remodel the intestinal barrier, reduce intestinal epithelial permeability, and alleviate the clinical symptoms of UC. Therefore, our findings suggest that SJZD, as a potential medicine for UC, offers a novel curative approach for relieving UC symptoms in modern medicine.
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Fatty liver disease, a condition characterized by fatty degeneration of the liver, mainly classified as non-alcoholic fatty liver disease (NAFLD) and alcoholic liver disease (ALD), has become a leading cause of cirrhosis, liver cancer and death. The gut-liver axis is the bidirectional relationship between the gut and its microbiota and its liver. The liver can communicate with the gut through the bile ducts, while the portal vein transports the products of the gut flora to the liver. The intestinal flora and its metabolites directly and indirectly regulate hepatic gene expression, leading to an imbalance in the gut-liver axis and thus contributing to the development of liver disease. Utilizing natural products for the prevention and treatment of various metabolic diseases is a prevalent practice, and it is anticipated to represent the forthcoming trend in the development of drugs for combating NAFLD/ALD. This paper discusses the mechanism of the enterohepatic axis in fatty liver, summarizes the important role of plant metabolites in natural products in fatty liver treatment by regulating the enterohepatic axis, and provides a theoretical basis for the subsequent development of new drugs and clinical research.
Keywords: gut-liver axis, NAFLD, ALD, natural products, plant metabolites
1 INTRODUCTION
Fatty liver disease, a disease characterized by fatty degeneration of the liver, is mainly divided into NAFLD and ALD (Staufer and Stauber, 2023), has become a major cause of liver cirrhosis, liver cancer and mortality (Ko et al., 2023). The complex interactions between environment (especially diet), host genetics and gut microbiota are crucial for the development and progression of fatty liver disease (Wree et al., 2013). The gut liver axis is the bidirectional relationship between the gut, gut microbiota and liver (Albillos et al., 2020). The liver allows the bile ducts to communicate with the intestines and the portal vein transports the products of the intestinal flora to the liver (Tripathi et al., 2018). Intestinal flora and its metabolites directly and indirectly regulate hepatic gene expression, ultimately leading to an imbalance in the gut-liver axis, which contributes to the development of liver disease (Bauer et al., 2022), as shown in Figure 1.
[image: Figure 1]FIGURE 1 | The gut microbiota and its metabolites directly or indirectly regulate liver gene expression, which ultimately leads to an imbalance in the gut-liver axis, leading to the occurrence of NAFLD and ALD. (The one-way arrows in the figure represent recursive relationships and the two-way arrows represent reciprocal relationships).
In ALD, excessive alcohol consumption disrupts the intestinal barrier causing elevated levels of bacterial endotoxin in the portal circulation and dysbiosis of the intestinal flora thereby exacerbating inflammation levels and liver fibrosis (Szabo, 2015). There is now a large body of literature suggesting that targeting gut-liver axis homeostasis can be effective in improving ALD. For instance, dietary supplementation with propionate attenuates intestinal epithelial barrier dysfunction and prevents alcohol-induced liver injury (Xu et al., 2022). Probiotics can reverse alcohol-induced microbiota changes and prevent ALD progression by restoring gut microbial composition (Fuenzalida et al., 2021). Similarly, intestinal flora can use their metabolites to induce glycolipotoxicity, oxidative stress and intestinal barrier damage, while bacterial components such as Lipopolysaccharides (LPS), peptidoglycan, bacterial DNA and extracellular vesicles can be translocated to the liver via the damaged intestinal barrier, triggering immune cell hyperactivation and exacerbating the NAFLD response (Zhang et al., 2021; Pezzino et al., 2022).
In summary, regulating the homeostasis of the liver-gut axis is expected to provide a potential means to delay the progression of NAFLD. It has been reported that Gut Akkermansia muciniphila ameliorates can ameliorate NAFLD by modulating L-aspartate metabolism in the enterohepatic axis (Rao et al., 2021). Toll-like receptors (TLR) of intestinal flora modulate TLR ligands to stimulate liver cells to produce pro-inflammatory cytokines, which in turn affects the development of NAFLD (Miura and Ohnishi, 2014). Moreover, bile acid activated nuclear receptor and G protein-coupled receptors can drive NAFLD/Non-alcoholic steatohepatitis (NASH) disease progression (Xue et al., 2021). It follows that pharmacological modulation of the microbiota based on the gut-liver axis is a promising and useful therapeutic approach for fatty liver disease (Song and Zhang, 2022).
An increasing number of studies have confirmed that plant metabolites from natural medicines are an indispensable source for the development of hepatoprotective drugs. Although there is no large-scale clinical data as strong evidence to support the therapeutic efficacy of natural products, investigations have shown that phytomedicines play an important role in a wide range of diseases due to their broader biological activity, lower side effects and more diverse active ingredients (Yan et al., 2020). More and more pharmaceutical companies are now extracting medicinal plants to discover more potent natural medicines and their derivatives and to develop new drugs (He et al., 2022). At present, many natural products have been found to have the effect of regulating the intestinal liver axis and improving fatty liver. These natural products are mainly effective by affecting intestinal microbiota, bile acid metabolism, inflammatory reactions and other ways (Cao et al., 2023). This article presents a comprehensive review of how metabolites derived from natural products influence the gut microbiota composition. We summarize the research progress of plant metabolites in improving fatty liver disease through the “gut-liver axis” and discuss their potential development trends and shortcomings.
2 FATTY LIVER DISEASE AND GUT-LIVER AXIS
2.1 ALD and the gut liver axis
ALD is a liver damaging disease caused by excessive and chronic alcohol intake, including fatty liver, alcoholic steatohepatitis (ASH), alcoholic hepatitis (AH), cirrhosis, and hepatocellular carcinoma (HCC) (Yang et al., 2022). Excessive alcohol consumption can cause cell damage, inflammation, oxidative stress (Louvet and Mathurin, 2015) and can also disrupt the intestinal barrier (Park et al., 2016). After the intestinal barrier is disrupted, the composition of the gut microbiome changes due to alcohol consumption (Bull-Otterson et al., 2013), which leads to an increase in the transport of microbial products such as LPS from the intestines to the liver via the portal circulation, resulting in the activation of immune cells and the production of high levels of the pro-inflammatory cytokines TNF-α, IL-1β and IL-6, which in turn contributes to the vicious cycle of ALD (Leclercq et al., 2014). In one study it was noted that The relative abundance of Mycobacterium avium and Mycobacterium tuberculosis bacteria in the gastrointestinal tract of mice fed alcohol for 3 weeks increased significantly (Yan et al., 2011). Moreover, we learned that intestinal permeability and LPS were significantly increased in alcohol-dependent subjects at the onset of withdrawal, suggesting that the gut-liver axis plays an important role in the pathogenesis of alcohol dependence (Leclercq et al., 2012). Gao et al. (2023) showed that oral administration of Porphyromonas gingivalis worsened hepatic inflammation in ALD mice by increasing the protein expression of Toll-like receptor 4 (TLR4) and p65, increasing the mRNA expression of IL-6 and TNF-α and up-regulating the production of Transforming Growth Factor β1 (TGF-β 1) and galactaglutinin-3 (Gal-3). Likewise, in alcoholic cirrhosis the intestinal flora remains altered and translocated toward the liver and ascites (Oesterreicher et al., 1995; Naseri et al., 2021). Currently, there is a plethora of treatments based on the gut-liver axis. In 2018, a study proposed that bile acid-FXR-FGF15 signaling could be improved by modulating hepatic Cyp7a1 and lipid metabolism to reduce ALD in mice (Hartmann et al., 2018). Lactobacillus plantarum KLDS1.0344 and Lactobacillus acidophilus KLDS1.0901 Mixture prevents ALD in mice by protecting the intestinal barrier (Hou et al., 2021). Patel’s Team Finds Visbiome Prevents Alcohol-Induced Cell Damage, ER Stress, Oxidative Stress and Regulates Lipid Metabolism (Patel et al., 2021; Sun et al., 2022). In conclusion, it is significant to further explore the enterohepatic axis of alcoholic liver disease.
2.2 NAFLD and the gut-liver axis
The gut-liver axis plays a key role in the pathogenesis of NAFLD and is associated with disease severity (Chen and Vitetta, 2020). In NAFLD, the abundance of Aspergillus spp. will increase. In cirrhosis, the Bacteria such as Prevotella and Verotella invade the distal gut (Aron-Wisnewsky et al., 2020a). In contrast, the abundance of M. avium was significantly increased in NASH patients with concomitant hepatic fibrosis and the abundance of B. Prevotella was decreased (Boursier et al., 2016). It is well known that obesity is one of the characteristics of NAFLD, but there are some patients who are thin and they are called lean nonalcoholic fatty liver disease (Seto and Yuen, 2017; Albhaisi et al., 2019). Almost all men with lean nonalcoholic fatty liver disease have been reported to lack the ability to produce estragole and they have reduced abundance of Slackia (Iino et al., 2022). In addition to changes in the composition of the gut microbiota, components from the gut microbiota (LPS, peptidoglycans, DNA, and extracellular vesicles) (Ji et al., 2019a) and metabolites (bile acids, short-chain fatty acids, amino acids, choline and ethanol) (Leung et al., 2016) have emerged as key factors regulating the pathologic process of NAFLD. Several studies have shown that gut microbiota disorders lead to reduced synthesis of secondary bile acids, which in turn reduces the activation of nuclear receptors such as farnesol X receptor (FXR), pregnane X receptor, Takeda G protein-coupled bile acid protein 5 and vitamin D receptor leading to NAFLD (Chen et al., 2019; Jayachandran and Qu, 2023). Moreover, the intestinal metabolite sodium butyrate can prevent the progression of NAFL to NASH by promoting hepatic glucagon-like peptide-1 recetor (GLP-1R) expression (Zhou et al., 2018). Tryptophan metabolism in NALFD has been shown to increase inflammation and lipogenesis and lower the intestinal barrier by decreasing its metabolite indole (Ji et al., 2019b). Ethanol, as the biggest causative agent of ALD, should not be ignored in NAFLD as well. As early as 2000, ethanol was recognized as a player in the pathogenesis of NAFLD (Cope et al., 2000). Yuan et al. (2019) demonstrated that Klebsiella pneumoniae K14, which produces large amounts of alcohol, is the cause of NAFLD. New therapeutic approaches to modulate the gut microbiota by administering probiotics, prebiotics, synbiotics and antibiotics have been proposed (Cho et al., 2018; Coskun and Celep, 2022), such as Lactobacillus plantarum MA2 to reduce hepatic cholesterol and triglyceride levels and to increase fecal Lactobacillus and Bifidobacterium populations (Wang et al., 2009). Lactobacillus rhamnosus PL60 produces large amounts of conjugated fatty acids that can effectively ameliorate NAFLD (Lee et al., 2006; Lee and Lee, 2009). Therefore, therapies that effectively target the gut microbiome may be beneficial in the treatment of patients with NAFLD (Jayakumar and Loomba, 2019).
3 ROLE OF NATURAL PRODUCTS AND THEIR EXTRACTS IN FATTY LIVER DISEASE
Here, we describe plant-derived active ingredients that modulate the structure of disturbed intestinal flora under disease conditions, influence the metabolic processes of some specific flora and alter the production of intestinal flora metabolites to ameliorate fatty liver disease in a variety of cellular and animal models. These natural products are mainly isolated or extracted from plants and can be broadly categorized into alkaloids, saponins, phenols, polysaccharides, terpenoids and flavonoids (Table 1).
TABLE 1 | Mechanism of natural products and their extracts in the treatment of fatty liver through the gut-liver axis.
[image: Table 1]3.1 Alkaloid
Alkaloids are a class of nitrogen-containing organic secondary metabolites with diverse structures and have a wide range of biological functions, including anti-inflammatory, antioxidant, antitumor and immunomodulatory effects (Liu et al., 2023; Omidkhoda et al., 2023). Several studies have shown that the effects of alkaloids on NAFLD/ALD are mediated through the regulation of gut flora.
Berberine (BBR), an isoquinoline alkaloid derived from Coptis chinensis Franch., has long been used clinically against intestinal bacterial infections and has been shown to have significant efficacy in the treatment of NAFLD. Research indicates that BBR exhibits low absorption into the bloodstream, with a significant accumulation in the intestines where it exerts its pharmacological effects locally. BBR affects the gut-liver axis at several interrelated levels, including modulation of the gut microbiota structure, alteration of gut microbe-derived metabolites, etc., which reduces microbial exposure and the pro-inflammatory environment of the liver and modulates liver metabolism (Peng et al., 2019; Dehau et al., 2023; Zhu and Li, 2023). Zhang et al. (2015) collected feces from C57 mice fed a high-fat diet (HFD) for 10 weeks and collected feces from non-alcoholic hepatitis model mice fed BBR (100 mg/kg body weight) for eight consecutive weeks and performed 16sRNA sequencing. Comparing the feces from mice fed a HFD at weeks 0, 10, and 18, they found that BBR significantly altered the relative abundance of the phylum Thick Walled Bacteria (THWB) and Bacteriodesium anisopliae (BAP) in a concentration-dependent manner (Zhang et al., 2015). At the onset of obesity, which is generally characterized by a decrease in the anabolic phylum or an increase in the thick-walled phylum, BBR participates in the regulation of hepatic energy metabolism by influencing fatty acid metabolism through modification of the composition of the intestinal flora and increasing the abundance of short-chain fatty acid-producing bacteria.
Piperine (PIP) found in large quantities in Piper nigrum L. that has anti-obesity, anti-inflammatory, and hepatoprotective properties (Cheng et al., 2023; Joshi et al., 2023). In vitro studies have found that PIP regulates lipid metabolism in HepG2 cells in a Bmal1/Clock-dependent manner (Zhang et al., 2022) and in vivo studies have found that PIP ameliorates insulin resistance in diabetic mice constructed by subcutaneous injection of monosodium glutamate (MSG) in neonatal mice (Liu et al., 2020). Piperine was administered at 20 and 40 mg/kg body weight per day in an obese mouse model induced by high-fat dietary feeding. It was found that piperine at high doses significantly reduced body weight, liver weight, perirenal fat weight and serum triglyceride, total cholesterol, LDL-cholesterol and glucose levels. In addition, piperine significantly attenuated the expression of SREBP-1c mRNA and downregulated the expression of IL-6. 16S rRNA sequencing showed that piperine increased the diversity of gut microbiota and the relative abundance of Muribaculaceae and Ruminococcaceae was significantly increased, while Dubosiella and Enterorhabdus were inhibited by piperine. were inhibited by piperine (He et al., 2022). IL-6 expression is closely associated with macrophage M1 polarization in adipose tissue and PIP may play an important role in fatty liver disease by improving the structure of the intestinal flora and thereby affecting immune cell homeostasis. Another study showed that PIP also demonstrated its ability to downregulate jejunal tumor necrosis factor-α, reduce lipopolysaccharide-induced proliferative damage of intestinal cells, enhance the intestinal barrier function and inhibit intestinal fatty acid absorption in cellular and animal models in in vivo and in vitro studies in Caco-2 cells and HFD-fed C57 mice for 16 weeks (Wang et al., 2021).
Capsaicin (CAP), a metabolite of Capsicum frutescens L., it has a long hydrophobic carbon end with a polar amide group and a benzene ring (Karimi-Sales et al., 2024), plays a role in the metabolic processes of energy homeostasis and fatty acid oxidation (Saito and Yoneshiro, 2013), making it a focus of research in obesity treatment. Clinical studies have shown that moderate amounts of capsaicin can promote metabolism and improve blood glucose regulation, as well as increase satiety and reduce overeating. To further explore its mechanism of action, it was studied in vivo in mice. Hui et al. (2020) state that CAP specifically activated hepatic transient receptor potentialvanilloid 1 cation channels in HFD-induced C57BL/6J NAFLD mice, increased Ca2+ in-flux, promoted hepatic fatty acid β-oxidation and decreased hepatic TG content and lipid deposition. CAP has limited its development due to its poor water solubility low bioavailability and its gastrointestinal mucosal irritation effect. Currently, capsaicin is gradually being used as a prodrug in nanoparticles for administration to increase bioavailability, reduce gastric mucosal irritation and improve its therapeutic potential for NAFLD and ALD (Feng et al., 2018).
Koumine (KM), derived from the stem and leaves of Gelsemium elegans (Gardner & Champ.) Benth., has significant anti-inflammatory effects antitumor, antioxidant, immunomodulatory and hepatoprotective effects (Wang et al., 2022; Que et al., 2023). Its immunomodulatory effect on rats with NAFLD has been demonstrated in recent years. Koumine was intraperitoneally injected into SD rats fed with cholesterol 1%, bile salt 0.1%, lard 10%, egg yolk powder and whole milk powder 5% and pro-inflammatory factors in their serum such as cytokine interferon-c, IL-17A, MCP1 and IL-1β were significantly suppressed, which was associated with its inhibition of Th17 cell differentiation and increase in the number of Treg cells. IL-17A, TNF-a, IL-6, MCP1 and IL-1β were significantly inhibited, which was closely related to the inhibition of Th17 cell differentiation and the increase in the number of Treg cells (Yue et al., 2019). A study using concanavalin A (Con A)-induced autoimmune hepatitis (AIH) model in mice verified the pharma-cological activity of KM in steatohepatopathy, KM activated the Nrf2 pathway, upregulated the expression of antioxidant factors HO-1 and Nrf2 and downregulated the expression of Keap1. In addition, the NF-κB signaling pathway was inhibited. Also KM significantly improved the composition of the gut microbiota and increased the abundance of beneficial bacteria (Que et al., 2023).
3.2 Saponin
Saponins, consisting of saponin elements as their glycosidic elements and carbohydrate chains, are widely found in plants and are prevalent in Astragalus mongholicus Bunge as well as Panax ginseng C.A.Mey., exerting their medicinal effects mainly through interactions with the gastrointestinal environment and intestinal microbiota (Zhang et al., 2023).
Ginsenoside is the main natural product of ginseng and has a variety of pharmacological activities. Ginsenoside Rh4 is obtained by eliminating the water molecule at the C20 position of Rh1. Extensive pharmacological studies have shown that ginsenoside Rh4 can be used as an anticancer, anti-inflammatory and anti-oxidative stress agent. Recent studies have demonstrated that ginsenoside Rh4 can improve the balance of intestinal flora. In the NAFLD model mice constructed on a Western diet and CCL4, Ginsenoside Rh4 significantly increased the levels of intestinal SCFAs and bile acids (BAs) while ameliorating hepatic steatosis and lobular i-nflammation levels (Yang et al., 2023), all of which were attributed to its alteration ofthe gut microbiota composition.
Studies have shown that ginsenoside Rk3 can intervene in high-fat diet-induced repair of intestinal barrier dysfunction in C57BL/6 mice, increase the expression of tight junction proteins and reduce the level of inflammatory cytokines, inhibit the TLR4/NF-B signaling pathway, si-gnificantly reduce the ratio of Firmicute/Bacteroidete, which effectively improves the metabolic dysfunction of the intestinal flora and inhibits the inflammatory cascade response (Chen et al., 2021). Another study showed that Rk3 ameliorates dimethylnitrosamine- and CCl4-induced intestinal dysbiosis in a mouse model of HCC, resulting in the inhibition of the LPS-TLR4 signaling pathway, which plays a key role in the prevention of HCC (Qu et al., 2021). Guo et al. (2023) showed that ginsenoside Rk3 was effective in reducing the number of harmful bacteria and increasing the number of beneficial bacteria in the feces of NAFLD mice fed a high-fat, high-cholesterol diet and injected with CCl4, thereby improving the composition of the intestinal flora of the mice.
As a legume plant, Astragalus mongholicus Bunge, one of the plant metabolites, has been applied commonly in China due to its biological activities, such as antioxidant, anti-inflammatory, hepatoprotective, immunomodulating, anti-cancer, and anti-photoaging properties. Triterpene saponins and polysaccharides are believed to be the two main natural products in Astragalus. In vivo studies have confirmed that astragalus saponin improves the gut microbial structure of alcohol-induced ICR mice. The gut flora of alcohol-induced ICR mice showed an increase in the number of harmful bacteria (Gardnerella and unclassified_p_thickness) and a decrease in the number of beneficial bacteria (Ackermansia). After treatment with high doses (300 and 600 mg/kg bw) of astragaloside, the ratio of intestinal flora in ALD mice significantly improved and the number of harmful bacteria decreased. In addition, the number of Lactobacillus, a beneficial bacterium that regulates inflammation, was significantly increased (Zhou et al., 2021). From this we can see that the synthesis of drugs using astragalus saponin as the main ingredient is very promising and may contribute to the future development of new drugs for metabolic lipid disorders. However, there is still no clinical efficacy information available and more research is needed to assess the safety and efficacy of its application, clinical trials with a large increase in patient populations should be conducted.
Xu et al. (2021) showed that Panax notoginseng saponin (PNS) from Panax notoginseng (Burkill) F.H.Chen could slow down the rate of SCFAs from the intestine to the liver and inhibit TLR4 to promote AMPKα activation to reduce lipogenesis in hepatocytes and alleviate intestinal leakage phenomenon (intestinal permeability) by enhancing the expression of the tight junction proteins Claudin-1 and ZO-1, which are important for the intestinal-hepatic axis, through These three sets of pathways exert anti-adipogenic and anti-fibrotic effects. This finding was mainly obtained from in vivo studies with high-fat diet (HFD)-induced obese mice and obesity-prone Lepob mice. PNS exerts pharmacological activity in NAFLD/ALD by improving the gut microbiota through multiple pathways, what are the key mechanisms should be further explored.
3.3 Phenol
Phenols are mainly produced by plants through various metabolic pathways including phenols/phenolic acids, flavonoids, stilbenes and lignans (Deka et al., 2022).
Eugenol, a natural products are sourced from many aromatic botanic drugs, in vivo experiments were conducted using Wistar rats (200 g ± 20 g) to construct a NAFLD model, after gavage of eugenol, the liver index of rats decreased in a dose-dependent manner and the study of the mechanism revealed that eugenol could increase the expression of GLP-1R in the duodenum, liver, arcuate (ARC) and paraventricular nucleus (PVN) and c-fos in the nucleus tractus solitarius (NTS) by modulating the gut-liver axis of glucagon-like peptide-1 (GLP-1), providing a novel strategy for the treatment of NAFLD (Li et al., 2022).
Paeonol, which also has a wide range of biological activities, is derived from the dried bark of Paeonia lactiflora Pall., which belongs to Paeoniaceae (Ranunculaceae) or the dried root of Xu Chang qing (Asclepiadaceae) or the whole grass (Li and Gu, 2022). Hu et al. (2010) reported experiments on the treatment of alcoholic liver injury rats with paeonol, which resulted in paeonol decreasing the level of ALT, the level of reduced hepatic gene expression of lipogenic genes (p < 0.05) without affecting hepatic CYP2E1 protein expression, significantly reduced serum and tissue levels of inflammatory cytokines, tissue lipid peroxidation, neutrophil infiltration and inhibited hepatocyte apoptosis (p < 0.05), thereby reducing hepatocyte injury. It has also been reported to ameliorate acute alcoholic hepatitis-associated liver injury by decreasing fungal abundance and blocking glucan translocation to the liver (Wu et al., 2020). A study of a C57BL/6 mouse model of Candida albicans-induced ALD treated with 480 mg/kg of Paeonol found that the mechanism of action was mainly through the Dectin-1/TLR2/NLRP3 pathway (Xiao et al., 2023).
Sorbiferin (SDS) in Rhodiola rosea L. (Hu et al., 2021), improves abnormal lipid metabolism, regulates the composition of gut microbiota (Qu et al., 2022), effectively reverses FXR deficiency during NASH. SDS was intragastrically administered at a dose of 20 mg/kg/day for 4 weeks. After treatment with salidroside, liver steatosis, TG content and serum inflammatory factors significantly improved and HFD-induced intestinal bacteria, bile acid disorder and FXR deficiency were significantly alleviated (Li et al., 2020). The mechanism of action of SDS is still obscure, but some studies have demonstrated that SDS attenuates HFD-induced NAFLD by inhibiting fatty acid uptake-associated (Cd36 and Fabp1) and synthesis-associated (Fasn, Pparg, Scd1 and Srebf1) factors (Hu et al., 2021).
The isolated metabolite Luteolin from Reseda odorata L. exerts pharmacological activity in repairing the intestinal mucosal barrier and microbiota imbalance in NAFLD rats. Luteolin have been reported to improve intestinal mucosal permeability to high-fat diet-induced increase in fluorescein isothiocyanate-dextran (FD4) by modulating the expression of tight junction proteins in the intestinal tract, restoring intestinal barrier function, improving NAFLD by decreasing relative abundance ratios of the phylum Thickwell/anaplasmid phylum. In this study, 48 Wistar rats (6 weeks old) were used and all the rats were randomly divided into 6 groups (n = 8): normal diet group (ND), high fat diet group (HFD), low dose lignocaine group (L5mg/kg/day), medium dose lignocaine group (50 mg/kg/day) and high dose group (100 mg/kg/day). The therapeutic effect of lignocaine on hepatic inflammation was dose dependent (Liu et al., 2021).
In contrast, flavonoids, as important phenolic compounds, are widely distributed in a wide range of plant products and enter the circulatory system mainly through the intestines to exert their beneficial effects (Li et al., 2023). Baicalein, a dietary flavonoid extracted from Scutellaria baicalensis Georgi, can improve lipid levels and hepatic steatosis in choline-deficient diet-induced NAFLD mice through a multi-target and multi-channel mechanism (Zhang et al., 2022). Guo et al. (2023) demonstrated that baicalein significantly improved Methionine-Choline Deficient (MCD) diet-induced knot length and restored mucosal barrier integrity by upregulating tight junction protein intestine in mice. In this study, mainly male C57BL/6 mice were used, administered by gavage at 200 mg/kg and 400 mg/kg, respectively, with higher doses showing better therapeutic effects.
3.4 Polysaccharide
Polysaccharides are the main metabolites of botanical drugs, their biosynthesis is partly controlled by genes as well as by various environmental factors. In recent decades, polysaccharides isolated from different kinds of botanical drugs have received widespread attention for their important biological activities such as antitumor, antioxidant, antidiabetic, radiation, antiviral, hypolipidemic and immune regulation (Zeng et al., 2019). Summarizing the existing reports we can easily find that the polysaccharide components of several botanical drugs play an important role in fatty liver disease.
Salvia miltiorrhiza Bunge is widely used in the treatment of cardiovascular diseases and liver injury (Fu et al., 2023). The addition of Salvia miltiorrhiza effectively attenuates MCD diet-induced hepatic steatosis and inflammation in C57BL/6 mice, mainly due to its ability to alter the structure of the intestinal microbiota and partially reverse intestinal ecological dysregulation (Li et al., 2021). The polysaccharide component of Salvia miltiorrhiza can effectively regulate the homeostasis of the intestinal microbiota. It has been shown to upregulate the expression of integral membrane proteins (Claudin and Occludin) and the junction complex protein ZO-1 in the jejunum and colon (Li et al., 2022). It has also been demonstrated that danshen polysaccharides modulate the relative abundance in the intestinal flora and ameliorate HFD-induced intestinal dysbiosis (Li et al., 2022).
Echinacea polysaccharide (EPP), a homogeneous polysaccharide, was studied microbiomically and metabolomically in alcoholic model mice and found to reverse alcohol-induced gut microbiota disruption by increasing the abundance of Serratia marcescens, Lactobacillus and Synechococcus, and decreasing the abundance of Escherichia coli and Enterococcus. Also, EPP promotes increased production of n-butyric acid, a short-chain fatty acid that maintains the integrity of the intestinal barrier (Jiang et al., 2022).
Some in vivo studies in which we found significant effects of polysaccharide natural products. High-dose treatment of astragalus polysaccharides in ALD mice significantly improved the ratio of intestinal flora, and the abundance of harmful flora decreased significantly (Zhou et al., 2021). Jiang et al. (2021) used ethanol stepwise precipitation to obtain three comfrey polysaccharide fractions (EPP40/60/80), of which EPP40 had the most pronounced effect in up-regulating the expression of ileocecal tight junction proteins, decreasing the entry of enteric endotoxin into the portal circulation, and attenuating hepatic inflammation and injury. Cordyceps sinensis (BerK.) Sacc. is a common botanical drugs with a variety of pharmacological activities including repair, antioxidant and inhibition of apoptosis (Gu et al., 2015). Cordyceps sinensis can reduce the number of enterococci in the cecum and regulate the metabolism of bile acids in the intestine (Wu et al., 2022). Further studies on Cordyceps Sinensis polysaccharide (CSP) revealed that CSP increased the proportion of actinomycetes, increased the degree of intestinal flora disruption, led to further development of NASH (Chen et al., 2020). MDG-1, a β-D-fructan extracted from the root of Ophiopogon japonicus (Thunb.) Ker Gawl. MDG-1 regulates the balance of the gut microbiota and increases the relative abundance of beneficial bacteria during the onset of NASH. When MDG-1 is degraded and utilized by the intestinal microbiota, it can increase the content of acetic acid and valine, which affects hepatic lipid accumulation (Wang et al., 2019). The role played by glycosides in hepatoprotection has been previously demonstrated. For example, cornelianoid glycoside (CIG), a glycoside extracted from the fruit of Cornus officinalis Siebold & Zucc., has a more prominent role in ameliorating alcohol-induced intestinal damage. The mechanism is mainly that CIG reverses alcohol-induced changes in the tight junction proteins ZO-1 and occludin, reduces serum levels of LPS and blocks the hepatic inflammatory response caused by LPS stimulation (Han et al., 2021).
Polysaccharides are essential biomolecules in organismal activities, usually consisting of 10 or more monosaccharides linked by different types of glycosidic bonds, are widely found in botanical medicines. With the deepening of research, researchers have confirmed the biological activities of polysaccharides in regulating lipid metabolism disorders, regulating intestinal flora and oxidative stress (Hu et al., 2020). Since most of the polysaccharides are mixtures, there are few reports on the exact molecular structure, which also limits the conformational relationship of polysaccharides in the prevention and treatment of metabolic fatty liver disease. It is necessary to carry out in-depth studies on the pharmacological targets of polysaccharides in improving NAFLD or ALD on the basis of the existing studies, so as to provide theoretical support for the development of polysaccharides wOther plant metabolite.
3.5 Terpenoids
Glycyrrhiza aspera Pall. is a perennial botanical drug, several of its metabolites play an important role in NAFLD (Sun et al., 2017), such as glycyrrhizic acid, glycyrrhizic flavonoids, etc. The metabolite that has been reported to treat NAFLD via the enterohepatic axis is glycyrrhizic acid. The researchers performed modelling by randomly dividing 40 male Sprague-Dawley rats (6 weeks of age) into 5 groups fed a high-fat diet (45% energy from fat; 4.73 kcal/g; D18040307; SYSE Co., Ltd., Changzhou, China), administering 40 mg/kg glycyrrhetinic acid daily to the groups. The group was administered 40 mg/kg glycyrrhetinic acid per day. The body weight of each rat was measured every 3 weeks. At the end of the 12th week, the faeces of the rats were collected and sequenced by 16sRNA, which showed that the glycyrrhizic acid group significantly increased the relative abundance of Peptostreptolysin and decreased the relative abundance of Lachnospiraceae and Coriobacteriaceae (Wang et al., 2022). However, the mechanisms by which such metabolites improve intestinal flora have not been well studied.
Plant-derived substances have a number of advantages over animal, mineral and microbial sources, such as the fact that they are often renewable, which makes them more sustainable than animal and mineral sources, can be grown and regenerated through natural processes; they are more readily accepted and absorbed by living organisms due to a high degree of similarity between the environment they require and the environment in the body, they are relatively inexpensive to grow and collect, as compared to animal-derived substances (e.g., animal proteins) and mineral sources (e.g., metallic minerals). At the same time, compared with animal-derived substances (such as animal protein) and mineral resources (such as metal minerals), plant-derived substances are relatively inexpensive to grow and collect. Therefore, plant metabolites in natural products have been widely used in regulating the enterohepatic axis to improve NAFLD/ALD. However, we summarise the current research and find that the mechanism of plant metabolites is not studied in depth, mainly focusing on the exploration of phenotypes, the research focuses on in vitro and in vivo studies in animals and lacks a large amount of data from clinical studies, plant metabolites may act on multiple targets and thus play an ameliorative and therapeutic role, so what is the most important mechanism needs to be investigated in-depth.
4 COMMON STRATEGIES FOR REGULATING INTESTINAL FLORA TO TREAT AND PREVENT ADIPOSE METABOLIC DISEASES
Based on recent research and experimental findings, we have identified a number of common clinical approaches to ameliorate metabolic disorders by modulating gut microbes, including probiotic as well as antibiotic use, dietary fiber intake and Fecal microbiota transplantation (FMT), which we have summarized and generalized.
4.1 Probiotics and prebiotics
Probiotics and prebiotics regulating the intestinal flora is an emerging and promising therapeutic approach widely used in the prevention and treatment of NAFLD, mainly due to the fact that probiotics and prebiotics administration can repair the damaged intestinal barrier and thus restore its function (Fukui, 2015). This role is mainly based on its antimicrobial activity, which is effective against pathogens and reduces the number of pathogenic microorganisms (Paolella et al., 2014). At the same time, prebiotics can promote the growth and activity of probiotics, activating beneficial bacteria (Duarte et al., 2017). The regulation of probiotics and prebiotics restores the intestinal flora to a healthy balance. Bergheim et al. (2008) demonstrated in a 2008 study that neomycin and polymyxin B significantly reduced hepatic lipid deposition by reducing endotoxin translocation. In addition, another preclinical study found that antibiotics can modulate portal bile acid levels by inhibiting intestinal bacteria, thereby reducing liver inflammation (Janssen et al., 2017). Gut flora is a complex ecosystem that is influenced by many factors such as diet, environment and genetics. The intake of probiotics and prebiotics may be limited by the intestinal environment, thus limiting their effectiveness.
4.2 Nutrients and dietary components
Dietary fiber intake is a favorable factor in resistance to NAFLD progression (Xia et al., 2020). Fiber is degraded to short-chain fatty acids through fermentation by intestinal flora (Tan et al., 2014) involved in inflammation-related physiological processes. Increased nutritional fiber intake improves hepatic steatosis and liver function, while enhancing hepatic barrier function and decreasing intestinal permeability (Krawczyk et al., 2018). Wang Yong’s research team published a paper in the Journal of Functional Foods demonstrated that the combination of ferulic acid with arabinoxylan or β-glucan significantly improved glucose tolerance and maintained intestinal homeostasis in mice fed a high-fat diet (Fang et al., 2024). In contrast, chitosan COST was shown to improve hepatic lipid metabolism in HFD-induced NAFLD mice by modulating the expression of lipotoxicity-induced related inflammatory factors in the gut microbiota (Zhang et al., 2023). Although there is some research suggesting that nutrients and dietary fiber may be beneficial in ALD and NAFLD, there is still a lack of long-term, large-scale clinical trials to validate their effects. Therefore, it is unclear whether long-term intake of these nutrients is an effective treatment for these liver diseases.
4.3 Fecal microbiota transplantation
Fecal microbiota transplantation (FMT) is an emerging therapeutic approach to transfer fecal microbiota and metabolites from healthy donors to patients who need to rebuild their gut microbiota (Zhao et al., 2023). Clinical data demonstrated that FMT therapy effectively attenuated high-fat diet-induced steatohepatitis, resulting in a significant reduction in intrahepatic lipid accumulation and decreased intrahepatic expression of pro-inflammatory cytokines (e.g., IFN-γand IL-17) (Aron-Wisnewsky et al., 2020b), as well as restoring intestinal diversity, increasing the number of anaplastic bacilli, and decreasing the number of actinomycetes and thickened walled bacilli (Aron-Wisnewsky et al., 2020a). Ferrere et al. (2017) performed FMT on alcohol-resistant donor mice (alcohol-fed mice without alcohol-induced liver lesions) to alcohol-sensitive recipient mice (alcohol-fed mice with liver lesions) and found that FMT protected alcohol-sensitive mice from alcohol-induced consumption of Bacteroidetes mimosus. FMT treatment can involve two major drawbacks: safety and uncertainty of efficacy. FMT transfers fecal suspension from a healthy donor to the patient’s intestine and therefore carries the risk of transmitting disease, infection and allergic reactions. In addition, it may lead to infection in the patient because the fecal sample may contain undesirable microorganisms. Although there are some preliminary studies suggesting that FMT may positively affect liver function in patients with certain liver diseases, its exact therapeutic effect is unknown. There is a lack of large-scale, randomized controlled clinical trials to validate the effectiveness of FMT in ALD and NAFLD.
4.4 Combination of natural products with other biological agents
The combination of natural products and other biological agents for the treatment of NAFLD can give full play to greater advantages. On the basis of the pharmacological active effect on natural products, the combination of other biological agents synthesised lipid-lowering drugs, liver-protecting drugs and other drugs can effectively improve the clinical symptoms and biochemical indexes of patients (Gao et al., 2016). Microecological agents such as probiotics and prebiotics are used to regulate the balance of intestinal microorganisms by supplementing probiotics, prebiotics and other microecological agents, which can further consolidate the therapeutic effect and prevent disease recurrence. For example, Li and Gu (2022) investigated the combined effects of bicyclol and BBR on Western diet (WD)-induced steatosis and WD/CCl4-induced NASH in mice. Combination of natural products with other compounds is an effective way to improve NAFLD (Andreasen et al., 2023). Combined theories and methods to rebuild intestinal microecology and improve insulin resistance and fat metabolism are an effective way to improve NAFLD (Cui et al., 2023).
Since NAFLD was described in the 1980s, a large number of experimental studies and clinical trials have been conducted in China to investigate the efficacy of TCM in the treatment of NAFLD. Herbal medicines for the treatment of diseases are safe for clinical use and as of now dance adverse effects (Zhang et al., 2020; Yang et al., 2021). Consider the long-term use of botanical drugs and Western medicines, which has a broader perspective for rebuilding the intestinal microecology and improving NAFLD (Figure 2).
[image: Figure 2]FIGURE 2 | Natural products and their extracts play a role in the prevention and treatment of fatty liver through the gut-liver axis, and now the treatment of the gut-liver axis.
5 DISCUSSION AND PROSPECT
The gut-liver axis plays a crucial role in the pathogenesis of NAFLD/ALD. Dysbiosis, increased gut permeability and gut-derived endotoxins are closely related to NAFLD/ALD development. Researchers have found dysregulation in the host-microbe interaction in various liver disease models, with impaired gut barrier exacerbating liver inflammation and disease progression. Clinical evidence demonstrates alterations in gut microbiota composition and metabolic products in NAFLD and ALD patients, affecting liver metabolic signaling pathways. Current treatments for NAFLD/ALD primarily involve probiotics, prebiotics, dietary fiber intake and FMT, but their limitations have shifted researchers’ focus toward natural products. Natural products can avoid the adverse effects of probiotics prebiotics and dietary fiber intake treatment due to individual differences. There are also some individual rejection as well as safety-type issues with probiotic prebiotics and FMT treatments, which contribute to the lack of effective treatment for NAFLD/ALD. The current researchers’ exploration of natural products for the treatment of NAFLD/ALD by regulating the enterohepatic axis mainly includes the directions of adjusting the intestinal flora, improving the intestinal mucosal barrier function, and reducing the release of endotoxin.
However, Our in-depth investigation reveals that the mechanism of NAFLD/ALD treatment by natural products through the intestinal flora is less studied at the histological level, such as only using 16S rDNA high-throughput sequencing of the intestinal flora or macro-genomic sequencing of the intestinal flora to characterize the difference in the flora, and lacks the analysis of functional metabolism molecules that are further associated with it, as well as the excavation and validation of the downstream mechanism of action. How natural products modify the composition and structure of the intestinal flora to regulate the production of intestinal metabolites, intervene in inflammation development and influence the processes of lipid metabolism in the body remains unclear. Natural products usually contain multiple active ingredients, which also gives them multiple mechanisms of action and targets of action that can affect the pathologic process of NAFLD/ALD in multiple ways simultaneously. Collating the current research we found that the mechanism of natural products exerting NAFLD/ALD effects by influencing immune cell function is becoming clearer, while the relationship between immune cells and intestinal flora is very close. On the one hand, gut flora disorders can lead to abnormal activation of the immune system, exacerbating liver inflammation and the development of NAFLD/ALD, on the other hand, an abnormal immune system response can further interfere with the balance of gut flora, creating a vicious cycle. Therefore, the interaction between intestinal flora and immunity plays a key regulatory role in the occurrence and development of NAFLD/ALD, should also be the focus and direction of research on the mechanism of natural product treatment of NAFLD/ALD through the enterohepatic axis.
In summary, we found that exploring the interaction mechanism between natural products and intestinal flora is expected to bring new breakthroughs in the treatment of fat-related metabolic diseases, as well as new opportunities for the application of natural products to improve the disorders of glucose and lipid metabolism and related diseases.
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Background: The classical medicinal formula Huangqi Gancao Decoction (HQGCD), originating from the medical book" Yi Lin Gai Cuo". Up to now, the studies focusing on the immunoenhancement effects of HQGCD are few, and the actionpathway is not yet clear.Method: In this study, SPF male KM mice were utilized as a model for immunosuppression. Comprehensive observations were made regarding the general behavior and condition of the mice, in addition to monitoring fluctuations in body weight and food intake. The blood routine index was measured, and morphological changes in the ileum and colon tissues were examined. The level of secretory immunoglobulin A (sIgA), superoxide dismutase (SOD), and malondialdehyde (MDA) in ileum and colon tissues were quantified. Additionally, the bone marrow total DNA index was assessed. Flow cytometry analyzed the proportions of CD3⁺, CD4⁺, CD8⁺, and CD4+CD8+ double-positive (DP) T lymphocytes in small intestinal intraepithelial lymphocytes (IELs). Lastly, the composition and diversity of the cecal microbiota were evaluated using 16S rDNA sequencing technology.Results: After HQGCD intervention, there were no significant changes in the mice’s feed intake and body weight. However, the tissue structures of the ileum and colon showed recovery. In the blood routine index, there was an increase in the total white blood cell count, lymphocyte count, red blood cell count, hematocrit, and hemoglobin content. Additionally, the bone marrow total DNA index was elevated. Level of SOD and sIgA in ileum and colon tissues increased, while the level of MDA decreased. The proportions of CD3⁺ and CD4⁺ T lymphocytes within IELs increased, along with an increase in DP T lymphocytes in IELs (DP IELs), whereas the proportion of CD8⁺ T lymphocytes decreased. The cecal microbiota underwent changes, with an increase in the variety and number of beneficial microbiota.Conclusion: HQGCD could restore the intestinal immune function of immunocompromised mice, and had a certain positive effect on cecal microbiota.Keywords: Huangqi Gancao Decoction, immunosuppression, CD4+CD8+ double-positive T lymphocytes, intestinal intraepithelial lymphocytes, microbiota
1 INTRODUCTION
Immunosuppression is the reduction or impairment of the immune system’s function in humans or animals, leading to diminished resistance to pathogens and other harmful substances and an increased vulnerability to diseases (Tami et al., 1986). The intestinal immune system, through its complex and fine network structure, constitutes the body’s first line of defense against foreign pathogens. It can recognize and eliminate invading microorganisms, distinguish between beneficial and harmful bacteria, and regulate the body’s immune response to these microorganisms. When immunosuppression occurs in the body, the immune function of the intestinal is also affected.
HQGCD primary indications include the treatment of painful urination and urinary incontinence in the elderly, demonstrating significant efficacy irrespective of disease duration (Lan et al., 2024). HQGCD can treat prostatitis, genital warts, chronic hepatitis B, liver cirrhosis, alcoholic liver fibrosis and diabetes (Zou, 1990; Chen, 2005). Both Astragali Radix (Astragalus membranaceus (Fisch.) Bunge) and Glycyrrhizae Radix et Rhizoma (Glycyrrhiza uralensis Fisch.) have the effect of tonifying “middle-Jiao and Qi” in this decoction, the majority of studies on HQGCD have concentrated on its efficacy in treating urinary tract diseases and hepatopathy, with a notable scarcity of contemporary pharmacological research investigating its mechanisms of immune modulation.
Cyclophosphamide (Cy), a widely used broad-spectrum anti-tumor drug, exhibits potent cytotoxic effects, particularly inhibiting rapidly proliferating tissues like bone marrow and lymphoid tissue, thereby reducing the body’s immunity (Yu et al., 2018; Liu et al., 2019; Khan et al., 2022). Researchers frequently employ Cy to create immunocompromised models. Cy induces bone marrow suppression, impairing its hematopoietic function. Consequently, this reduces the number of white and red blood cells in the bloodstream, a condition referred to as “Blood Deficiency” in traditional Chinese medicine. The intestinal microbiota forms a complex microbial ecosystem, with its species composition and population maintained within a dynamic equilibrium, fostering mutually beneficial relationships with the host as an essential bodily component (Adak and Khan, 2019). These microbiotas interact closely with the host, for instance, in response to cold conditions, the intestinal microbiota in mice can enhance nutrient absorption by increasing the length of the intestinal villi and microvilli, thus meeting the increased energy demands (Chevalier et al., 2015). Conversely, non-specific gastrointestinal complications often arise during high-altitude travel, attributed to alterations in the intestinal microbiota driven by reduced atmospheric oxygen pressure (Adak et al., 2013). When intestinal immunity is compromised, the diversity of the intestinal microbiota undergoes changes, characterized by a decrease in the richness of beneficial microorganisms and an increase in the richness of pathogenic microorganisms (Ying et al., 2020).
In this study, mice were injected intraperitoneally with Cy to establish models of immunosuppression. They were then treated with HQGCD to explore its therapeutic effects and mechanisms on intestinal immunosuppression and its impact on the cecum microbiota. This research aims to provide a theoretical basis for the future development and application of HQGCD.
2 MATERIALS AND METHODS
2.1 Reagents and instruments
A. membranaceus and G. uralensis decoction pieces were purchased from the Yellow River medicinal materials market in Lanzhou, and identified by Prof. Yan-ming Wei from the department of Chinese veterinary medicine, college of veterinary medicine, Gansu Agricultural University. Cyclophosphamide (lot number: 22111425) was purchased from Jiangsu Hengrui Pharmaceutical Co., LTD; DTT (Cat. No.: 3483-12-3), EDTA (Cat. No.: 60-00-4), Percoll (Cat. No.: 65455-52-9) and BCA protein assay kit (Cat. No.: PC0020) were purchased from Beijing Solaibao Technology Co., Ltd; SIgA ELISA kit (Cat. No.: ml001917) was purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd.; MDA Biochemistry Kit (Cat. No.: A003-1) and SOD Biochemistry Kit (Cat. No.: A001-3) were purchased from Nanjing Jiancheng Institute of Bioengineering; PE/Cyanine5 Anti-Mouse CD3 Antibody (Cat. No.: E-AB-F1013G) was purchased from Wuhan elabscience Biotechnology Co., Ltd.; CD4 Monoclonal Antibody (GK1.5), FITC (Cat. No.: 11-0041-81) and CD8a Monoclonal Antibody (53-6.7), PE (Cat. No.: 12-0081-82) were purchased from eBioscience, Methanol, acetonitrile (chromatography pure, Tianjin Damao Chemical Reagent Factory); phosphoric acid (Chromatography pure, Tianjin Kemio Chemical Reagent Co., LTD.); Calycosin (C16H12O5, MW = 284.26, CAS: 20575-57-9), Glycyrrhizic acid (C42H62O16, MW = 822.92, CAS: 1405-86-3), were purchased from Nanjing Yuanzhi Biotechnology Co., LTD, Inc, etc.
RE-6000 rotary evaporator (Shanghai Yarong Biochemical Instrument Factory); Vacuum freeze dryer (Shanghai Yuming Instrument Co., LTD.); TG16 desktop high-speed centrifuge (Shanghai Luxiangyi Centrifuge Instrument Co., LTD.); High-speed refrigerated centrifuge (HITACHI, Japan); Leica Paraffin rotary microtome (Leica Company, United States); High-throughput tissue grinding instrument SCIENTZ-48L (Ningbo Xinzhi Biological Co., LTD.); Agilent Technologies 1260 high performance liquid chromatography (Agilent, United States); Ultraviolet spectrophotometer (Shanghai Lang Gan Experimental Equipment Co., LTD.); SPectra Max Plus384 microplate reader (Meigu Molecular Instruments Co., LT.
2.2 The preparation of HQGCD
120 g A. membranaceus decoction pieces and 24 g G. uralensis decoction pieces were prepared, maintaining a 1:10 ratio with distilled water. The mixture was brought to a boil over high heat, and then simmered on low heat for 30 min. The residue was re-extracted with eight times the volume of distilled water using the same boiling and simmering process. The filtrates from both extractions were combined, concentrated, and freeze-dried to obtain the dry powder of HQGCD.
2.3 HPLC determination of the active metabolites in HQGCD
2.3.1 Chromatographic conditions
The chromatographic conditions were as followes: Agilent Zorbax-SB C18 chromatographic column (250 mm × 4.6 mm, 5 μm), the mobile phase consisted of 0.1% phosphoric acid aqueous solution (A) - acetonitrile (C) with a gradient elution: 0–5 min, 30% C; 5–8 min, 35% C; 8–13 min, 40% C; 13 min, 45% C; flow rate: 0.8 mL/min; detection wavelength: 280 nm; injection volume: 20 μL; column temperature: 29°C.
2.3.2 The preparation of HQGCD samples
100 mg of HQGCD freeze-dried powder was accurately weighed, and the methanol was added to a constant volume of 10 mL, sonicated for 10 min, and the supernatant was filtered with 0.22 μm microporous filter membrane to be tested.
2.3.3 The preparation of standard solution
24 and 20 mg of standard samples of calycosin and glycyrrhizic acid were accurately weighed, and the methanol was added to a constant volume of 10 mL, sonicated for 2 min, and the supernatant was filtered with 0.22 μm microporous filter membrane to be tested.
2.3.4 HPLC determination
According to the chromatographic conditions of “2.3.1”, the standard solution (20 μL) and HQGCD samples (20 μL) were respectively taken and determined by HPLC.
2.4 Animal experiments
40 SPF male KM mice, weighing 22 ± 2 g and aged 6 weeks, were obtained from the Laboratory Animal Center, Lanzhou Veterinary Research Institute, Chinese Academy of Sciences (Certificate No.: SCXX (Gan) 2023-0002). The mice were housed under controlled conditions with a standard diet and water, at temperatures ranging from 20°C to 25°C, humidity level between 30% and 39%, and a 12-h day-night cycle. These mice were randomly divided into five groups: Control group (CON), Model group (MOD), and three HQGCD dose groups (high dose: HQGCD-H, 0.84 g/kg; medium dose: HQGCD-M, 0.42 g/kg; low dose: HQGCD-L, 0.21 g/kg). To establish models of immunosuppression, MOD and HQGCD were administered intraperitoneal injections of Cy at 80 mg/kg on the first 3 days. In contrast, CON received an equivalent volume of normal saline. From the fourth to the tenth day, three dose groups were treated with their respective doses via gavage, while CON and MOD were given the same volume of normal saline once daily. 24 h after the final administration of HQGCD, samples, including blood, femurs, ileum, colon, and cecum contents, were collected from all mice for subsequent analysis.
2.5 General behavioral observations
During the modeling and administration of each group, their mental state and planta pedis color were observed daily.
2.6 Body weight and feed intake
During the experiment, each group’s body weight and feed intake were weighed and recorded daily.
2.7 Histological and morphological observation of ileum and colon sections
The harvested ileum and colon were fixed in formalin solution, embedded in paraffin, stained with HE, and then observed under a light microscope and imaged with Case Viewer software.
2.8 Blood routine index
Blood samples were collected into tubes containing EDTA as an anticoagulant. The total white blood cell count, lymphocyte count, total red blood cell count, hematocrit, and hemoglobin content were then measured using a hematology analyzer.
2.9 Bone marrow total DNA index
Femurs were extracted from the left legs of mice, with the femoral ends subsequently punctured to facilitate marrow extraction. The bone marrow was then eluted into centrifuge tubes using 0.005 mol/L CaCl2, followed by immediate cooling to maintain cellular integrity before centrifugation. After removal of the supernatant, the pellet was resuspended in 0.2 mol/L HClO4 for a series of steps, including suspension, precipitation, incubation in a water bath, cooling, and subsequent centrifugation. The supernatant’s optical density (OD) was measured at a wavelength of 268 nm using an ultraviolet spectrophotometer (Liao et al., 1998). This OD value was normalized to the mass of the corresponding left femur to calculate the total DNA index of the bone marrow.
Bone marrow total DNA index = DNA OD value (A268)/femur weight (g).
2.10 SIgA content in intestinal tissue
The contents of sIgA in the ileum and colon tissues were determined by ELISA assay kits. All experimental procedures were conducted in strict adherence to the manufacturer’s instructions provided with the reagents.
2.11 Oxidative stress indicators in intestinal tissue
Biochemical assay kits determined the contents of SOD and MDA in ileum and colon tissues. All experimental procedures were conducted in strict adherence to the manufacturer’s instructions provided with the reagents.
2.12 T lymphocyte subsets within IELs
The entire small intestine of the mouse was placed into Petri dish containing pre-cooled PBS, residual mesenteric fat tissue was removed, and Peyer’s patches were carefully excised. The intestine was longitudinally opened, and the intestinal contents were washed away. After cutting the small intestine into small pieces, it was digested with DTT and EDTA solution, the digested tissue was discarded, and the supernatant containing IELs was collected. This supernatant was sequentially passed through 200 and 400 mesh cell strainers to collect the filtrate, which, after centrifugation, was resuspended in 40% Percoll. The lymphocyte-containing 40% Percoll was gently layered on top of 70% Percoll for gradient separation. After the Percoll separation, the white cell layer between the two phases was extracted and centrifuged, the supernatant was discarded, and the cell pellet was resuspended with PBS solution to prepare a single-cell suspension. Under the microscope, cells were counted, and the cell concentration was adjusted to 105-106 cells/mL for subsequent experiments (Reißig et al., 2014).
0.2 mL of the lymphocyte suspension was taken, antibodies were added, and incubated in ice for 30 min. After incubation, the cells were washed twice to remove excess antibodies. The subpopulations of CD3⁺, CD4⁺, CD8⁺ T lymphocytes within the IELs were detected using flow cytometry.
2.13 Intestinal microbiota
Cecal contents from mice were collected under sterile conditions for 16S rDNA sequencing. DNA was extracted and amplified, and libraries were prepared for sequencing on the Illumina NovaSeq 6000.
2.14 Statistical methods
SPSS26.0 statistical software was used to analyze the data. p < 0.05 means a significant difference, p < 0.01 means a very significant difference, and p > 0.05 means no significant difference.
3 RESULTS
3.1 The analysis results of active metabolites in HQGCD
3.1.1 The content determination of calycosin and glycyrrhizic acid
The HPLC analysis of HQGCD revealed that the active metabolites, calycosin and glycyrrhizic acid, achieved baseline separation from other peaks, with retention times of 8.6 min and 12.1 min, respectively. Linear regression was conducted with peak area (x) as x-axis and content (y, μg/mL) as y-axis, yielding the regression equation for calycosin as: y = 0.01763x + 0.73931 (R2 = 0.99997), with a detection range of 10.0152-10.6743 µg; and for glycyrrhizic acid as: y = 0.02616x - 0.14206 (R2 = 0.99996), with a detection range of 30.2547-31.4982 µg (Supplementary Figure S1A,B). This method meets the requirements for HQGCD samples analysis. Based on the established standard curves for calycosin and glycyrrhizic acid, the contents of these metabolites in each group of HQGCD (10 mg/mL) were calculated to be 10.3825 μg/mL and 30.7960 μg/mL, respectively (Figure 1).
[image: Figure 1]FIGURE 1 | HPLC-UV chromatograms of samples and standards. Note: (A) HQGCD sample (B) Glycyrrhizic acid standard (C) Calycosin standard. 1. Peak representing calycosin 2. Peak representing glycyrrhizic acid.
3.1.2 HPLC chromatogram of three batches of HQGCD samples
The chromatograms of the three batches of HQGCD samples were highly overlapping (Figure 2), and the HPLC results of the samples were compared with each other, with a similarity of ≥0.998, which indicated this method had a good detection repeatability (Tables 1, 2).
[image: Figure 2]FIGURE 2 | HPLC chromatogram of three batches HQGCD samples. Note: S1∼S3 denote the represent samples, and R denotes the reference peak.
TABLE 1 | Similarity results.
[image: Table 1]TABLE 2 | Matching results.
[image: Table 2]3.2 General behavioral observations
Unlike CON, mice in MOD exhibited lethargy, laziness and tiredness, reduced reaction ability and activity, dry and dull fur, and lighter planta pedis color, indicating successful modeling. After treatment with HQGCD, all three dose groups showed improvement (Figure 3).
[image: Figure 3]FIGURE 3 | Effect of HQGCD on coat state and planta pedis color in mice.
3.3 Body weight and feed intake
Body weight gain was slower in both MOD and three dose groups than CON (Figure 4A), and it showed a very significant difference at day 7 (p < 0.01). However, no significant difference was observed when comparing the growth of the three dose groups to MOD (p > 0.05). Compared to CON, the feed intake decreased in both MOD and three dose groups (Figure 4B).
[image: Figure 4]FIGURE 4 | Effect of HQGCD on body weight and feed intake in mice. Note: (A) body weight (B) feed intake. Data were presented as mean ± SD [A n = 8]. **p < 0.01, *p < 0.05 vs MOD; ##p < 0.01, #p < 0.05 vs CON.
3.4 Ileal and colonic tissue sections
The ileal mucosa of CON was intact, with neatly arranged villi and intestinal epithelial cells that were morphologically distinct, tightly arranged, and uniform in size, showing no obvious pathological changes. In contrast, the ileum of MOD exhibited deformation and atrophy, with a reduction in the length of the intestinal villi. The ileal villi of three dose groups showed recovery compared to MOD. The colonic mucosa of CON was intact without obvious pathological changes. In contrast, the colonic mucosal layer of MOD was infiltrated with inflammatory cells, and the number of colorectal glands in the colon were reduced. The colon of three dose groups recovered relative to MOD (Figure 5).
[image: Figure 5]FIGURE 5 | Effect of HQGCD on intestinal morphology in mice (HE × 200). Note: Atrophic and deformed ileal villi are seen in the black rectangle; The colon with reduced colorectal glands is shown in the red rectangle.
3.5 Blood routine index
Relative to CON, the total white blood cells, lymphocyte count, total red blood cells, hematocrit and hemoglobin content very significantly decreased in MOD (p < 0.01). Relative to MOD, these parameters were significantly increased in three dose groups (p < 0.05), HQGCD-H of the total white blood cell count and three dose groups of hematocrit were very significantly increased (p < 0.01) (Figures 6A–E).
[image: Figure 6]FIGURE 6 | Effect of HQGCD on routine blood index in mice. Note: (A) Total white blood cells (B) Lymphocytes count (C) Total red blood cells (D) Hematocrit (E) Hemoglobin content. Data were presented as mean ± SD [A-E n = 8]. **p < 0.01, *p < 0.05 vs MOD; ##p < 0.01, #p < 0.05 vs CON.
3.6 Bone marrow total DNA index
Compared with the bone marrow total DNA index of CON, MOD was very significantly reduced (p < 0.01). Compared with MOD, HQGCD-H and HQGCD-L were evry significantly increased (p <0.01). HQGCD-M showed a significantly increased (p < 0.05) (Figure 7).
[image: Figure 7]FIGURE 7 | Effect of HQGCD on mouse bone marrow total DNA index. Note: Data were presented as mean ± SD [n = 8]. **p < 0.01, *p < 0.05 vs MOD; ##p < 0.01, #p < 0.05 vs CON.
3.7 SIgA level in intestinal tissues
In comparison with the level of sIgA in the ileum and colon of CON, MOD was significantly decreased (p < 0.05); In comparison with the level of sIgA in the ileum and colon of MOD, three dose groups showed significantly increased (p < 0.05) (Figures 8A, B).
[image: Figure 8]FIGURE 8 | Effect of HQGCD on sIgA in mouse intestinal tissue. Note: (A) sIgA content in the ileum (B) sIgA content in the colon. Data were presented as mean ± SD [A-B n = 8]. **p < 0.01, *p < 0.05 vs MOD; ##p < 0.01, #p < 0.05 vs CON.
3.8 MDA and SOD level in intestinal tissue
As opposed to the MDA level in the ileum and colon tissues of CON, the MOD level was very significantly increased (p < 0.01). As opposed to MOD, the MDA level in the ileum tissue of HQGCD-H was significantly decreased (p < 0.05), while in the remaining five dose groups, MDA level in both the ileum and colon tissues was very significantly decreased (p < 0.01) (Figures 9A, B).
[image: Figure 9]FIGURE 9 | Effect of HQGCD on MDA and SOD in mouse intestinal tissue. Note: (A) MDA content in the ileum (B) MDA content in the colon (C) SOD content in the ileum (D) SOD content in the colon. Data were presented as mean ± SD [A-E n = 8]. **p < 0.01, *p < 0.05 vs MOD; ##p < 0.01, #p < 0.05 vs CON.
Relative to the SOD level in the ileum and colon tissues of CON, the level in MOD was very significantly decreased (p < 0.01). Relative to MOD, SOD level in the colon tissues of three dose groups was very significantly increased (p < 0.01). In the ileum tissues of three dose groups, the increase was significant (p < 0.05) (Figures 9C, D).
3.9 T lymphocyte subsets within IELs
CD3⁺ T Lymphocytes: in contrast with the CD3⁺ T lymphocyte level in LELs of MOD, both CON and three dose groups exhibited an upward trend, although this trend was not statistically significant (p > 0.05); CD4⁺ T Lymphocytes: relative to the CD4⁺ T lymphocytes in IELs of MOD, three dose groups showed an upward trend, but this trend was not significant (p > 0.05). CD8⁺ T Lymphocytes: compared to the CD8⁺ T lymphocytes in IELs of MOD, both CON and three dose groups displayed a downward trend, which was not significant (p > 0.05). DP T Lymphocytes: in comparison with the DP IELs of CON, MOD and HQGCD-M showed significant differences (p < 0.05), whereas HQGCD-H and HQGCD-M exhibited an upward trend that was not statistically significant (p > 0.05). When compared to MOD, three dose groups showed an upward trend, but this trend was insignificant (p > 0.05). No significant differences were observed in the level of DP IELs among the three dose groups (p > 0.05) (Figure 10; Table 3).
[image: Figure 10]FIGURE 10 | Effect of HQGCD on T lymphocyte subsets within IELs.
TABLE 3 | Comparison of changes in different types of T lymphocyte subsets in mice IELs (%).
[image: Table 3]3.10 Sequencing results of intestinal microbiota
In this experiment, 40 samples were analyzed, yielding 2,333,722 sequences with an average of 58,343 reads per sample. To explore the commonalities and differences among various groups, a Venn diagram based on the ASV/OTU abundance was employed for community composition analysis. The analysis identified 468 species shared across CON, MOD, HQGCD-H, HQGCD-M, and HQGCD-L. Additionally, unique endemic species were identified for each group: 2,297 for CON, 1,988 for MOD, 2,727 for HQGCD-H, 2,773 for HQGCD-M, and 2,672 for HQGCD-L (Figure 11).
[image: Figure 11]FIGURE 11 | Venn diagram of ASV/OUT of microbiota.
3.11 Alpha diversity analysis
Dilution curves were utilized to determine if the volume of sequencing data was adequate to represent the species diversity within the samples, indirectly indicating the samples’ species richness. In this experiment, the dilution curves for all five groups plateaued towards the end, signifying that the sequencing depth was sufficient to encompass the species composition of these samples (Figure 12A). Alpha diversity assesses the species richness and diversity within individual samples of a group, utilizing multiple indicators, including Chao1, Ace, Shannon, Simpson, and PD_whole_tree. The results indicated that the coverage for each group exceeded 0.99. When measured against CON, the Chao1, Ace, Shannon, PD_whole_tree and Simpson indices of MOD showed a downward trend, though this trend was insignificant (p > 0.05). In contrast, three dose groups exhibited an upward trend compared to MOD, but the increase was not significant (p > 0.05) (Figures 12B–F).
[image: Figure 12]FIGURE 12 | Alpha diversity analysis. Note: (A) Sparse curves of microbiota species (B) Chao1 index (C) Ace index (D) Shannon index (E) Simpson index (F) PD_whole_tree index.
3.12 Beta diversity analysis of microbiota
Principal component analysis (PCA) reflects the differences and distances among samples. It was utilized to examine the Beta diversity of the samples within a 68% confidence interval. The analysis revealed a trend where the community composition of CON tended to separate from the other four groups (Figure 13).
[image: Figure 13]FIGURE 13 | PCA analysis of microbiota.
3.13 Composition of the top 10 biological species at the phylum and genus level of mouse intestinal microbiota
At the phylum level, Firmicutes, Bacteroidetes, Campylobacterota, and Proteobacteria were predominant in the fecal microbiota. As opposed to CON, the relative abundance of Firmicutes in MOD decreased, while it increased in three dose groups. When comparing three dose groups to MOD, the relative abundance of Firmicutes increased. Conversely, the relative abundance of Bacteroidetes in MOD increased compared with CON, but decreased in three dose groups. The relative abundance of Bacteroidetes in three dose groups also decreased in relation to MOD. The relative abundance of Campylobacterota increased in MOD compared with CON. Specifically, it increased in HQGCD-H but decreased in HQGCD-M and HQGCD-L. Relative to MOD, the relative abundance of Campylobacterota in three dose groups decreased. Lastly, the relative abundance of Proteobacteria in MOD increased compared with CON, with an increase in HQGCD-H and HQGCD-M, but a decrease in HQGCD-L. The relative abundance of Proteobacteriain three dose groups decreased in relation to MOD (Figure 14A).
[image: Figure 14]FIGURE 14 | Note: (A) Relative abundance of microflora at phylum level. (B) Relative abundance of microflora at genus level.
At the genus level, unclassified_Muribaculaceae, unclassified_Lachnospiraceae, Lachnospiraceae_NK4A136_group, Bacteroides, Alistipes, and Lactobacillus were the predominant fecal microbiota. Compared with CON, the relative abundance of unclassified_Muribaculaceae in MOD was increased, and three dose groups were decreased. Compared with MOD, the relative abundance of unclassified_Muribaculaceae in three dose groups was decreased. In contrast with CON, the relative abundance of unclassified_Lachnospiraceae in MOD was decreased, and three dose groups were increased. In contrast with MOD, the relative abundance of unclassified_Lachnospiraceae in three dose groups was increased. As opposed to CON, the relative abundance of Lachnospiraceae_NK4A136_group in MOD and three dose groups was decreased. As opposed to MOD, the relative abundance of Lachnospiraceae_NK4A136_group in three dose groups was increased. Relative to CON, the relative abundance of Bacteroides in MOD was increased, and three dose groups was decreased. Relative to MOD, the relative abundance of Bacteroides in three dose groups was decreased. Compared with CON, the relative abundance of Alistipes in MOD was decreased, three dose groups was decreased. Compared with MOD, the relative abundance of Alistipes in HQGCD-H and HQGCD-M was increased, and HQGCD-L was decreased. In comparison with CON, the relative abundance of Lactobacillus in MOD and three dose groups increased. In comparison with MOD, the relative abundance of Lactobacillus in HQGCD-H and HQGCD-M was increased, and HQGCD-L was decreased (Figure 14B).
3.14 LEfSe analysis of samples between groups
LEfSe analysis can be used to compare two or more groups to identify species with significant differences in abundance between groups. LEfSe analysis of species with significant differences between groups showed that 23 microbial groups with LDA value greater than four in the five groups played an important role in the differences. CON enrichment f_Lachnospiraceae_NK4A136_group, p_Desulfobacterota, c_Desulfovibrionia, o_Desulfovibrionales, g_unclassifie_Desulfovibrionaceae, s_unclassifie_Desulfovibrionaceae; MOD enrichment p_Bacteroidota, c_Bacteroidia, s_unclassified_Erysipelatoclostridium, g_Erysipelatoclostridium; HQGCD-H enrichment c_Negativicutes, f_Acidaminococcaceae, o_Acidaminococcales, g_Phascolarctobacterium, s_unclassified_Phascolarctobacterium; HQGCD-M enrichment g_unclassified_Lachnospiraceae; HQGCD-L enrichment p_Firmicutes, f_Lactobacillaceae, o_Lactobacillales, f_Oscillospiraceae, s_unclassified_Ligilactobacillus, g_Ligilactobacillus, g_unclassified_Oscillospiraceae (Figure 15).
[image: Figure 15]FIGURE 15 | Distribution of LDA values in microbiota.
4 DISCUSSION
In animals, the underlying cause of many diseases is low or poor immunity. Traditional Chinese medicine believe that “as long as the “Qi” is present within the body, pathogens cannot prevail”. Here, “Qi” symbolizes the vitality of the body’s functions, encompassing its capability to adapt to external conditions, resist diseases, and recover from illness. A deficiency in “Qi” can result in an imbalance of “Yin” and “Yang” within the body, disruption in the circulation of “Qi” and blood among the viscera, and a consequent susceptibility to diseases due to a weakened constitution. While chemical drugs offer certain benefits in enhancing immune function, they are often associated with significant side effects and safety concerns (Hashimoto et al., 2023). In contrast, traditional Chinese medicine’s immunomodulatory approach is comprehensive, characterized by minimal side effects and toxicity (Nasri et al., 2014). The therapeutic strategy in traditional Chinese medicine aims to “nourish the body and strengthen its foundation” by enhancing or regulating bodily functions, thereby improving the body’s disease resistance and fulfilling the objectives of disease prevention and treatment (Peng et al., 2022).
HQGCD, derived from the Qing Dynasty medical book “Yi Lin Gai Cuo”, is primarily treated for urinary tract diseases. However, A. membranaceus and G. uralensis in the prescription contain polysaccharides, flavonoids, and saponins (Deng et al., 2023), so it is speculated that HQGCD can improve immunity, which has been confirmed in this experiment. Additionally, this study quantified the metabolites of calycosin in A. membranaceus and glycyrrhizic acid in G. uralensis using HPLC, conducted calibration and similarity assessment of the common peaks for calycosin and glycyrrhizic acid to achieve better quality control of the HQGC
Cy is a highly effective chemotherapeutic drug and immunosuppressant known for side effects such as severe bone marrow suppression, destruction of the body’s normal immune cells, and gastrointestinal adverse reactions (Fraiser et al., 1991). In this experiment, a dose of 80 mg/kg Cy was administered to establish the model, and the immunosuppression induced by Cy is systemic; therefore, the intestine also undergoes immunosuppression.
Three days post-modeling, the mice exhibited symptoms of depression, reduced activity, decreased feed intake, slow body weight gain, disheveled fur, and whitening of the planta pedis, confirming the model’s success. After HQGCD intervention, there was no significant increase in the mice’s feed intake, possibly due to the high polysaccharide content in HQGCD providing some energy. Furthermore, the observed weight gain was not significant, indicating that HQGCD does not substantially influence the weight loss induced by Cy, aligning with findings from Yang et al. (Zhengli et al., 2023).
Cy nonspecifically disrupts and inhibits DNA synthesis in bone marrow hematopoietic cells, extends the cell cycle, diminishes the production of mature blood cells, and lowers the count of nucleated cells. This leads to anemia and immunosuppression (Yu et al., 2018), as well as a reduction in bone marrow total DNA content. The blood routine can detect the number of white blood cells, red blood cells and platelets in the blood, thus indicating the toxic impact of Cy on mice blood cells, it is also regarded as one of standards for successfully establishing an immunosuppression model using Cy. Since the bone marrow is the primary hematopoietic organ, the bone marrow total DNA content indicates the extent of bone marrow cell damage and recovery. This study found that Cy administration decreased blood cell counts and bone marrow total DNA content. Following HQGCD intervention, improvements were observed in the blood routine content and total bone marrow DNA content.
The intestine is not only crucial for the digestion and absorption of food but also serves as the body’s largest immune organ. Its lumen is lined with epithelial cells, which are interconnected by tight junction proteins and shielded by a layer of protective mucus secreted by glandular cells within the epithelium. The epithelial layer and mucus layers form a barrier structure that can physically defend against most pathogens and act as the first line of defense. The intestinal structure can be clearly observed in tissue staining sections, and the ileum and colon are the most developed parts of the mucosal immunity of the small intestine and large intestine, respectively, so the ileum and colon were taken for staining section observation in this experiment. After Cy modeling, the ileum villi were deformed and atrophied, the length of intestinal villi was shortened, and the number of large intestinal glands in the colon was reduced, but the degree of damage was not deep, which may be related to the dose of Cy. That can be restored to a certain extent after HQGCD intervention.
IgA, the predominant immunoglobulin in the intestine, plays a crucial role in mucosal immunity and intestinal defense. It can recognize lipopolysaccharides, capsular polysaccharides and flagella on the surface of certain bacteria, form sIgA-coated bacteria, prevent pathogens from contacting intestinal epithelial cells, and thus protect the intestine (Pietrzak et al., 2020; Ding et al., 2021). Furthermore, sIgA can neutralize harmful enzymes and enterotoxins present in the intestine (Macpherson et al., 2001) and contributes to maintaining the dynamic equilibrium of the mucosal surface’s internal environment (Kato et al., 2014). A higher concentration of sIgA on the mucosal surface correlates with increased resistance to pathogens. Administration of Cy has been shown to decrease sIgA level in the intestinal mucosa, whereas HQGCD treatment can elevate sIgA level in mice’s ileum and colon tissues.
Oxidative stress and immunity are interrelated. Oxidative stress can lead to autoimmune diseases, while the immune system can activate and regulate the oxidative system. Oxidative stress is a series of adaptive responses caused by the imbalance between reactive oxygen species and the antioxidant system. MDA and SOD are oxidative and antioxidant indicators, respectively. MDA, which can induce cross-linking polymerization of proteins, nucleic acids, and other macromolecules, possesses cytotoxic properties and is an end product of free radical-induced lipid peroxidation in organisms (Xinchang et al., 2024). Conversely, SOD plays a critical role in eliminating oxygen free radicals, protecting tissues from free radical and peroxide damage. A reduction in SOD activity is associated with the extent of tissue damage (Schieber and Chandel, 2014). The two have opposite physiological effects. When Cy was applied to the intestine, the metabolism of intestinal cells was disordered, the level of MDA was increased, and the level of SOD was decreased. Intervention with HQGCD, however, results in decreased MDA level and increased SOD level, indicating a mitigative effect on oxidative stress.
The intestine serves as a vital digestive organ and the largest immune organ within the animal body. Intestinal mucosal epithelial cells are a monolayer of cells located in the inner part of the intestinal lumen, which is in direct contact with the external environment and can prevent pathogenic microorganisms and other harmful compounds from entering the body (Blikslager et al., 2007). The intestinal immune system comprises intestinal-associated lymphoid tissue and diffuse lymphoid tissue, with intestinal-associated lymphoid tissue consisting of IELs and lamina propria lymphocytes. The diffuse lymphoid tissue is a primary site for intestinal immunity (Pérez-Bosque et al., 2008). IELs are distributed throughout the epithelium of all mucosal and barrier sites, predominantly in the proximal small intestine, and decrease toward the colon. Most IELs are T lymphocytes of the small intestine. Dysregulation of IELs often leads to compromised mucosal barrier integrity, increased susceptibility to infections, and chronic inflammation (Hoytema van Konijnenburg and Mucida, 2017). CD3⁺ T lymphocytes are mature T cells whose level can reflect the total number of T lymphocytes. CD3⁺ T lymphocytes are an important indicator for evaluating the immune function of the body. According to their surface markers, CD3⁺ T lymphocytes can be divided into CD4⁺ and CD8⁺ T lymphocytes, with CD4⁺ cells functioning as T helper cells that regulate the differentiation of other immune cells and orchestrate the immune response. Conversely, CD8⁺ T lymphocytes belong to suppressor T cells, which can directly kill cells and play a negative regulatory role in immune response (Liu, 2023). In this study, compared with CON, the number of intraepithelial CD3⁺ and CD4⁺ T lymphocytes were decreased in MOD, the number of intraepithelial CD8⁺ T lymphocytes were increased in MOD. This study revealed that, compared to CON, MOD exhibited a decrease in the number of intraepithelial CD3⁺ and CD4⁺ T lymphocytes, while the number of CD8⁺ T lymphocytes increased. Following HQGCD treatment, there was an increase in the numbers of CD3⁺ and CD4⁺ T lymphocytes and a decrease in CD8⁺ T lymphocytes of three dose groups compared to MOD. These findings suggest that HQGCD effectively mitigates intestinal immunosuppression in mice.
DP T lymphocytes are commonly found in immature T lymphocytes, and mature T lymphocytes that truly co-express CD4⁺ and CD8⁺ are rare. In humans, DP T lymphocytes are usually present in low numbers in peripheral blood but can increase in lymphoma cases, certain viral infections, autoimmune diseases, and chronic inflammation (Fowlkes and Pardoll, 1989). Notably, DP T lymphocytes are observed in the peripheral blood and secondary lymphoid organs of pigs, monkeys, and chickens, which assist in immune function and increase with age (Zuckermann, 1999). However, there are few studies on mouse DP IELs, and some scholars have suggested that DP IELs in mice may be fully differentiated functional cells. The co-expression of CD4⁺ and CD8⁺ labeled IELs may contribute to the high-affinity attachment of effector IELs to epithelial tissues after TCR recognition of foreign antigens. However, this claim has not been proven (Mosley et al., 1990). Mouse DP IELs are known to express Th2-type cytokines, such as IL-5 and IL-6, and possess the capacity to mitigate Th1-induced intestinal inflammation. DP IELs can also produce IL-10, offering protection against Th1-induced intestinal inflammation, akin to the regulatory role of CD4⁺, CD25⁺ regulatory T cells, and B cells in an IL-10-dependent manner. The mechanism by which IL-10 from the small intestine provides protection to the large intestine is yet to be fully elucidated (Asseman et al., 1999; Das et al., 2003). In this experiment, compared with MOD, the number of DP IELs in CON and three dose groups after treatment were increased, proving that HQGCD could increase the number of DP IELs in mice to improve intestinal immunity. The difference is that the animals used in this experiment were KM mice, and no scholars have studied DP IELs in this breed of mice before.
The intestinal microbiota is intricately connected to the host’s health, forming a complex ecosystem that plays a vital role in nutrition, immunity, and disease resistance. However, this balance can be easily disrupted by various pathogenic factors, leading to alterations in the composition and function of the intestinal microbiota, which may contribute to a range of health issues (Adak and Khan, 2019). The results of intestinal microbiota sequencing showed that Cy reduced the diversity of the microbiota in the mice’s cecum, while HQGCD increased it. The Chao1 and Ace indices were utilized to estimate species richness, while the Shannon and Simpson indices measured species diversity. Coverage indicated the sequencing results’ comprehensiveness in representing the sample’s actual microbial composition, and the PD_whole_tree index assessed the overall diversity of the community. Alpha diversity analysis indicated increases in the Chao1, Ace, Shannon, Simpson, and PD_whole_tree indices across three dose groups, suggesting that HQGCD enhances mice’s diversity, community richness, and species count of the cecum microbiota. Further analysis of Beta diversity showed that the composition and structure of intestinal microbiota changed among the groups, with a trend of separation that was not obvious.
Among the top ten microbial groups with the highest abundance, Firmicutes and Bacteroidetes dominate the intestinal microbiota at the phylum level. The toxins produced by Bacteroidetes can induce proliferation of colonic epithelial cells and mucosal inflammation, in contrast, Firmicutes comprise many beneficial bacteria capable of reducing intestinal inflammation and regulating immune balance (Grice et al., 2009; Guo et al., 2022). The F/B value (F is the abundance of Firmicutes; B is the abundance of Bacteroidetes) in the intestinal microbiota of immunosuppressed mice decreases (Stojanov et al., 2020). An increase in the F/B ratio enhances the proportion of beneficial bacteria, increasing beneficial bacterial metabolites. This reduces the inflammatory response in the intestine and promotes positive regulation of immune function (So et al., 2021). This study found that HQGCD increased the F/B ratio in the cecum of mice. Proteobacteria and Campylobacterota are the dominant bacteria in the intestine. Proteobacteria and Campylobacterota are the main pathogens that cause diarrhea (Zhang et al., 2019). HQGCD could reduce the abundance of Proteobacteria and Campylobacterota in the cecum of mice. At the genus level, unclassified_Muribaculaceaeshows shows a negative correlation with inflammatory factors TNF-α and IL-1β (Hu, 2022). Unclassified_Lachnospiraceae is enriched in the intestine and positively impacts host health. Lachnospiraceae_NK4A136_group is significantly upregulated and related to hematopoietic indicators (Wang et al., 2023). Bacteroides compete for available nutrients in their environment and degrade polysaccharides for their use, preventing other microorganisms from utilizing them (Zafar and Saier, 2021). Alistipes are believed to have a protective effect against several diseases, such as liver fibrosis, colitis, cancer during immunotherapy, and cardiovascular disease (Parker et al., 2020). Lactobacillus can stimulate the secretion of IgA and IgG by activating TLR2 expression in dendritic cells, B cells, and macrophages (Sakai et al., 2014). In this experiment, Cy administration led to an increase in the abundance of unclassified_Muribaculaceae and Bacteroides. Conversely, HQGCD treatment elevated the abundance of beneficial bacteria, including unclassified Lachnospiraceae, Lachnospiraceae_NK4A136_group, and Lactobacillus.
LEfSe analysis was conducted at each taxonomic level to identify species with a LDA score greater than 4, selecting those species for further investigation. LEfSe analysis revealed that Cy significantly altered the abundance of Bacteroidota and its subclass Bacteroidia, as well as Erysipelatoclostridium and unclassified_Erysipelatoclostridium within the Erysipelatoclostridium genus in the intestinal microbiota of mice, potentially leading to adverse health effects. Conversely, under HQGCD intervention, significant positive changes were observed in Negativicutes, including Acidaminococcales, Acidaminococcaceae, Phascolarctobacterium, Ligilactobacillus, Oscillospiraceae, and Lachnospiraceae. These taxa are known to be beneficial to animal health. These findings suggest that HQGCD can mitigate the harmful effects of Cy on the intestinal microbiota, promoting a shift towards a more beneficial microbial composition.
This experiment examined multiple indicators, demonstrating that HQGCD has a therapeutic effect on the immunosuppressed mice, with the HQGCD-H showing the most significant impact on the majority of the indicators.
5 CONCLUSION
In conclusion, HQGCD has obvious therapeutic effect on cyclophosphamide-induced immunosuppression mice, and increase the intestinal immunity ability of mice, which provides a basis for the further research and application of HQGCD.
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Background: Polygonatum sibiricum (PS) is a traditional Chinese medicine (TCM) first recorded in Mingyi Bielu. The book documents that PS can nourish five internal organs, be taken for a long time, relax the body and prolong lifespan. Presently, PS is widely used in TCM to prevent premature graying of hair. Based on TCM theory and clinical trials, the wine steaming processed product from PS provides a better effect. However, no published study has elucidated the anti-aging mechanism.Purpose: The study aim was to investigate the anti-aging mechanism of PS and its wine steaming processed product in mice, specifically focusing on the effect of D-galactose (D-gal) surrounding the intestinal flora and the Kelch-like ECH-associated protein 1-nuclear factor erythroid 2-related factor 2-antioxidant response elements (Keap1/Nrf2/ARE) pathway.Methods: The chemical components in Raw PS (RPS) and Wine-steamed PS (WPS) were identified by ultra-performance liquid chromatography–hybrid quadrupole-Orbitrap high-resolution mass spectrometry (UPLC-Q-Orbitrap HRMS). An aging model using Kunming mice was established through intraperitoneally injected D-gal. Concentrations of RPS and WPS at 5, 10, or 15 g/kg/day levels were administered intragastrically, respectively. The body weight, liver and spleen indexes, superoxide dismutase (SOD), glutathione peroxidase (GSH-PX), and malondialdehyde (MDA) activities in serum and brain tissue were recorded. Hematoxylin and eosin (HE) stained brain tissue was histopathologically examined. The expressions of Keap1, Nrf2 and heme oxygenase 1 (HO-1) in the brain tissue at the mRNA and protein levels were respectively detected by reverse transcription-polymerase chain reaction (RT-PCR) and western blot (WB). Moreover, an Illumina Hiseq platform was used for 16S ribosomal RNA (16S rRNA) high-throughput sequencing to evaluate the proportions of intestinal flora in aging mice.Results: The proportions of saccharides, flavonoids, and triterpene acids were different between RPS and WPS. In the aging model mice, WPS outperformed RPS in improving body weight and mental state by increasing the spleen index, SOD and GSH-PX activities, decreasing the liver index and MDA activities, and restoring the histopathological morphology in D-gal-induced aging mice. At the mRNA levels, RPS and WPS significantly reduced the expression of Keap1 and increased the expressions of Nrf2 and HO-1. The trend in protein expressions was similar to that of the mRNA results, and WPS had a stronger effect than RPS. Fecal microbiota analysis showed that RPS and WPS restored intestinal microbiota proportions to normal levels.Conclusion: The results demonstrated that PS and its WPS had a positive effect in relieving oxidative stress in aging mice. WPS outperformed RPS, which might be related to the activation of the Keap1/Nrf2/ARE pathway and regulation of intestinal flora.[image: Graphical Abstract]Keywords: Polygonatum sibiricum, oxidative stress, intestinal flora, Kelch-like ECH-associated protein 1, nuclear factor erythroid 2-related factor 2, heme oxygenase 1
1 INTRODUCTION
Polygonatum sibiricum (PS) is the dried rhizome of the liliaceous plant. There are three species of Polygonati Rhizoma widely used in traditional Chinese herbal medicines: P. kingianum Coll. et Hemsl., P. sibiricum Red., P. cyrtonema Hua., known as “Huangjing” (Xiaowei et al., 2019; Chinese Pharmacopoeia Commission, 2020). PS has the effect of boosting Qi and nourishing Yin, strengthening the spleen, moistening the lung, and benefiting the kidney. In TCM, PS was first recorded by Mingyi Bielu, and was listed to the “Top Grade” herb in Shennong Bencao Jing (Zhao et al., 2018; Han et al., 2020). As a “medicine food homology” plant, many bioactive ingredients have been confirmed in PS, including polysaccharides, steroidal saponins, amino acids, flavonoids, anthraquinones, and alkaloids (Zeng et al., 2020). Modern pharmacological studies have demonstrated that PS decreases blood glucose (Ma et al., 2022) and blood pressure (Su et al., 2022), prevents atherosclerosis (Zhu et al., 2015), enhances immunity (Sun et al., 2022), and has anti-fatigue (Shen et al., 2021), anti-tumor (Li et al., 2022), and anti-aging effects (Chen et al., 2020). According to the previous study, the polysaccharide of PS could improve D-gal-induced aging rats’ state by up-regulating the expression of Klotho, and down-regulating the expression of FOXO3a in the mRNA and protein levels (Zheng, 2020). Besides, in vitro, 10% drug-containing serum of Polygonati Rhizoma could significantly decrease the reactive oxygen species (ROS) level. At the mRNA and protein levels, ataxia-telangiectasia mutated gene (ATM), ATM and Rad3-related kinase, check point 1, and check point 2 were significantly downregulated to intervene endothelial progenitor cells aging process (Qin et al., 2019). Wang et al. (2008) found that PS can effectively increase the activities of SOD, GSH-PX, Na+-K+-ATP, and Ca2+-ATP, and reduce the content of MDA in the brain tissue of aging mice.
However, Raw Polygonatum sibiricum (RPS) has a hemp taste, and when taken orally, the mouth and tongue are numbed and the throat is stimulated. Usually, PS needs to be processed before use in the clinic (Ren et al., 2020). Processing is common in TCM and has a crucial role in improving clinical efficacy and adaptation. Processing methods of PS include “nine steaming and nine drying,” “steaming,” and “wine steaming” (Yang and Gong, 2017). The Chinese Pharmacopeia (2020 edition) documents the “wine steaming” processing method, which involves taking 100 g of RPS, adding 20 g of wine, cutting thick slices, and drying (Chinese Pharmacopoeia Commission, 2020). Wine-steamed Polygonatum sibiricum (WPS) was obtained. The irritation and side effects of RPS are eliminated, and the drug function is changed after processing. The wining process accelerates the accumulation of effective ingredients and elimination of mucus (Lin et al., 2021). Nevertheless, at present, most studies of PS processing focus on the chemical composition change before and after processing, and the specific chemicals responsible for the therapeutic effect and scientific explanation of how the processing alters the therapeutic effect are not clear, which limits development of PS products.
As an inevitable physiological process, aging can lead to the gradual loss of some bodily functions, among which cognitive decline has become one of the biggest health threats to the elderly. In recent years, there have been many studies on the mechanism of aging, such as the telomere theory, free-radical theory, and metabolic imbalance theory (Rehman et al., 2017). Moreover, the free-radical theory shows that serious lesions can occur when excessive free-radicals are produced or the scavenging ability is increased from the human body (Liochev, 2013). Therefore, scavenging of excessive ROS free radicals has important physiological significance for slowing aging. There are two ways for organisms to remove excessive ROS free radicals: the antioxidant enzyme system and the non-enzymatic antioxidant system. When ROS is overproduced, the body’s antioxidant enzyme system is first activated (Sugino, 2006). SOD, GSH-PX, MDA and other enzymes have an important role in the body’s defensive mechanisms (Atmaca et al., 2008).
Studies have shown that the Keap1/Nrf2/ARE pathway is an essential signaling pathway and one of the vital mechanisms of antioxidants when the body is stimulated by oxidation (Chakkittukandiyil et al., 2022). In the normal state of the human body, Nrf2 binds to Keap1 in the cytoplasm, and Nrf2 protein is degraded so that a low level of Nrf2 is maintained. Under stressful conditions, a small fraction of Nrf2 escapes and enters the nucleus, polymerizes with small musculoaponeurotic fibrosarcoma protein, recognizes and binds to ARE, and activates the expression of antioxidant enzymes and phase II detoxification enzymes, including NADPH oxidase 1, HO-1, and SOD, among others. These free-radical scavenger enzymes can participate in the antioxidant defense mechanism of the body. Hence, when the body is stimulated by excessive ROS, the separation of Nrf2 and Keap1 increases, and more Nrf2 dissociates into the nucleus. Antioxidant enzyme expression is upregulated, and antioxidant effects are increased (Zhang et al., 2010; Tu et al., 2019).
The gut is the first place where endogenous ROS react with food. There are a variety of microorganisms in the gastrointestinal tract of healthy people (Ballard and Towarnicki, 2020). These microbes comprise a complex and diverse ecosystem in the gut, known as the gut microbiota, and there are about 400 bacterial species in the colon (Koeth et al., 2013). Usually, the imbalance of homeostasis between the host and gut microbiota will lead to impaired bodily function and induction of various diseases, such as cardiac, metabolic, cancer, neurodegenerative, and gastrointestinal diseases. Gut microbiota have become a new area of interest in disease research. Increasingly, studies have shown that the diversity of intestinal microbiota is changed during aging. Additionally, the abundance of microbiota related to glycolysis and short-chain fatty acids (SCFAs) is decreased and of microbiota related to protein decomposition is increased (Nicholson et al., 2012). Recently, numerous studies have revealed that the gut microbiota are generally related to a healthy-host status. Verdam et al. (2014) found that reduced bacterial diversity and a decreased ratio of Bacteroidetes/Firmicutes were found in an obesity group. With increasing age, the relative abundances of Faecalibacterium, Bacteroidaceae, and Lachnospiraceae were reduced (Badal et al., 2021).
It remains unclear if enhancement of the anti-aging effect of PS is directly related to the Keap1/Nrf2/ARE signaling pathway. Therefore, elucidation of the mechanism underlying the anti-aging effect of PS before and after processing would have great theoretical significance and potential clinical applications. We assumed that the chemical constitution of PS was changed by processing to produce greater antioxidant activity and that WPS has a positive effect on aging by regulating the gut microbiota and eliminating ROS stress by activating the Keap1/Nrf2/ARE pathway. The study aim was to investigate the anti-aging mechanism of PS and its wine steaming processed product in mice that focuses on the effect of D-gal surrounding the intestinal flora and on the Keap1/Nrf2/ARE pathway.
2 MATERIALS AND METHODS
2.1 Preparation of the RPS and WPS water exactions
RPS (Lot No.20210301) purchased from Shun Quanlong pharmaceutical Co., Ltd. met the Chinese Pharmacopoeia regulations (2020 edition, Part One) and was identified by Prof. Jun Wan (Southwest Jiaotong University, China) who conducts TCM research. Yellow rice wine (Lot No. 201812138) was purchased from Shandong Jimo yellow winery Co., Ltd. WPS was prepared in accordance with the Chinese Pharmacopeia’s processing standards (2020 edition, Part Four) and the steaming method. Following previous experiments, WPS was obtained by adding 20-g of wine to 100-g of RPS, soaking for 1h, steaming for 7h, braising for 3h, and drying at 60°C–80°C until the material did not stick to the hand (Shen et al., 2023).
According to the dose of clinical application per body surface area and the previous study (Liu, 2018), different concentrations of RPS and WPS was set (5 g/kg/d, 10 g/kg/d, 15 g/kg/d). Based on the volume of intragastric administration for mice as 0.1 mL/10 g, the corresponding solution concentrations were 0.5 g/mL, 1.0 g/mL, and 1.5 g/mL. One hundred grams of RPS or WPS botanical drugs were soaked in 600 mL of water at room temperature for 30 min, heating (decocting) at 100°C for 40 min, and filtrated by gauze. The residue was continuously boiled in 400 mL of water by repeating the decoction steps twice. Three filtrates were combined and concentrated to 200 mL with heating at 100°C, to get 0.5 g/mL the final concentration of crude drug. Then, the crude drug of 1.0 g/mL and 1.5 g/mL was separately made by continual heating up 0.5 g/mL concentration of crude drug to reduce the liquid by double and treble. The water extract was stored at 4°C for next use and prepared once a week.
2.2 Reagents
5-hydroxymethylfurfural (5-HMF) standard (MUST-21121510, Purity: 99.89%) and adenosine standard (MUST-21070613, Purity: 99.79%) were purchased from Chengdu Mansite Biotechnology Co., Ltd. (Sichuan, China). D-gal (P751206, Purity: 98.00%) was obtained from Chengdu Huaxia Chemical Reagent Co., Ltd. (Sichuan, China). Vitamin E (VitE, 2020121203, Purity: ≥50.00%) and anhydrous ethanol were provided by Chengdu Kelong Chemical Reagent Co., Ltd. (Sichuan, China). A hematoxylin-eosin (HE) staining kit (DH0020) was obtained from Leagene Biotechnology Co., Ltd. (Beijing, China). Biochemical kits for SOD, MDA, and GSH-PX were supplied by the Nanjing Jiancheng Institute of Biotechnology (Nanjing, China).
A BCA Protein Concentration Assay Kit (BL521A), RIPA cracking liquid (BL504A), phenylmethanesulfonyl fluoride (100 mM, BL507A), and 5×protein buffer (BL502B) were provided by Labgic Technology Co., Ltd. (Anhui, China). An Animal Total RNA Isolation Kit (RE-03014) was obtained from Chengdu Foregene Biotechnology Co., Ltd. (Sichuan, China). Beta actin (AF7018) and GAPDH (AF7018) were purchased from Affinity Biosciences (Jiangsu, China). HO-1 (E-AB-18231) and Keap1 (E-AB-19309) polyclonal antibodies were obtained from Elabscience Biotechnology Co., Ltd. (Hubei, China). Nrf2 polyclonal antibody (YT3189) was obtained from Immunoway Biotechnology Company (Texas, America). Goat anti-rabbit IgG HRP (70-GAR0072) and Goat anti-mouse IgG HRP (70-GAM0072) were provided by MultiSciences Biotech Co., Ltd. (Zhejiang, China).
HPLC/MS-grade acetonitrile was purchased from Sigma (Indiana, USA), and analytical-grade methanol and formic acid were supplied by Chengdu Jinshan Chemical Reagent Co., Ltd. (Sichuan, China).
A Research BIOMICS™ DNA Microprep Kit (Zymo, D4301), Clean Gel Recovery Kit (Zymo, D4008), KOD-Plus-Neo DNA PoKlymerase (TOYOBO, KOD-401B), and Hiseq Rapid SBS Kit v2 (Illmina, FC-402-4023 500 Cycle) were used in 16S rDNA sequencing of intestinal microbiota.
2.3 UPLC-Q-orbitrap HRMS analysis materials
UPLC-Q-Orbitrap HRMS was used to detect and identify the chemical composition of RPS and WPS in detail. The 1 g/mL water extracts of RPS and WPS were diluted to 20 mg/mL with methanol. A 50 μg/mL mixed standard solution of 5-HMF and adenosine was prepared in methanol. The sample and standard solutions were filtered through 0.22-μm filters and transferred into 1.5-mL sample bottles before analysis.
UPLC analysis was performed using a Thermo Fisher Scientific Vanquish with an ACQUITY UPLC BEH C18 column (2.1 mm × 50 mm, 1.7 μm) At a column temperature of 35°C. Mobile phase A was 0.1% formic acid and mobile phase B was acetonitrile. Gradient elution was performed as follows: 0–0.01 min, 5%B; 0.01–6.5 min, 5%–20%B; 6.5–13 min, 20%–28%B; 13–23 min, 28%–50%B; 23–33 min, 50%–65%B; 33–38 min, 65%–95%B; 38–40 min, 95%B. The flow rate was 0.3 mL/min, and the injection volume was 3 μL.
Mass spectrometry was performed using positive- and negative-ion modes from m/z 100–1500. An electrospray ion source and a spray voltage of 3.5 kV were used. Sheath gas and auxiliary gas flow rates were set at 35 arb and 10 arb, respectively. The ion source and auxiliary gas heating temperature was 350 °C. A full MS/data-dependent MS2 scan was used at two resolution levels of 35,000 and 17,500. The collision energy was set to three gradient levels of 20, 40, and 60 eV.
2.4 Experimental design for the animals
2.4.1 Animals
Specific pathogen-free-grade male Kunming mice (six to seven weeks old weighing 18–22 g) were purchased from Chengdu Dashuo Experimental Animal Co., Ltd. (Sichuan, China, certificate number of SCXK [Chuan] 2020-030). All procedures were performed in accordance with the Implementation Rules for the Management of Medical Laboratory Animals (1988 edition) promulgated by the Ministry of Health and were approved by the Animal Experimentation Ethics Committee of Southwest Jiaotong University (No. SWJTU-2010-001). The mice were permitted free access to drinking water and diet and housed in cages at a temperature of 20°C–25°C, relative humidity of 30%–70%, and a 12 h light/dark cycle.
2.4.2 Establishment of an aging model and drug intervention
After feeding in a week to adapt the environment, the mice were randomly divided into nine groups (10 mice per group) as follows: (i) control group (healthy controls, CG), (ii) model group (only D-gal, MG), (iii) positive group (D-gal + VitE [200 mg/kg/day], PG), (iv) RPS low-dose group (D-gal + RPS [5 g/kg/day], RPSG-L), (v) RPS medium-dose group (D-gal + RPS [10 g/kg/day], RPSG-M), (vi) RPS high-dose group (D-gal + RPS [15 g/kg/day], RPSG-H), (vii) WPS low-dose group (D-gal + WPS [5 g/kg/day], WPSG-L), (viii) WPS medium-dose group (D-gal + WPS [10 g/kg/day], WPSG-M), and (ix) WPS high-dose group (D-gal + WPS [15 g/kg/day], WPSG-H).
The aging model was established according to a method described previously (Zhao et al., 2021). The mice were intraperitoneally injected (i.p.) with D-gal at a dose of 500 mg/kg/day (0.1 mL/10 g) for 7 weeks, except for the mice in the CG who received an equal volume of 0.9% normal saline. From 14 days, the mice in the RPSG or WPSG were orally treated with different concentrations of the water extracts, and a gavage volume of 0.1 mL/10 g was used. For PG, based on the clinical administration dose per body surface area and combined with a previous study experience, the mice were administered VitE intragastrically (200 mg/kg/day, 0.1 mL/10 g). The same dose (0.1 mL/10 g) of normal saline was administered to the CG and MG. All groups were administered their designated solutions once a day for 32 days. The mental state and body weight of all mice were recorded regularly and dosage was adjusted by body weight.
2.5 Pathological examination
Pathological examination of the mice brain tissue was performed using HE staining. The brain tissue was divided into two parts. The left tissue was placed in 10% formaldehyde solution for 48 h to fix and then dehydrated, embedded in paraffin, and sliced. The slices (3 μm) were stained with an HE kit, sealed with neutral gum, and observed under histopathological conditions by a digital slice scanner. The right tissue was equally sliced in triplicate with a blade that was transferred and stored in liquid nitrogen for the following tests.
2.6 Index of immune organs
After the last administration, the mice were deprived of food and water for 12 h and their weights recorded. Subsequently, the mice were euthanized by dislocation of the spine, and tissue samples from the liver and spleen were quickly removed and rinsed with chilled saline. The surface water on the tissue was dried with filter paper. The organ weight was recorded, and the organ index was calculated as follows:
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2.7 Biochemical tests
Fresh blood was collected from the eyeballs of the mice. After placed for half an hour at room temperature, the serum was separated by centrifugation at 4°C and 3500 rpm for 10 min. The supernatant was collected separately and stored at −80°C. The slices of right-brain tissue used for biochemical tests were randomly selected. The activities of SOD, MDA, and GSH-PX in serum and brain tissue were determined using the appropriate biochemical kit in accordance with the manufacturer’s instructions. Absorbance of the sample was measured by a UV-VIS spectrophotometer (756, Yoke Instrument Co., Ltd.) (Shanghai, China) at a specific wavelength: 550 nm (SOD), 532 nm (MDA), and 412 nm (GSH-PX).
2.8 RT-PCR analysis
A randomly selected part of the right-brain tissue was used for RT-PCR analysis. Total RNA was extracted from the brain homogenate using an Animal Total RNA Isolation Kit. Reverse transcription into cDNA was performed using the 5× All-In-One MasterMix (with AccuRT Genomic DNA Removal kit). cDNA was amplified by EvaGreen Express 2×qPCR MasterMix-No Dye and quantitatively analyzed on an automatic medical PCR analysis system (Shanghai Hongshi Medical Technology Co., Ltd., China). The expressions of Keap1, HO-1, and Nrf2 were normalized to that of NADPH. Primer sequences for RT-PCR are shown in Table 1.
TABLE 1 | Primer sequences for RT-PCR.
[image: Table 1]The PCR amplification was performed as follows: a pre-denaturation step at 95°C for 10 min, a denaturation step at 95°C for 10 s, annealing extension at 60°C for 30 s. A total of 40 cycles were run. The mRNA levels of Keap1, Nrf2, and HO-1 mRNA were calculated by analyzing the threshold cycle (Ct) values of the samples. The ∆∆CT method was used to calculate the expressions normalized to NADPH. The 2−ΔΔCT method was used to calculate the relative ratio of the target gene.
2.9 WB analysis
A part of the right-brain tissue used for WB analysis was randomly selected. Total protein from the brain tissue was extracted in RIPA lysis buffer. The lysate was transferred into a 1.5-mL centrifuge tube and centrifuged at 12,000 rpm, 4°C for 10 min. The supernatant was collected. Subsequently, the bicinchoninic acid (BCA) method was used to quantify the protein concentrations. Protein samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and transferred into polyvinylidene fluoride membranes. The membranes were sealed with 5% defatted milk for 1 h at room temperature, incubated at 4°C overnight with primary antibodies against Keap1 (1:1000), Nrf2 (1:2000), HO-1 ((1:1000), and β-actin (1:5000) and washed three times (every 5 min) with tris buffer solution tween (TBST). After incubation with secondary antibodies at room temperature for 1 h, the membranes were washed with TBST three times (every 5 min). The bands were imaged, captured, and analyzed with Shanghai Qinxiang Chemical Analysis Software. The levels of protein expression normalized to β-actin were calculated.
2.10 16S rRNA gene sequencing of intestinal flora
Fresh mice feces were collected in sterile frozen tubes under sterile conditions and stored at −80°C. The total DNA of each sample was extracted and purified on the basis of the instructions of the Zymo Research BIOMICS DNA Miniprep Kit. Subsequently, DNA integrity was detected by 0.8% agarose gel electrophoresis, and the nucleic acid concentration was determined using the PicoGreen dye method. According to the sequencing region, the specific primers were synthesized to amplify the bacterial V4 variable regions of 16S rRNA genes, and the sequences for amplification were as follows: 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR amplified process was as follows: a pre-denaturation step at 94°C for 1 min (1 cycle), a denaturation step at 94°C for 20 s, annealing at 54°C for 30 s and extension at 72°C for 30 s (25–30 cycle) and 72°C for 5 min (1 cycle). Each sample was repeatedly subjected to the above process three times, and PCR products in the linear phase were equally mixed for subsequent library construction. The target fragments of the PCR products were detected by 2% agarose gel electrophoresis, recycled using a Zymo clean Gel Recovery Kit, and qualified with Qubit@ 2.0 Fluorometer (Thermo Scientific). The library was constructed using the NEBNext Ultra II DNA Library Prep Kit for Illumina. Finally, high-throughput sequencing for amplified products was performed using an Illumina Hiseq Rapid SBS Kit v2 by Rhonin Biosciences (Chengdu, China).
2.11 Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics 26.0 (IBM SPSS Statistics for Windows, IBM Corp., Armonk, NY) and GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA). All data are shown as the mean ± standard deviation. Comparisons between multiple groups were assessed using one-way analysis of variance. Data of the group satisfying homogeneity of variance were then subjected to the least significant difference test, otherwise, the Tamhane T2 test was performed. Data were considered statistically significant at p < 0.05.
3 RESULTS
3.1 Chemical composition
The UPLC-Q-Orbitrap HRMS chromatograms of RPS and WPS water extraction in the negative- and positive-electrospray ion modes are shown in Figure 1. The Compound Discovery 3.0 and Xcalibur 2.0 programs were used to screen and process the spectrometry data. Using a mass error standard of <5 ppm between the theoretical and experimental data, the compositions of RPS and WPS were determined by high-precision measurement of the precursor and product ions. A total of 52 compounds of RPS and WPS were identified according to standards, mass spectrometry fragment modes, mass spectrometry libraries (including mzCloud datebase, mzVault datebase and Massbank datebase) and relative references. As shown in Table 2, there were a significant differences in compound type and content between RPS and WPS, with 42 compounds in RPS and 46 compounds in WPS. Succinic acid, 5′-S-methyl-5′-thioadenosine, indole-3-acrylic acid, azelaic acid, sakuranetin, and luteolin were detected only in RPS, whereas DL-malic acid, 5-hydroxymethyl-2-furaldehyde, deoxyribose, 2-furoic acid, δ-gluconic acid δ-lactone, nobiletin, 3-n-butylphathlide, ursolic acid, 16-hydroxyhexadecanoic acid, and 1-stearoylglycerol were detected only in WPS.
[image: Figure 1]FIGURE 1 | Total-ion chromatograms (TICs) of RPS and WPS water extraction. (A) TIC of RPS in negative-ion mode; (B) TIC of WPS in negative-ion mode; (C) TIC of RPS in positive-ion mode; (D) TIC of WPS in positive-ion mode.
TABLE 2 | UPLC-Q-Orbitrap HRMS data of the characterized compounds in RPS and WPS.
[image: Table 2]3.2 Influence of PS on the mental state and body weight in aging mice
Before modeling, the mice in each group had shown a good mental state, bright and smooth hair, normal diet and defecation, high activity, and quick responses. After establishing the aging model, the MG mice showed a poor mental state, yellow hair, lost hair, decreasing activity, listlessness, and clustering. The overall state in the MG was worse than that in the CG and other drug groups, and their weight increase slowed. The mice body weights in each group are shown in Table 3.
TABLE 3 | Body weights (g) of the mice in each group (n = 10).
[image: Table 3]There was no significant difference in the mean body weights among the groups at the start of injecting D-gal. At 21 days, the body weights were significantly lower in the MG and RPSG-H than in the CG (p < 0.01 or p < 0.05). After 28 days, compared with the MG, body weight of mice in all doses WPSG was significantly increased (p < 0.01). After 35 days, the body weight of mice in the WPSG-M increased compared with that in the RPSG-M (p < 0.05). At 42 days, except of RPSG-H, the weights of all doses groups increased more rapidly than in the MG (p < 0.01 or p < 0.05), whereas there was no significant difference among different doses of RPS and WPS (p < 0.05).
3.3 Influence of PS on pathological changes in the brain tissue of aging mice
The state of neuronal cells was observed by H&E staining (Figure 2A). In the CG, the cortical brain tissue structure showed no pathological damage, which was evidenced by the clear contours of neurons and nucleoli, vacuolated nuclei, and intact nerve fibers and glial cells. In the MG, a large number of cortical neurons had shrunk, cell volumes had decreased, and the cerebral cortex was significantly thinned and appeared as a reticular structure. There were cavities around the nucleus and blood vessels, which showed severe edema. HE staining was enhanced and stained blue-purple. Compared with those in the MG, the lesions and edema degree of the PG, RPSG, and WPSG were reduced, and the cortical neurons showing slight swelling, cytoplasmic vacuoles, and unclear cell contours. These findings were consistent with the disease characteristics of aging caused by D-gal, indicating that the aging model was successfully replicated.
[image: Figure 2]FIGURE 2 | Therapeutic effects of RPS and WPS in the aging mice (n = 10). (A) Pathological examination of brain tissue (magnification ×200 and ×400); Neuronal cell size decreasing (black arrow); Formation of vacuoles/reticular structure (red arrow/circle); (B) Liver index; (C) Spleen index. CG, healthy controls; MG, only D-gal; PG, D-gal + VitE (200 mg/kg/day); RPSG-L, D-gal + RPS (5 g/kg/day); RPSG-M, D-gal + RPS (10 g/kg/day); RPSG-H, D-gal + RPS (15 g/kg/day); WPSG-L, D-gal + WPS (5 g/kg/day); WPSG-M, D-gal + WPS (10 g/kg/day); WPSG-H, D-gal + WPS (15 g/kg/day). *p < 0.05, **p < 0.01, compared with the CG. #p < 0.05, ##p < 0.01, compared with the MG. ∆p < 0.05, ∆∆p < 0.01, compared with the same dose of RPSG. &p < 0.05, &&p < 0.01, compared with the different dose of RPSG or WPSG.
3.4 Influence of PS on the immune organ index in aging mice
The antioxidant capacity of the body is closely related to health status. As important immune and metabolic organs of the body, the spleen and liver indexes reflect the degree of cell proliferation and are closely related to the regulation of health functions. As is shown in Figure 2B, C, compared with those in the CG, the liver index of mice significantly increased and the spleen index significantly decreased in the MG (p < 0.01). After drug intervention, the liver index was significantly lower in the PG, WPSG-M, and WPSG-H than in the MG (p < 0.01 or p < 0.05) and was not significantly different from that in the CG (p > 0.05). The spleen indexes were significantly higher in all drug intervention groups than in the MG (p < 0.01 or p < 0.05) and restored to the level of the CG except for RPSG-L. The above results indicate that RPS and WPS could improve the immune organ index in aging mice, and WPS was more effective than RPS. There were no significant differences between different doses of RPS and WPS.
3.5 Influence of PS on biochemical activities in aging mice
Compared with the CG, the expression levels of SOD (Figure 3A, B) and GSH-PX (Figure 3C, D) in the MG were remarkably decreased and the expression levels of MDA (Figure 3E, F) were notably increased (p < 0.01 or p < 0.05). The WPSG could adjust SOD, MDA, and GSH-PX to normal levels. RPSG could adjust SOD and MDA to normal levels. However, the regulatory effect was worse for RPSG than for WPSG. The results showed that WPS was superior to RPS for upregulating SOD and GSH-PX and lowering MDA. There were no significant distinctions between the different dose groups of RPS or WPS. According to the above and previous results, the medium-dose group of PS demonstrated the best therapeutic effect. Therefore, the RPSG-M and WPSG-M were considered as the default groups for the following tests to illustrate the pharmacodynamic mechanism.
[image: Figure 3]FIGURE 3 | Biochemical activities of RPS and WPS in the aging mice (n = 8). (A) Activity of SOD in serum; (B) Activity of SOD in brain tissue; (C) Activity of GSH-PX in serum; (D) Activity of GSH-PX in brain tissue; (E) Activity of MDA in serum; and (F) Activity of MDA in brain tissue. CG, healthy controls; MG, only D-gal; PG, D-gal + VitE (200 mg/kg/day); RPSG-L, D-gal + RPS (5 g/kg/day); RPSG-M, D-gal + RPS (10 g/kg/day); RPSG-H, D-gal + RPS (15 g/kg/day); WPSG-L, D-gal + WPS (5 g/kg/day); WPSG-M, D-gal + WPS (10 g/kg/day); WPSG-H, D-gal + WPS (15 g/kg/day). *p < 0.05, **p < 0.01, compared with the CG. #p < 0.05, ##p < 0.01, compared with the MG. ∆p < 0.05, ∆∆p < 0.01, compared with the same dose of RPSG. &p < 0.05, &&p < 0.01, compared with the different dose of RPSG or WPSG.
3.6 Influence of PS on the Keap1//Nrf2/ARE signal pathway in the aging mice
RT-PCR was used to assess the mRNA expression of Keap1, Nrf2, and HO-1 in the brain tissue. As illustrated in Figure 4A–C, compared with the CG, the mRNA expressions of Nrf2 and HO-1 were remarkably decreased and that of Keap1 was remarkably increased in the MG (p < 0.01). The mRNA expression levels of Nrf2 and HO-1 were significantly upregulated in the RPSG, WPSG, and PG relative to those in the MG (p < 0.01).
[image: Figure 4]FIGURE 4 | The effect of PS on the Keap1/Nrf2/ARE signal pathway in the brain tissue of aging mice (n = 4). (A) Relative mRNA expression of Keap1; (B) Relative mRNA expression of the Nrf2; (C) Relative mRNA expression of HO-1; (D) Associated protein bands in the Keap1/Nrf2/ARE signal pathway; (E) Relative protein expression of Keap1; (F) Relative protein expression of Nrf2; (G) Relative protein expression of HO-1. CG, healthy controls; MG, only D-gal; PG, D-gal + VitE (200 mg/kg/day); RPSG, D-gal + RPS (10 g/kg/day); WPSG, D-gal + WPS (10 g/kg/day). *p < 0.05, **p < 0.01, compared with the CG. #p < 0.05, ##p < 0.01, compared with the MG. ∆p < 0.05, ∆∆p < 0.01, compared with the same dose of RPSG. &p < 0.05, &&p < 0.01, compared with the different dose of RPSG or WPSG.
WB was used to further check the Keap1, Nrf2, and HO-1 protein expressions in aging mice. As shown in Figure 4D–G, the protein expressions of Nrf2 and HO-1 were lower and that of Keap1 was higher in the MG than in CG (p < 0.01 or p < 0.05). Compared with the MG, the expression of Nrf2 was increased in the PG, RPSG, and WPSG, and the WPSG showed greater improvement than the RPSG (p < 0.01). The expressions of Keap1 and HO-1 in the PG and WPSG were significantly different from those in the MG (p < 0.05). Combined with the RT-PCR results, these results show that PS treatment significantly alleviated oxidative stress impairment in aging mice by improving the expressions of Nrf2 and HO-1 and suppressing the expression of Keap1 in the mRNA and protein levels. However, the level of CG was restored to a greater degree in the WPSG than in the RPSG.
3.7 Influence of PS on the intestinal flora in aging mice
3.7.1 Alpha diversity analysis
After removing the unqualified sequences, 30,152 effective tags were collected and 986 operational taxonomic units (OTUs) were obtained. A Venn diagram (Figure 5A) shows the overlap of OTUs among each group, and a similar relationship between different samples of each group was demonstrated. As shown in Figure 5E, the dilution curve tended to be flat with an increasing number of reads, whereas the number of OTUs hardly increased at all, indicating that sequencing could basically cover all species in the sample and that increasing the amount of data would only produce a small number of low-abundance species. The alpha diversity is used to characterize a species’ richness, evenness, and diversity of a sample. Typically, the Chao1 index is used to estimate the total number of species, the Shannon index is used to assess microbial diversity, and the PD index is used to measure phylogenetic diversity. The Chao1 and PD indexes were lower in the MG than in the CG (Figures 5B–D) and higher in the PG and WPSG than in the MG (p < 0.01 or p < 0.05). The Chao1, Shannon, and PD indexes were significantly different between the RPSG and WPSG (p < 0.05). These results indicated that the species’ richness and diversity were higher in the CG than in the MG, and the WPSG was more effective in improving the community diversity to normal levels than the RPSG.
[image: Figure 5]FIGURE 5 | Alpha diversity of the intestinal microbiota (n = 5). (A) Venn diagram; (B) Chao1 index; (C) Shannon index; (D) PD index; and (E) Rarefaction curves. CG, healthy controls; MG, only D-gal; PG, D-gal + VitE (200 mg/kg/day); RPSG, D-gal + RPS (10 g/kg/day); WPSG, D-gal + WPS (10 g/kg/day). *p < 0.05, **p < 0.01, compared with the CG. #p < 0.05, ##p < 0.01, compared with the MG. ∆p < 0.05, ∆∆p < 0.01, compared with the RPSG.
3.7.2 Beta diversity analysis
Microbial community structures of different samples were assessed by Beta diversity analysis. UniFrac is one of the most common methods to analyze the distance between microbial communities, including the use of weighted and unweighted algorithms (Lozupone et al., 2011). Nonmetric multidimensional scaling (NMDS) results based on the Bray–Curtis distance matrix (Figure 6A), and the Unweighted Clustering Dendrogram (Figure 6B) were performed. The stress value was <0.2, indicating that the NMDS analysis results were reliable. The sample points between the CG and MG were completely separated, indicating that, compared with that of the CG, the intestinal microbiota composition of the MG changed significantly. Furthermore, at the MDS2 level, the PG, RPSG and WPSG showed different separation compared with the MG, besides, the WPSG showed greater separation from the MG than from the RPSG, which indicated that WPSG was more effective in adjusting the structure of the intestinal microbiota.
[image: Figure 6]FIGURE 6 | Beta diversity of the intestinal microbiota (n = 5). (A) NMDS analysis based on Bray–Curtis; (B) Clustering Dendrogram, unweighted. CG, healthy controls; MG, only D-gal; PG, D-gal + VitE (200 mg/kg/day); RPSG, D-gal + RPS (10 g/kg/day); WPSG, D-gal + WPS (10 g/kg/day).
3.7.3 Community composition analysis of the intestinal flora in aging mice
According to the abundance of OTU and the results of annotated taxonomic information, the dominant species with relative abundance at the phylum and genus levels were selected and examined by cumulative bar plot to explore the structural composition of the intestinal flora in aging mice.
As illustrated in Figure 7A, the gut microbiota included 10 phyla, in which Bacteroidetes, Firmicutes, Proteobacteria, Epsilonbacteraeota, and Verrucomicrobia were dominant in the gut microbiota of each group, and their proportions were 97.88% (CG), 98.61% (MG), 98.43% (PG), 98.90% (RPSG), and 98.26% (WPSG), respectively. Compared with the CG, the proportions of Proteobacteria and Epsilonbacteraeota decreased, whereas the proportions of Bacteroidetes, Firmicutes, and Verrucomicrobia increased in the MG. After PS treatment, the proportions of Bacteroidetes and Proteobacteria returned to normal levels. At the genus level, the number detected was 129. As shown in Figure 8B, Bacteroides, Alloprevotella, Alistipes, Dubosiella, and Rikenellaceae RC9 gut group were dominant in each group. Compared with the CG, the proportions of Bacteroides and Alloprevotella were lower in the MG. Conversely, the proportions of Rikenellaceae RC9 gut group, Alistipes, and Dubosiella were upregulated in the MG. After PS treatment, the proportions of Rikenellaceae RC9 gut group, Bacteroides, Alloprevotella, and Alistipes returned to normal levels. The above results indicated that the proportions of the intestinal flora of aging mice was disrupted. After administration, RPS and WPS could regulate the relative abundances of intestinal flora in aging mice to a normal level.
[image: Figure 7]FIGURE 7 | The community composition of intestinal flora in aging mice (n = 5). (A) Bar plot of the relative abundance at the phylum level; (B) Bar plot of the relative abundance at the genus level. CG, healthy controls; MG, only D-gal; PG, D-gal + VitE (200 mg/kg/day); RPSG, D-gal + RPS (10 g/kg/day); WPSG, D-gal + WPS (10 g/kg/day).
[image: Figure 8]FIGURE 8 | Correlation analysis between intestinal flora and environmental factors. *p < 0.05, **p < 0.01.
3.7.4 Correction analysis between intestinal flora and environmental factors
Spearman’s rank correlation analysis between the Keap1//Nrf2/ARE signal pathway and intestinal flora of mice was performed to explore the relationship between intestinal flora and environmental factors. As illustrated in Figure 8, the results revealed a notable correlation between the distribution of the intestinal flora in aging mice and the levels of Keap1//Nrf2/ARE in the brain. At the genus level, [Eubacterium] coprostanoligenes group, [Eubacterium] xylanophilum group, Alloprevotella, Anaeroplasma, Caldicoprobacter, Clostridium sensu stricto 1, Lachnoclostridium, Lachnospiraceae NK4A136 group, Lachnospiraceae UCG-001, Mycoplasma, Oscillibacter, Prevotellaceae NK3B31 group, Prevotellaceae UCG-001, Roseburia, Ruminiclostridium, Ruminiclostridium 9, Ruminococcaceae UCG-014, and Ruminococcus one were positively correlated with the expressions of Nrf2 and HO-1 and negatively correlated with the expression of Keap1. However, Alistipes, Bifidobacterium, Butyricimonas, Faecalibaculum, Lactobacillus, Muribaculum, Parasutterella, Prevotella 9, Rikenella, and Rikenellaceae RC9 gut group were negatively correlated with the expression of Nrf2 and HO-1 but positively correlated with the expression of Keap1. [Eubacterium] xylanophilum group, Butyricimonas, Faecalibaculum, Lachnoclostridium, Lactobacillus, Prevotellaceae UCG-001, and Ruminococcus 1 were significantly correlated with the expression of Keap1 at the protein and mRNA levels (p < 0.01 or p < 0.05). Faecalibaculum, Lachnospiraceae UCG-001, Oscillibacter, and Prevotellaceae UCG-001 were significantly correlated with the expression of Nrf2 at the protein and mRNA levels (p < 0.01 or p < 0.05). Butyricimonas, Faecalibaculum, Lachnospiraceae NK4A136, Lachnospiraceae UCG-001, Mycoplasma, Oscillibacter, Prevotellaceae NK3B31 group, Prevotellaceae UCG-001, and Ruminiclostridium 9 were significantly correlated with the expression of HO-1 at the protein and mRNA levels (p < 0.01 or p < 0.05). In conclusion, Faecalibaculum and Prevotellaceae UCG-001 were significantly associated with the activation of Keap1//Nrf2/ARE signal pathway (p < 0.01 or p < 0.05).
4 DISCUSSION
Wine steaming is a unique and effective processing method that is used in the clinical practice of TCM in China. PS is usually processed by steaming to reduce toxicity and promote efficacy before application in a clinic (Shen et al., 2022). The biggest characteristic of TCM is its complex chemical composition, with its multiple components, effects, and targets resulting in its drug effects. UPLC-Q-Orbitrap HRMS has been widely used in the qualitative analysis of TCM because it provides a platform to observe fragment ions of compounds and has the advantages of high sensitivity, high-resolution, high accuracy, and a wide scanning range. The technology not only helps to solve the problem of the diversity and complexity of TCM, but also establishes a foundation for elucidating the therapeutic mechanism of TCM and the development of new drugs (Wong et al., 2016; Liu et al., 2021). In this study, six compounds were detected only in RPS, and 10 compounds were detected only in WPS. Among them, 5-hydroxymethyl-2-furaldehyde and 2-furoic acid were produced by the “Maillard reaction,” a reaction between carbonyl compounds and amino compounds, and the products have been demonstrated to have an effect on antioxidants (Wolfrom et al., 1948; Liu et al., 2014). Saccharides, flavonoids, and alkaloids were the main components that were different in PS before and after processing. The content of D-(−) fructose increased but sucrose decreased after processing, which may be related to the hydrolysis of polysaccharides and oligosaccharides during the process (Chen et al., 2022). Flavonoids, including luteolin, tangeritin, sakuranetin, and nobiletin, were abundant in PS and have proved its therapeutic biological activity. The response intensity of flavonoids differed greatly, and the intensity of amino acids and maltol showed an upward trend after processing, indicating that these components might have transformed into each other during processing (Ren, et al., 2021). The above results demonstrate that the chemical components of RPS and WPS were different and had been transformed, approximately influencing the curative effect of the drugs.
Aging is an irreversible physiological process of functional decline that is mainly manifested by physiological degeneration of cell function, bodily organs, and metabolic functions as well as disordering of gut microbiota. Many studies have shown that the structure of gut microbiota, metabolites, and molecular signals generated during metabolism are closely related to the occurrence of aging diseases (You, 2022). Although PS reportedly has various beneficial effects toward the tonic aspect, there have been few reported studies regarding the mechanism underlying anti-aging effects, especially for modulating gut microbiota. Hence, the mitigating effects of PS on aging were measured by evaluating the capacity of antioxidants, regulating gut microbiota, and the Keap1/Nrf2/ARE signaling pathway.
In this study, the anti-aging effects of RPS and WPS were assessed by establishing a D-gal-induced aging mouse model, which has been widely used in aging studies. Numerous studies have shown that symptoms similar to those of natural aging are induced by long-term intake of high doses of D-gal. Zhao et al. (2017) believed that intraperitoneal injection of D-gal (100–300 mg/kg/day) required continuous modeling for 4–7 weeks. Combined with the study by Chen et al. (2016), the optimal concentration of D-gal to induce a subacute aging mouse model was 500 mg/kg/day. Therefore, 500 mg/kg was chosen as the model-drug dose in this experiment. The mechanism underlying induction of oxidative stress damage is stimulation of excessive oxygen free radicals by D-gal (Han et al., 2014). One study showed that long-term intraperitoneal injection of D-gal induced a variety of biochemical changes in the body, particularly organ degeneration, as observed in the brain and liver (Sheng et al., 2022). Oxidative stress damage theory is the mainstream theory of aging research. Several studies have demonstrated that antioxidant enzymes have a crucial part in removing and decomposing excessive free radicals in the body (Zhang et al., 2021). SOD is one of the important antioxidant enzymes that maintain the body’s antioxidant homeostasis. GSH-PX can prevent peroxides from damaging the body by blocking redox reactions. As a lipid peroxide of cell membranes, MDA can reflect the degree of lipid peroxidation and severity of free-radical attacks in the body (Zhang et al., 2020).
First, compared with the CG, the MG showed worse mental state, lower body weight and spleen index, higher liver index, decreased SOD and GSH-PX activities, and increased MDA levels in the serum and brain tissue, indicating that the aging mouse model was successfully established. Next, the difference in anti-aging efficacy between RPS and WPS was explored. In this study, the effects of RPS and WPS on body weight, pathological effects on the brain, liver index, spleen index, SOD, and MDA, and GSH-PX activity levels of aging mice were recorded. The results showed that both RPS and WPS could significantly improve the mental state, increase body weight, improve the liver and spleen indexes, and reverse the level of antioxidant enzymes in aging mice. However, there were some differences between the effects of RPS and WPS. The overall effect was slightly stronger for WPS than for RPS. In particular, the regulatory effects were significantly better for WPS than for RPS, as shown by increasing the body weight and decreasing liver indexes and promoting serum SOD, brain SOD, and GSH-PX levels in aging mice.
To further clarify these mechanisms, the Keap1/Nrf2/ARE signaling pathway was explored. This pathway is often considered to be linear and primarily mediated by negative feedback beginning with oxidative stress and ending with induction of antioxidant genes (Liu et al., 2022). A previous study showed that loss of Nrf2 promoted aging (Schmidlin et al., 2019). Under normal conditions, Nrf2 is bound and protein degraded by Keap1. When ROS accumulation in vivo exceeds the body-scavenging capacity, Keap1 loses its ability to promote Nrf2 ubiquitination and degradation. Then, promotion of the oxidation of Keap1 cysteine residues, induction of the release and activation of Nrf2, mediation of the translocation of Nrf2 to the nucleus, binding of antioxidant response elements, and initiation of the expression of various antioxidant enzymes, such as HO-1 and NQO1 (Xu, 2021), are activated.
At the mRNA and protein levels, the expression of Keap1 strikingly increased in the MG but the expressions of Nrf2 and HO-1 notably decreased compared with those in the MG (p < 0.01 or p < 0.05). These results indicated that D-gal-induced oxidative stress in the brain tissue of aging mice, especially within the Keap1/Nrf2/ARE signaling pathway, was significantly inhibited. After RPS and WPS intervention, the mRNA levels of Keap1 were significantly decreased, whereas the levels of Nrf2 and HO-1 were significantly increased in the two groups. The protein expression showed the same trend as the mRNA results, and WPS had a stronger normal level restorative effect. We speculated that antioxidant channels might be inhibited in the brain tissue of D-gal-induced aging mice. After administration of RPS and WPS, the anti-oxidative stress Keap1/Nrf2/ARE pathway might be activated to alleviate the symptoms of aging, and the effect of WPS was stronger than RPS.
This study found that intestinal microbiota sharply changed during the model aging process, mainly manifested as reduced abundance and structure, decreased dominant bacteria and proportion of probiotics, and intestinal microecological disorder. The results were consistent with previous research (Wu et al., 2018; Li et al., 2019). In our study, according to the alpha diversity, the Shannon index was decreased, and the Chao1 and PD indexes of fecal microbiota were significantly lower in the MG than in the CG. Compared with the MG, the RPSG showed an increasing trend, whereas the WPSG had an obviously regulatory effect on diversity and richness, indicating that D-gal stimulated specific alterations in the richness and evenness of intestinal microbiota in aging mice. Intervention with RPS and WPS can improve the diversity of gut microbiota, and the effect is better with WPS than with RPS. Based on the Beta diversity, in the MG and the CG, the gut microbiota structure was notably changed showing that RPS and WPS treatment could restore normal levels.
Numerous studies have demonstrated that neurodegenerative disease-related oxidative stress, such as that caused by aging, Alzheimer’s disease, and Parkinson’s disease, show a reduced relative abundance of Firmicutes (Arboleya et al., 2016; Xiong et al., 2021; Hang et al., 2022). Verrucomicrobia has beneficial effects of prolonging health and life spans (Jandhyala et al., 2015). Zhao et al. (2018) found that compared with normal mice, aging mice had an increased proportion of F/B (Firmicutes/Bactroidetes) in the intestinal microbiota, and the variety of beneficial bacteria was decreased. At the phylum level, after administration of RPS and WPS, the relative abundance of Firmicutes and the ratio of F/B increased relative to those in the MG, and the relative abundance of Verrucomicrobia also increased. WPS outperformed RPS in regulation of Firmicutes and Bacteroidetes. At the genus level, compared with the CG, the MG showed decreased relative abundances of Bacteroides, Alloprevotella, and Helicobacter. After administration of RPS and WPS, the relative abundances of Bacteroides, Alloprevotella, Dubosiella, and Akkermansia were increased, whereas the relative abundances of the Rikenellaceae RC9 gut group, Butyricimonas, and Parasutterella were decreased. A previous study showed that along with increasing age, the cumulative abundances of Alloprevotella, Dubosiella, and Akkermansia associated with healthy groups were decreased (Biagi et al., 2016). Bacteroides is considered to be a beneficial bacteria that produces abundant SCFAs, which participate in mediating the oxidation and inflammation levels in the brain and gut that effectively enhances immunity and postpones aging (Hao et al., 2022).
D-gal-induced aging has been shown to be related to changes in the gut microbiota structure. The expressions of Keap1, Nrf2, and HO-1 in brain tissue are also closely related to aging. In the brain–gut axis, a functional relationship that mediates between the gut microbiota and brain behavior has been previously observed (Ling et al., 2022). Therefore, we suspected that the expressions of Keap1, Nrf2, and HO-1 in brain tissue may be related to the intestinal flora. Therefore, we performed Spearman’s rank correlation analysis. The correlation results and changes in the structure of the intestinal flora at the genus level showed that the expressions of Nrf2, HO-1, and Keap1 in the brain of aging mice were correlated with the relative abundances of the [Eubacterium] coprostanoligenes group, [Eubacterium] xylanophilum group, Alloprevotella, Anaeroplasma, Caldicoprobacter, Clostridium sensu stricto 1, Lachnoclostridium, Lachnospiraceae NK4A136 group, Lachnospiraceae UCG-001, Mycoplasma, Oscillibacter, Prevotellaceae NK3B31 group, Prevotellaceae UCG-001, Roseburia, Ruminiclostridium, Ruminiclostridium 9, Ruminococcaceae UCG-014, Ruminococcus 1, Alistipes, Bifidobacterium, Butyricimonas, Faecalibaculum, Lactobacillus, Muribaculum, Parasutterella, Prevotella 9, Rikenellaceae RC9 gut group, Rikenella, and (p < 0.01 or p < 0.05). The RT-PCR and WB results indicate that the protein and mRNA expressions of Keap1 in PS might be related to the abundances of the [Eubacterium] xylanophilum group, Butyricimonas, Faecalibaculum, Lachnoclostridium, Lactobacillus, Prevotellaceae UCG-001, and Ruminococcus 1 (p < 0.01 or p < 0.05). The protein and mRNA expressions of Nrf2 in PS might be related to Faecalibaculum, Lachnospiraceae UCG-001, Oscillibacter, and Prevotellaceae UCG-001 (p < 0.01 or p < 0.05). The protein and mRNA expressions of HO-1 in PS might be related to Butyricimonas, Faecalibaculum, Lachnospiraceae NK4A136 group, Lachnospiraceae UCG-001, Mycoplasma, Oscillibacter, Prevotellaceae NK3B31 group, Prevotellaceae UCG-001, and Ruminiclostridium 9 (p < 0.01 or p < 0.05). Finally, Faecalibaculum and Prevotellaceae UCG-001 were significantly related to the expressions of the components in the Keap1//Nrf2/ARE signal pathway (p < 0.01 or p < 0.05).
This study had some limitations. The study results were obtained from elementary data that showed treatment with RPS and WPS could notably improve the antioxidant capacity in serum and the brain and modulate the gut microbiota. However, future studies should focus on the transformation of gut microbiota.
5 CONCLUSION
Different intensities of pharmacological effects can be observed between RPS and WPS. The study confirmed that RPS and WPS had a positive effect on mediating D-gal-induced aging. WPS treatment outperformed RPS in reversing the D-gal-induced changes, including increasing the spleen index and SOD and GSH-PX activities and decreasing the liver index and MDA levels. Furthermore, the therapeutic mechanism of RPS and WPS was related to alleviating oxidative stress by activating the Keap1/Nrf2/ARE signal pathway and regulating the structure of gut microbiota. This study provides a comprehensive reference for the effect of processed PS products on aging pathogenesis and provides a basis for the rational clinical use of processed products.
DATA AVAILABILITY STATEMENT
The datasets presented in this study are deposited in the SRA repository, accession number PRJNA1089844, available at https://www.ncbi.nlm.nih.gov/sra/PRJNA1089844.
ETHICS STATEMENT
The animal study was approved by the Animal Experimentation Ethics Committee of Southwest Jiaotong University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
RZ: Methodology, Writing–review and editing. LS: Data curation, Writing–original draft. YF: Formal Analysis, Writing–original draft. QL: Formal Analysis, Writing–original draft. RH: Data curation, Writing–review and editing. XS: Formal Analysis, Writing–original draft. XZ: Resources, Writing–review and editing. JW: Investigation, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
ARE, Antioxidant response elements; D-gal, D-galactose; GSH-PX, Glutathione peroxidase; HE, Hematoxylin and eosin; HO-1, Heme oxygenase 1; Keap1,.Kelch-like ECH-associated protein 1; MDA, Malondialdehyde; Nrf2, Nuclear factor erythroid 2-related factor 2; PS, Polygonatum sibiricum; RPS, Raw Polygonatum sibiricum; ROS, Reactive oxygen species; RT-PCR, Reverse transcription-polymerase chain reaction; SCFAs, Short-chain fatty acids; SOD, Superoxide dismutase; TCM, Traditional Chinese medicine; UPLC-Q-Orbitrap HRMS, Ultra-performance liquid chromatography–hybrid quadrupole-Orbitrap high-resolution mass spectrometry; WB, Western blot; WPS, Wine-steamed Polygonatum sibiricum; 16S rRNA, 16S ribosomal RNA.
REFERENCES
 Arboleya, S., Watkins, C., Stanton, C., and Ross, R. P. (2016). Gut bifidobacteria populations in human health and aging. Front. Microbiol. 7, 1204. doi:10.3389/fmicb.2016.01204
 Atmaca, M., Kuloglu, M., Tezca, E., and Ustundag, B. (2008). Antioxidant enzyme and malondialdehyde levels in patients with social phobia. Psychiatry Res. 159, 95–100. doi:10.1016/j.psychres.2002.12.004
 Badal, V. D., Vaccariello, E. D., Murray, E. R., Yu, K. S. E., Knight, R., Jeste, D. V., et al. (2021). The gut microbiome, aging, and longevity: a systematic review. Nutrients 12, 3759. doi:10.3390/nu12123759
 Ballard, J. W. O., and Towarnicki, S. G. (2020). Mitochondria, the gut microbiome and ROS. Cell. Signal. 75, 109737. doi:10.1016/j.cellsig.2020.109737
 Biagi, E., Franceschi, C., Rampelli, S., Severgnini, M., Ostan, R., Turroni, S., et al. (2016). Gut microbiota and extreme longevity. Curr. Biol. 26, 1480–1485. doi:10.1016/j.cub.2016.04.016
 Chakkittukandiyil, A., Sajini, D. V., Karuppaiah, A., and Selvaraj, D. (2022). The principal molecular mechanisms behind the activation of Keap1/Nrf2/ARE pathway leading to neuroprotective action in Parkinson's disease. Neurochem. Int. 156, 105325. doi:10.1016/j.neuint.2022.105325
 Chen, H., Long, Y. Y., and Guo, L. (2016). Two new species of fomitiporia (hymenochaetales, basidiomycota) from tibet, southwest China. J. Chongqing Med. Univ. 41, 1010–1017. doi:10.3852/16-011
 Chen, X. F., Zhang, X. L., Zhang, Y. X., Wang, L., Kong, Q. Y., Liu, Y. Y., et al. (2022). Study on the chemical constituents differences of Polygonati Rhizoma before and after simmering by UPLC-Q-Exactive Orbitrap-MS. J. Chin. Med. Mat. 45, 1605–1610. doi:10.13863/j.issn1001-4454.2022.07.012
 Chen, Z. B., Liu, J. J., Kong, X., and Li, H. (2020). Characterization and immunological activities of polysaccharides from Polygonatum sibiricum. Biol. Pharm. Bull. 43, 959–967. doi:10.1248/bpb.b19-00978
 Chinese Pharmacopoeia Commission (2020). Pharmacopoeia of the people’s Republic of China: vol I. Beijing, China: People's Medical Publishing House. 
 Han, C. H., Lin, Y. F., Lin, Y. S., Lee, T. L., Huang, W. J., Lin, S. Y., et al. (2014). Effects of yam tuber protein, dioscorin, on attenuating oxidative status and learning dysfunction in D-galactose-induced BALB/c mice. Food Chem. Toxicol. 65, 356–363. doi:10.1016/j.fct.2014.01.012
 Han, C. Y., Zhu, Y., Yang, Z. S., Fu, S. Y., Zhang, W. J., and Liu, C. Y. (2020). Protective effect of Polygonatum sibiricum against cadmium-induced testicular injury in mice through inhibiting oxidative stress and mitochondria-mediated apoptosis. J. Ethnopharmacol. 261, 113060. doi:10.1016/j.jep.2020.113060
 Hang, Z. C., Lei, T., Zeng, Z. H., Cai, S. L., Bi, W. Y., and Du, H. W. (2022). Composition of intestinal flora affects the risk relationship between Alzheimer's disease/Parkinson's disease and cancer. Biomed. Pharmacother. 145, 112343. doi:10.1016/j.biopha.2021.112343
 Hao, M. Q., Ding, C. B., Peng, X. J., Chen, H. Y., Dong, L., Zhang, Y., et al. (2022). Ginseng under forest exerts stronger anti-aging effects compared to gar den ginseng probably via regulating PI3K/AKT/mTOR pathway, SIRT1/NF-κB pathway and intestinal flora. Phytomedicine 105, 154365. doi:10.1016/j.phymed.2022.154365
 Jandhyala, S. M., Talukdar, R., Subramanyam, C., Vuyyuru, H., Sasikala, M., and Reddy, D. N. (2015). Role of the normal gut microbiota. World J. Gastroenterol. 21, 8787–8803. doi:10.3748/wjg.v21.i29.8787
 Koeth, R. A., Wang, Z. E., Levison, B. S., Buffa, J. A., Org, E., Sheehy, B. T., et al. (2013). Intestinal microbiota metabolism of L-carnitine, a nutrient in red meat, promotes atherosclerosis. Nat. Med. 19, 576–585. doi:10.1038/nm.3145
 Li, B. L., Evivie, S. E., Lu, J. J., Jiao, Y. H., Wang, C. F., Li, Z. Y., et al. (2019). Lactobacillus helveticus KLDS1.8701 alleviates d-galactose-induced aging by regulating Nrf-2 and gut microbiota in mice. Food Funct. 9, 6586–6598. doi:10.1039/c8fo01768a
 Li, M., Liu, Y. M., Zhang, H. A., Liu, Y. F., Wang, W. M., You, S. B., et al. (2022). Anti-cancer potential of polysaccharide extracted from Polygonatum sibiricum on HepG2 cells via cell cycle arrest and apoptosis. Front. Nutr. 9, 938290. doi:10.3389/fnut.2022.938290
 Lin, Y., She, L., Wei, X. Y., Tang, M. L., Jiang, S. D., and Qu, Y. (2021). Study on chemical constituents, detoxification and synergism of Polygonati Rhizoma before and after processing. J. Chin. Med. Mat. 44, 1355–1361. doi:10.13863/j.issn1001-4454.2021.06.012
 Ling, Z. X., Liu, X., Cheng, Y. W., Yan, X. M., and Wu, S. C. (2022). Gut microbiota and aging. Crit. Rev. Food Sci. Nutr. 62, 3509–3534. doi:10.1080/10408398.2020.1867054
 Liochev, S. I. (2013). Reactive oxygen species and the free radical theory of aging. Free Radic. Biol. Med. 60, 1–4. doi:10.1016/j.freeradbiomed.2013.02.011
 Liu, A. J., Zhao, X., Li, H., Liu, Z., Liu, B., Mao, X., et al. (2014). 5-Hydroxymethylfurfural, an antioxidant agent from Alpinia oxyphylla Miq. improves cognitive impairment in Aβ 1-42 mouse model of Alzheimer's disease. Int. Immunopharmacol. 23, 719–725. doi:10.1016/j.intimp.2014.10.028
 Liu, C., He, Q., Zeng, L. L., Shen, L., Luo, Q. M., Zhang, W. T., et al. (2021). Digestion-promoting effects and mechanisms of Dashanzha pill based on raw and charred Crataegi Fructus. Chem. Biodivers. 18, e2100705. doi:10.1002/cbdv.202100705
 Liu, S. N., Pi, J. B., and Zhang, Q. (2022). Signal amplification in the KEAP1-NRF2-ARE antioxidant response pathway. Redox Biol. 54, 102389. doi:10.1016/j.redox.2022.102389
 Liu, X. Q. (2018). Experiment Research on the effect of preparate polygonatum decoction on bone marrow stromal cells in inhibition of hematopoiesis mice. Chengdu. Univers. Tradit. Chin. Med . 
 Lozupone, C., Lladser, M. E., Knights, D., Stombaugh, J., and Knight, R. (2011). UniFrac: an effective distance metric for microbial community comparison. ISME J. 5, 169–172. doi:10.1038/ismej.2010.133
 Ma, J., Zhang, Y. W., Dong, C. Y., Cai, Y. Y., Guo, Q. Q., Li, J., et al. (2022). Comparison of the chemical constituents and in vitro hypoglycemic effect of Polygonatum from different origins. Mod. Food Sci. Technol. 38, 116–126. doi:10.1186/s10020-022-00540-2
 Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., et al. (2012). Host-gut microbiota metabolic interactions. Science 336, 1262–1267. doi:10.1126/science.1223813
 Qin, Z., Wei, Z. X., and Xu, J. W. (2019). The effects of Polygonati Rhizoma on DNA damage checkpoint ATM/ATR of endothelali progenitor cells in aged rats. Tradit. Chin. Drug Res. Clin. Pharmacol. 30 (5), 529–534. doi:10.19378/j.issn.1003-9783.2019.05.004
 Rehman, S. U., Shah, S. A., Ali, T., Chung, J. I., and Kim, M. O. (2017). Anthocyanins reversed D-galactose-induced oxidative stress and neuroinflammation mediated cognitive impairment in adult rats. Mol. Neurobiol. 54, 255–271. doi:10.1007/s12035-015-9604-5
 Ren, H. M., Deng, Y. L., Zhang, J. L., Ye, X. W., Xia, L. T., Liu, M. M., et al. (2020). Research progress on processing history evolution, chemical components and pharmacological effect of Polygonati Rhizoma. China J. Chin. Mat. Med. 45, 4163–4182. doi:10.19540/j.cnki.cjcmm.20200522.601
 Ren, H. M., Zhang, J. L., Deng, Y. L., Ye, X. W., Xia, L. T., Liu, M. M., et al. (2021). Analysis of chemical constitutions of Polygonatum cyrtonema dried rhizomes before and after processing with wine based on UPLC-Q-TOF-MS. Chin. J. Exp. Tradit. Med. Formulae. 27, 110–121. doi:10.13422/j.cnki.syfjx.20202147
 Schmidlin, C. J., Dodson, M. B., Madhavan, L., and Zhang, D. D. (2019). Redox regulation by NRF2 in aging and disease. Free Radic. Biol. Med. 134, 702–707. doi:10.1016/j.freeradbiomed.2019.01.016
 Shen, L., Zeng, L. L., Liu, C., He, Q., Chen, W. W., and Wan, J. (2022). Research progress of TCM steaming progress in recent ten years. Jilin. J. Chin. Med. 42, 92–95. doi:10.13463/j.cnki.jlzyy.2022.01.022
 Shen, L., Zeng, L. L., Luo, Q. M., Fan, Y. L., Zhou, X., and Wan, J. (2023). Study on the optimal processing-technology and anti-aging effects of Polygonatum sibiricum. West China J. Pharm. Sci. 38, 394–398. doi:10.13375/j.cnki.wcjps.2023.04.008
 Shen, W. D., Li, X. Y., Deng, Y. Y., Zha, X. Q., Pan, L. H., Li, Q. M., et al. (2021). Polygonatum cyrtonema Hua polysaccharide exhibits anti-fatigue activity via regulating osteocalcin signaling. Int. J. Biol. Macromol. 175, 235–241. doi:10.1016/j.ijbiomac.2021.01.200
 Sheng, K. L., Yang, J., Xu, Y. F., Kong, X. W., Wang, J. M., and Wang, Y. Z. (2022). Alleviation effects of grape seed proanthocyanidin extract on inflammation and oxidative stress in a d-galactose-induced aging mouse model by modulating the gut microbiota. Food Funct. 13, 1348–1359. doi:10.1039/d1fo03396d
 Su, J., Wang, Y. Y., Yan, M. Q., He, Z. W., Zhou, Y. Q., Xu, J., et al. (2022). The beneficial effects of Polygonatum sibiricum Red. superfine powder on metabolic hypertensive rats via gut-derived LPS/TLR4 pathway inhibition. Phytomedicine 106, 154404. doi:10.1016/J.PHYMED.2022.154404
 Sugino, N. (2006). Roles of reactive oxygen species in the corpus luteum. Anim. Sci. J. 77, 556–565. doi:10.1111/j.1740-0929.2006.00386.x
 Sun, T. T., Liu, Y., Huang, W. Q., Li, Y., Gong, G. P., Zhi, W. B., et al. (2022). Purification, structural characterization and immunoregulatory mechanism of PSPW-3-a isolated from wine-processed Polygonatum sibiricum. J. Funct. Foods. 95, 105159. doi:10.1016/j.jff.2022.105159
 Tu, W. J., Wang, H., Li, S., Liu, Q., and Sha, H. (2019). The anti-inflammatory and anti-oxidant mechanisms of the Keap1/Nrf2/ARE signaling pathway in chronic diseases. Aging Dis. 10, 637–651. doi:10.14336/AD.2018.0513
 Verdam, F. J., Fuentes, S., de Jonge, C., Zoetendal, E. G., Erbil, R., Greve, J. W., et al. (2014). Human intestinal microbiota composition is associated with local and systemic inflammation in obesity. Obesity 21, 607–615. doi:10.1002/oby.20466
 Wang, A. M., Zhou, J. H., and Ouyang, J. P. (2008). Study on the anti-aging effect of Polygonatum sibiricum on D-galactose-induced aging mice. J. Chang. Univers. Chin. Med. 24, 137–138. doi:10.13463/j.cnki.cczyy.2008.02.055
 Wolfrom, M. L., Schuetz, R. D., and Cavalieri, L. F. (1948). Chemical interactions of amino compounds and sugars; the conversion of D-glucose to 5-(hydroxymethyl)-2-furaldehyde. J. Am. Chem. Soc. 70, 514–517. doi:10.1021/ja01182a025
 Wong, V. K. W., Law, B. Y. K., Yao, X. J., Chen, X., Xu, S. W., Liu, L., et al. (2016). Advanced research technology for discovery of new effective compounds from Chinese herbal medicine and their molecular targets. Pharmacol. Res. 111, 546–555. doi:10.1016/j.phrs.2016.07.022
 Wu, J. Y., Ren, W. Y., Li, L., Luo, M., Xu, K., Shen, J. P., et al. (2018). Effect of aging and glucagon-like peptide 2 on intestinal microbiota in SD rats. Aging Dis. 9, 566–577. doi:10.14336/AD.2017.1001
 Xiaowei, C., Wei, W., Hong, G., Hui, C., Xiaofei, Z., Haonan, W., et al. (2019). Review of Polygonatum sibiricum: a new natural cosmetic ingredient. Pharmazie 74, 513–519. doi:10.1691/ph.2019.9438
 Xiong, W., Zhao, X. Q., Xu, Q., Wei, G. H., Zhang, L. D., Fan, Y. Q., et al. (2021). Qisheng Wan formula ameliorates cognitive impairment of Alzheimer's disease rat via inflammation inhibition and intestinal microbiota regulation. J. Ethnopharmacol. 282, 114598. doi:10.1016/j.jep.2021.114598
 Xu, Y. (2021). Effects of lvchee rose wine on oxidative damage induced by D-galactose in mice. Jiangnan. Univers . 
 Yang, H. J., and Gong, Q. F. (2017). Progress in study on processing of Polygonati Rhizoma in past decade. Chin. J. Exp. Tradit. Med. Formulae. 23, 216–222. doi:10.13422/j.cnki.syfjx.2017030216
 You, T. (2022). Effects of fecal microbiota transplantation on antiaxidant function and intestinal flora in D-galacfose-induced aging rats model. Southwest. Med. Univers . 
 Zeng, T., Tang, Y. R., Li, B., Tasneem, S., Yuan, H. W., Jia, Y. Z., et al. (2020). Chemical characterization of constituents from Polygonatum cyrtonema Hua and their cytotoxic and antioxidant evaluation. Nat. Prod. Res. 34, 2482–2489. doi:10.1080/14786419.2018.1543682
 Zhang, Q., Pi, J. B., Woods, C. G., and Andersen, M. E. (2010). A systems biology perspective on Nrf2-mediated antioxidant response. Toxicol. Appl. Pharmacol. 244, 84–97. doi:10.1016/j.taap.2009.08.018
 Zhang, S., Ma, Y. T., Feng, Y. C., Wang, C. Y., and Zhang, D. J. (2021). Potential effects of mung bean protein and a mung bean protein-polyphenol complex on oxidative stress levels and intestinal microflora in aging mice. Food Funct. 13, 186–197. doi:10.1039/d1fo03058b
 Zhang, Z. Y., He, S. D., Cao, X. D., Ye, Y. K., Yang, L., Wang, J. H., et al. (2020). Potential prebiotic activities of soybean peptides Maillard reaction products on modulating gut microbiota to alleviate aging-related disorders in D-galactose-induced ICR mice. J. Funct. Foods. 65, 103729. doi:10.1016/j.jff.2019.103729
 Zhao, F. F., Zhou, Y. Z., Gao, L., Qin, X. M., and Du, G. H. (2017). Advances in the study of the rat model of aging induced by D-galactose. Acta Pharm. Sin. 52, 347–354. doi:10.16438/j.0513-4870.2016-0696
 Zhao, J. C., Tian, F. W., Yan, S., Zhai, Q. X., Zhang, H., and Chen, W. (2018a). Lactobacillus plantarum CCFM10 alleviating oxidative stress and restoring the gut microbiota in D-galactose-induced aging mice. Food Funct. 9, 917–924. doi:10.1039/c7fo01574g
 Zhao, P., Zhao, C. C., Li, X., Gao, Q. Z., Huang, L. Q., Xiao, P. G., et al. (2018b). The genus Polygonatum: a review of ethnopharmacology, phytochemistry and pharmacology. J. Ethnopharmacol. 214, 274–291. doi:10.1016/j.jep.2017.12.006
 Zhao, Z. H., Pang, B., and Gao, H. (2021). Effect of schisandra chinensis and its different products on D⁃ galactose induced aging mice. Chin. Tradit. Pat. Med. 43, 769–733. doi:10.3969/j.issn.1001-1528.2021.03.040
 Zheng, S. Y. (2020). Protective effect of Polygonatum sibiricum polysaccharide on D-galactose-induced aging rats model. Sci. Rep. 10, 2246. doi:10.1038/s41598-020-59055-7
 Zhu, X., Li, Q., Lu, F., Wang, H., Yan, S., Wang, Q., et al. (2015). Antiatherosclerotic potential of Rhizoma Polygonati polysaccharide in hyperlipidemia-induced atherosclerotic hamsters. Drug Res. 65, 479–483. doi:10.1055/s-0034-1387756
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Zhong, Shen, Fan, Luo, Hong, Sun, Zhou and Wan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 15 May 2024
doi: 10.3389/fphar.2024.1400105


[image: image2]
Essential oils as promising treatments for treating Candida albicans infections: research progress, mechanisms, and clinical applications
Gao-wei Hou and Ting Huang*
Zhongkai University of Agriculture and Engineering, Guangzhou, China
Edited by:
Yi Wu, Nanjing Agricultural University, China
Reviewed by:
Ranran Hou, Qingdao Agricultural University, China
Weijie Lv, South China Agricultural University, China
Adelijiang Wusiman, Xinjiang Agricultural University, China
* Correspondence: Ting Huang, htjinan@163.com
Received: 13 March 2024
Accepted: 18 April 2024
Published: 15 May 2024
Citation: Hou G-w and Huang T (2024) Essential oils as promising treatments for treating Candida albicans infections: research progress, mechanisms, and clinical applications. Front. Pharmacol. 15:1400105. doi: 10.3389/fphar.2024.1400105

Candida albicans: (C. albicans) is a prevalent opportunistic pathogen that can cause severe mucosal and systemic fungal infections, leading to high morbidity and mortality rates. Traditional chemical drug treatments for C. albicans infection have limitations, including the potential for the development of drug resistance. Essential oils, which are secondary metabolites extracted from plants, have gained significant attention due to their antibacterial activity and intestinal regulatory effects. It makes them an ideal focus for eco-friendly antifungal research. This review was aimed to comprehensively evaluate the research progress, mechanisms, and clinical application prospects of essential oils in treating C. albicans infections through their antibacterial and intestinal regulatory effects. We delve into how essential oils exert antibacterial effects against C. albicans infections through these effects and provide a comprehensive analysis of related experimental studies and clinical trials. Additionally, we offer insights into the future application prospects of essential oils in antifungal therapy, aiming to provide new ideas and methods for the development of safer and more effective antifungal drugs. Through a systematic literature review and data analysis, we hope to provide insights supporting the application of essential oils in antifungal therapy while also contributing to the research and development of natural medicines. In the face of increasingly severe fungal infections, essential oils might emerge as a potent method in our arsenal, aiding in the effective protection of human and animal health.
Keywords: essential oils, Candida albicans, antimicrobial, gut bacteria, intestinal regulation
INTRODUCTION
Candida albicans (C. albicans) is the most common and important type of Candida, belonging to the yeast genus. Its cells are round or oval in shape, typically ranging between 3 and 5 microns in diameter. It usually exists in the form of yeast and can form mycelium under appropriate conditions. Widely distributed in the natural environment, C. albicans is a common symbiotic fungus that often coexists with humans and animals as part of the normal microbial community (Moran et al., 2011). Infections caused by C. albicans occur when the body’s immune system is compromised, resulting in conditions such as oral candidiasis (Millsop and Fazel, 2016; Vila et al., 2020), vaginal candidiasis (Gonçalves et al., 2016; Rodríguez-Cerdeira et al., 2019), skin and nail candidiasis (Jautová et al., 2001; Espinosa-Hernández et al., 2020), and severe systemic fungal infections (Blanco and Garcia, 2008). Factors contributing to infection include a compromised immune system (e.g., HIV/AIDS, organ transplantation, chemotherapy), antibiotic usage, diabetes, pregnancy, and extended catheter or ventilator use. Oral candidiasis is a prevalent C. albicans infection, especially among young individuals and animals with weakened immune systems. It presents as white patches or spots on the oral mucosa and tongue, accompanied by symptoms like bad breath, loss of appetite, and difficulty eating. Vaginal candidiasis can affect the genitourinary system of animals, leading to symptoms such as urinary tract inflammation, frequent urination, urgency to urinate, hematuria, vaginal inflammation, and mastitis. Symptoms of skin and nail candidiasis may include redness, swelling, itching, desquamation, and ulcers at the affected site, causing discomfort and itching in animals. In some cases, C. albicans infections can progress to blood infections, resulting in severe symptoms like fever, weakness, loss of appetite, anemia, and organ failure, thereby posing a serious threat to the animal’s life and health (Miceli et al., 2011).
The main antifungal drugs used for treating infections of C. albicans are as follows: (1) Azole antifungal drugs (Polyazoles): Azole drugs serve as the initial choice for treating the infections caused by C. albicans. Common polyazole drugs such as Fluconazole, Itraconazole, and Posaconazole inhibit growth and replication by disrupting yeast ketones synthesized by the cell wall of C. albicans; (2) Polyene antifungal drugs (Polyketides): Polyenes target the cell membrane of C. albicans, leading to membrane rupture and cell death. Widely used polyene drugs include Neomycin B (Amphotericin B) and the liposomal form Amphotericin B lipid complex (ABLC), typically employed in severe infections of C. albicans; (3) Novel antifungal drugs: In recent years, several novel antifungal agents have emerged to address refractory or drug-resistant infections of C. albicans, including Isaviconazole and Voriconazole, offering a wider spectrum of antifungal activities suitable for complex infections of C. albicans (Kathiravan et al., 2012; Cowen et al., 2015; Houšť et al., 2020).
However, the use of antibiotics pose a number of challenges. The improper and overuse of antibiotics has resulted in an escalation of bacterial resistance to these drugs. Consequently, bacteria that could typically be effectively treated with antibiotics are becoming less sensitive to the drugs, leading to infections that are difficult to cure (Balkis et al., 2002). Antibiotics not only eliminate pathogenic bacteria but also disrupt the natural microbial community within the human body. This disruption can lead to an imbalance in the gut microbiota, heightening the risk of other infections, and may impact the immune system and overall health. Residues of antibiotics enter the environment, including soil and water bodies, exerting adverse effects on ecosystems. These residues may interact with environmental bacteria, fostering the development of drug resistance in bacteria, and potentially causing harmful effects on aquatic organisms and other members of the ecosystem. Therefore, the new environmentally friendly methods which can either substitute or decrease antibiotic usage are necessary.
Essential oil is a secondary metabolite usually extracted from flowers, leaves, roots, fruits, or bark of plants through distillation, cold pressing, or solvent extraction (Valdivieso-Ugarte et al., 2019; Spisni et al., 2020). Based on a strong aroma and active ingredients (Mancianti and Ebani, 2020), it is featured by antibacterial properties that can inhibit or eradicate various microorganisms, including bacteria, fungi, and viruses (Bakkali et al., 2008). The antibacterial efficacy of different essential oils varies, stemming from their unique chemical compositions. Numerous essential oils contain volatile compounds such as phenols, alcohols, esters, aldehydes, and ketones (Dhifi et al., 2016) capable of inhibiting or eradicating microorganisms. In addition, essential oil, as a natural product, is characterized by its safety, efficiency, absence of residue, lack of resistance, good tolerance within the animal body, and minimal toxic side effects, rendering it one of the most promising antibiotic alternatives. Unlike some chemical medications, the antibacterial activity of essential oils is the result of multiple components working together. This complex combination of ingredients makes it difficult for microbes to develop microbial resistance against essential oils, thereby reducing this risk. Beyond their antibacterial effects, some essential oils also offer gut-regulating effects. They aid in balancing intestinal flora, promoting the growth of beneficial bacteria, suppressing harmful bacterial proliferation, and thereby maintaining intestinal health. These attributes hold significant implications for the prevention and treatment of infections and diseases associated with the dysregulation of gut flora.
Antibacterial effect of essential oils
Essential oils typically consist of a variety of aldehydes, phenols, alcohols, and other chemical molecules. They are divided into two categories of compounds: terpenes (such as carvacrol and thymol) and phenylallens (such as cinnamaldehyde and eugenol), with terpenes being the predominant. Essential oil is hydrophobic and can penetrate the cell membrane of Gram-positive bacteria to enter the cell’s interior, exerting their antibacterial effect by disrupting enzyme production and protein denaturation (Pandey et al., 2017). Lipid soluble hydrophobic groups, such as hydroxyl and carbonyl groups in the structure of aldehyde phenols in essential oils, can interact with proteins within bacterial cell membranes, leading to structural and functional alterations in the membranes, membrane expansion and increased permeability, thereby eliciting antibacterial effects (Omonijo et al., 2018). The primary phenolic elements in essential oils, carvacrol, and thymol, which are isomers, are pivotal in modulating the balance of intestinal flora by changing the permeability of cell membrane and inhibiting the secretion of bacterial endotoxin.
Essential oils have antifungal properties and can inhibit or kill C. albicans. Ebani et al. studied the antibacterial activity of Litsea cubeba (Lour.) Pers. Essential oil, Origanum vulgare L. subsp. Hirtum essential oil, Origanum majorana L. essential oil, Thymus vulgaris L. essential oil, and their mixtures against pathogenic bacteria and C. albicans. They found that essential oil had different degrees of growth inhibition on the tested strains and C. albicans (Ebani et al., 2016). Hammer et al. found that concentrations of 0.25%–1.0% (v/v) of Melaleuca alternifolia (Maiden and Betche) Cheel oil and its components changed the permeability and fluidity of C. albicans (Hammer et al., 2004). Through a study on the antibacterial activity of M. alternifolia (Maiden and Betche) Cheel essential oil on 81 strains of C. albicans, it was found that the minimum inhibitory concentration for 90% of C. albicans was 0.25% (v/v) (Hammer et al., 1998). D'Auria et al. used Lavandula angustifolia Mill essential oil and its main components to inhibit C. albicans and found that the essential oil and its main components could inhibit the formation of bud tubes and mycelium extension of C. albicans, and had antibacterial and bactericidal activities as well (D’auria et al., 2005). Behmanesh et al. studied the inhibitory effect of L. angustifolia Mill essential oil on C. albicans in vitro and found that after 48 h of cultivation with L. angustifolia Mill essential oil, the number of fungal cells was low, indicating its antifungal effects (Behmanesh et al., 2015). Pinto et al. studied the components of Syzygium aromaticum (L.) Merr. and L.M.Perry essential oil and its antifungal activity and found that the essential oil and its main component eugenol could inhibit the formation of C. albicans bud tubes and had good antifungal activity (Pinto et al., 2009). Choonharuangdej et al. tested the bactericidal and inhibitory effects of Cinnamomum verum J. Presl essential oil and Cymbopogon citratus (DC.) Stapf essential oil on C. albicans in vitro and found that both essential oils could inhibit the formation of fungal biofilms (Choonharuangdej et al., 2021). Mat-Rani et al. studied the bactericidal effect of C. citratus (DC.) Stapf essential oil on C. albicans biofilm and found that 5% (v/v) essential oil could clear about 95% of the C. albicans biofilm, while 2.5% (v/v) essential oil had a better bactericidal effect on biofilm than a 20% (v/v) nystatin suspension. This indicates that C. citratus (DC.) Stapf essential oil has an obvious antifungal effect (Mat-Rani et al., 2021). Almeida et al. studied the effects of Cymbopogon winterianus Jowitt ex Bor and C. verum J. Presl essential oils on C. albicans biofilm and found that the minimum inhibitory concentration (MIC) of the two essential oils on C. albicans was 65 μg/mL and 250 μg/mL, respectively. Both oils significantly reduced the number of live bacteria and the biofilm area (Almeida et al., 2016). Banu et al. found that C. verum J. Presl essential oil destroyed the exopolysaccharide layer of Candida strains and inhibited the virulence of C. albicans (Banu et al., 2018). Filipowicz et al. studied the antifungal activity of Juniperus communis L. essential oil and found that it contained the highest concentration of (−)-α-pinene, p-cymene, and β-pinene, which had good antifungal properties. The MIC against C. albicans was 0.3 μg/mL (Filipowicz et al., 2003). Manoharan et al. studied the antibacterial activity of Cedrus deodara (Roxb. ex D. Don) G. Don essential oil on C. albicans and found that a 0.01% concentration of essential oil could reduce the biofilm formation of C. albicans by 87%. A 0.1% concentration of essential oil could completely stop the biofilm formation, indicating that C. deodara (Roxb. ex D. Don) G. Don essential oil has significant anti-C. albicans biofilm activity (Manoharan et al., 2017). Mahboubi et al. studied the chemical composition and antibacterial activity of Mentha piperita L. essential oil and found that it has a bactericidal effect on C. albicans (MIC = MLC = 0.125 μL/mL) (Mahboubi and Kazempour, 2014).
Essential oils usually contain dozens or even hundreds of chemical components. Their antibacterial activity is closely related to their chemical composition, especially some highly active chemical components. The antibacterial activity of essential oils primarily depends on their chemical functional groups. In 1996, Charai et al. reported that the activity of functional groups in plant essential oils was as follows: phenols (with the highest activity) > alcohols > aldehydes > ketones > esters > hydrocarbons (Charai et al., 1996). In 2003, Kalemba et al. summarized the antibacterial activity of functional groups in plant essential oils based on hundreds of previous studies as follows: phenols > cinnamaldehyde > alcohols > aldehydes = ketones > esters > hydrocarbons (Kalemba and Kunicka, 2003). Additionally, the same plant essential oils may show varying antibacterial and antifungal activities, suggesting that their diverse chemical components present in these oils contribute to different antibacterial and antifungal mechanisms. Table 1 presents essential oils against C. albicans, along with their main components.
TABLE 1 | Essential oils against C. albicans along with their main components.
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The normal gut microbiota typically can suppress the proliferation of C. albicans. However, when the body’s immune system is compromised, antibiotics are used long-term, a poor diet is followed, or other diseases are present, the balance of gut microbiota may be disrupted. This disruption can result in an overgrowth of C. albicans, leading to conditions like Candida enteritis and related diseases. Several associations between C. albicans overgrowth and gut health issues include: (1) Candida Enteritis: This condition, marked by symptoms such as abdominal pain, diarrhea, indigestion, loss of appetite, weight loss, and inflammation, can negatively impact gut health (Rusu et al., 2020); (2) Leaky gut: Overgrowth of C. albicans may trigger “leaky gut”, characterized by damage and increased permeability of the intestinal mucosa, allowing harmful substances such as bacteria and toxins to enter the bloodstream, causing inflammation, immune system dysfunctions, and other health complications (Panpetch et al., 2020); (3) Effects on immune system: The overgrowth of C. albicans might disrupt immune system functions, interfering with immune cell activities and responses, subsequently elevating the risk of infections. Additionally, excessive growth of C. albicans can produce toxins that adversely affect the immune system (Tong and Tang, 2017); (4) Nutrient absorption problems: The overgrowth of C. albicans can impede the normal absorption of the intestine, affecting the nutritional status and overall health of the host (Martins et al., 2014).
Candida albicans infection may lead to an imbalance in the gut microbiota, which refers to a change in the proportion of beneficial and harmful bacteria in the microbiota. Under normal circumstances, the intestinal flora maintains a state of balance, with beneficial bacteria such as Lactobacillus and Bifidobacterium, inhibiting the growth of harmful bacteria, supporting the health of the intestinal mucosa, and providing nutritional support. However, C. albicans infection may result in an increase in harmful bacteria and a decrease in beneficial bacteria, potentially causing an imbalance in the flora. Given that C. albicans infection is a fungal infection, the number of fungi in the gut may increase significantly during infection, negatively impacting the diversity of flora, which signifies the richness and balance of various microorganisms in the flora (Cheng et al., 2023). Infection can cause alterations in the flora and an increase in dominant bacteria, ultimately lowering overall diversity (Wang et al., 2021). Furthermore, C. albicans infection may alter bacterial attachment and adhesion. The fungus can attach to the intestinal mucosa and form biofilms, creating a conducive environment for its growth and reproduction. This process may interfere with the ability of other bacteria to attach and adhere to the intestinal tract. The infection might also influence the intestinal immune system, potentially leading to an abnormal immune response triggering the activation of immune cells and an increase in inflammatory responses, further disrupting the balance of intestinal flora (Zeise et al., 2021). The impacts of C. albicans infection on intestinal flora are shown in Table 2.
TABLE 2 | The impacts of C. albicans infection on intestinal flora.
[image: Table 2]Intestinal flora refers to the microbial community in the human digestive system, playing a critical role in human health and immune function. Imbalances in intestinal flora are associated with the occurrence and development of various diseases. Essential oils are believed to contain diverse active ingredients that could potentially influence gut microbiota and health, but further research is necessary to understand these mechanisms. The compounds found in essential oils can act as prebiotics, providing nutrients and a growth-friendly environment for beneficial bacteria. These ingredients can be used by beneficial bacteria in the gut to promote their growth and reproduction. For example, dietary fiber, a common prebiotic, shares similarities with certain components in essential oils such as natural polysaccharides. Kondapalli et al. conducted oral tests of Ocimum sanctum L., Zingiber officinale Roscoe, and Piper nigrum L. essential oil on healthy rats and found that the three essential oils had high prebiotic potential and could promote the growth of beneficial intestinal bacteria (Lactobacillus and Bifidobacterium) (Kondapalli et al., 2022). Babu et al. found that O. sanctum L., Z. officinale Roscoe, and P. nigrum L. extracts contain high concentrations of polyphenols, which have a proliferation effect on some intestinal microbiota and have high probiotic potential (Babu et al., 2018). Phenolic compounds or polyphenols are widely existing secondary metabolites in the plant kingdom, which can maintain the balance of intestinal microorganisms by stimulating the growth of beneficial bacteria (such as Lactobacillus and Bifidobacterium) and inhibiting pathogenic bacteria, and play a prebiotic role, thus contributing to the maintenance of intestinal health (Dueñas et al., 2015). Oligosaccharides in plant extracts have a prebiotic effect and contribute to the growth of Lactobacillus and Bifidobacterium and the inhibition of Bacteroides (Markowiak and Śliżewska, 2017). Leong et al. studied the regulatory effects of Pogostemon cablin (Blanco) Benth essential oil on intestinal microbiota in mice and found that P. cablin (Blanco) Benth essential oil had significant prebiotic-likes effects (Leong et al., 2019). Some of the ingredients in essential oils have antibacterial activity that can inhibit the growth and reproduction of harmful gut bacteria, thereby mitigating their detrimental effects and preserving the balance of intestinal flora. For example, camellia alcohol in M. alternifolia (Maiden and Betche) Cheel essential oil has a broad spectrum of antibacterial activity, effectively restraining the proliferation of various harmful bacteria. Studies have demonstrated that Foeniculum vulgare Mill. Seed essential oil has significant inhibitory effects on Acinetobacter baumannii, Escherichia coli, and Staphylococcus aureus (Barrahi et al., 2020). Additionally, O. vulgare L. subsp. Hirtum, C. verum J. Presl, S. aromaticum (L.) Merr. and L.M.Perry, Thymus vulgaris L., and M. alternifolia (Maiden and Betche) Cheel essential oils have strong antibacterial effects against Salmonella enterica and Listeria monocytogenes (Mazzarrino et al., 2015). Cymbopogon schoenanthus (L.) Spreng. Essential oil has a good antibacterial effect on E. coli, Staphylococcus aureus, and methicillin-sensitive staphylococcus aureus (Hashim et al., 2017). Certain components within essential oils can regulate the acid-base balance of the intestine, influencing the microecological environment of the gut. Some beneficial bacteria thrive in acidic environments, while harmful bacteria prefer alkaline environments. By adjusting the pH of the gut, essential oils can create a favorable environment for the growth of beneficial bacteria and inhibit the proliferation of harmful bacteria. Giannenas et al. evaluated the effects of dietary supplementation of benzoic acid or thymol and its essential oil mixture on growth performance of Turkey, and found that essential oil mixture decreased the pH values of the caecal content, increased lactic acid bacteria, and decreased coliform group (Giannenas et al., 2014). Dibner et al. studied the nutrition and metabolism of organic acids on intestinal flora and found that organic acids can reduce the pH values of intestinal digesta and participate in antibacterial activity (Dibner and Buttin, 2002). Moreover, specific components in essential oils have anti-inflammatory properties that aid in promoting intestinal health by reducing inflammatory responses. Ocimum basilicum L. essential oil, for instance, has been shown to mitigate tissue damage and myeloperoxidase (MPO) activity caused by colitis (Rashidian et al., 2016). Foeniculum vulgare Mill. Essential oil has been found to reduce histological lesions from colitis and impact the expression of MPO, tumor necrosis factor α, and nuclear factor-κB mucosal mRNA levels (Rezayat et al., 2018). Furthermore, some essential oils show positive effects on the growth and activity of beneficial bacteria, leading to an increase in beneficial bacteria populations while decreasing harmful ones. This reduction in intestinal oxidative stress is crucial for maintaining intestinal health. Research indicates that the number of Lactobacillus jejuni increased, while the number of Enterococcus and E. coli decreased in piglets treated with a carvhol-thymol mixture (Wei et al., 2017). Similarly, the administration of carvall essential oil to broilers showed a reduction in Salmonella and E. coli populations in their intestines (Liu et al., 2018). Sahoo et al. added Curcuma longa L. and Z. officinale Roscoe to the diets of broilers, it was observed that the growth of several pathogenic bacteria in the chickens’ intestines was restricted, ultimately contributing to balanced intestinal microflora and improved feed utilization (Sahoo et al., 2019). The regulatory effects of essential oils on gut health are shown in Supplementary Table S1.
Clinical application
The primary applications of essential oils in infections of C. albicans mainly involve the treatment of oral and skin infections. Here are the main applications of essential oils in these areas are as follows:
(1) Oral infection: (Ⅰ) M. alternifolia (Maiden and Betche) Cheel oil: M. alternifolia (Maiden and Betche) Cheel oil can be used as an oral mouthwash to treat oral infections of C. albicans. Its antifungal and antibacterial properties can reduce the growth and spread of C. albicans; (Ⅱ) S. aromaticum (L.); Merr. and L.M.Perry essential oil: S. aromaticum (L.) Merr. and L.M.Perry essential oil is effective in managing oral infections of C. albicans due to its potent antifungal and antibacterial effects.
(2) Skin infection: (Ⅰ) M. alternifolia (Maiden and Betche) Cheel oil: M. alternifolia (Maiden and Betche) Cheel oil can be topically applied to address skin infections of C. albicans such as candida dermatitis. It can be directly applied to affected areas, possessing antifungal and antibacterial effects; (Ⅱ) L. angustifolia Mill. Essential oil: L. angustifolia Mill. Essential oil is effective in treating skin infections of C. albicans. With its antifungal and anti-inflammatory properties, it can alleviate itching and reduce inflammatory responses; (Ⅲ) C. verum J. Presl essential oil: C. verum J. Presl essential oil can be topically used to manage skin infections of C. albicans. Despite its antifungal and antibacterial activity, caution should be exercised to prevent skin irritation; (Ⅳ) Other essential oils: F. vulgare Mill. Essential oil, Salvia rosmarinus Spenn. Essential oil, Cupressus funebris Endl. Essential oil, C. citratus (DC.) Stapf essential oil, and Eucalyptus robusta Sm. Essential oil are also beneficial for the topical treatment of skin infections of C. albicans. They possess antifungal and antibacterial properties that can relieve symptoms and aid in wound healing.
It's important to note that the application of essential oils should follow the appropriate dilution ratio and application method. In cases of oral infections, essential oils can be diluted and used as a mouthwash. Regarding skin infections, essential oils should be mixed with a carrier oil and gently applied to the affected area. It is best to perform a skin sensitivity test before usage and it is essential to adhere to the recommended guidelines for application. Although essential oils show some potential in the treatment of infections of C. albicans, further research is necessary to validate their effectiveness and safety. The mechanism diagrams of the Intestinal regulation of essential oils and Clinical application are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Mechanism diagrams of the Intestinal regulation of essential oils and Clinical application.
Challenges and prospects
As environmental regulations become more stringent, there is a growing consensus on the need to reduce and replace resistance. People are growing more health-conscious and environmentally aware, leading to a surge in interest in promoting natural and eco-friendly plant essential oils as a burgeoning research Frontier and focal point of study. Presently, numerous scholars both domestically and internationally have conducted extensive research on essential oils, focusing particularly on their physical and chemical properties, biological activities, mechanisms of action, etc. However, the majority of studies regarding the antibacterial activity of essential oils are conducted based on the MIC of these oils against bacteria or fungi. There is no systematic and thorough exploration into the antibacterial kinetics and mechanisms related to essential oils, indicating considerable groundwork to be undertaken. Specifically, understanding the mechanisms behind the antibacterial and antifungal effects of essential oils, exploring potential synergistic antibacterial properties among different oils, and investigating the relationship between chemical components require further investigation.
Essential oils represent a promising biological resource sourced from a wide variety of origins, known for their low toxicity and minimal side effects. The future industrialization of essential oils should not be confined to specific sectors such as traditional medicine, food, or daily necessities. Instead, it should incorporate a multidisciplinary, multi-directional, and versatile approach into its development. With the continuous advancement of various separation and detection technologies, the composition, structure, and functions of plant essential oils are becoming increasingly elucidated, leading to expanded applications and developmental opportunities in areas such as medicine, healthcare products, disease and pest prevention, food, and environmental protection (Rath, 2007; Pavela and Benelli, 2016).
CONCLUSION
Essential oils have demonstrated their ability to combat the infections of C. albicans through various antibacterial mechanisms and by regulating intestinal flora. Further research and clinical trials on essential oils are imperative to comprehensively assess their efficacy and safety as a viable treatment approach for the infections caused by C. albicans.
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Introduction: Ulcerative colitis (UC) is marked by recurring inflammation. Existing treatments are ineffective and may have toxic side effects. Thus, new therapeutic agents are urgently needed. We studied the botanical formula “Li-Hong Tang (LHT)", which contains two main ingredients, Salvia plebeia R. Br and Rhodiola crenulata (Hook. f. et Thoms.) H. Ohba. In this study, we aimed to identify the effects of LHT on UC and explore its potential mechanism.Methods: LHT was analyzed using a mass spectrometer (MS). DSS at a dose of 2.5% was utilized to develop UC in mice. The administered groups received low, medium, and high dosages (0.32 g/kg, 0.64 g/kg, and 1.28 g/kg) of LHT and the positive medication, sulfasalazine (0.2 g/kg), respectively. Body weight, disease activity index (DAI) score, colon length, spleen index, serum myeloperoxidase (MPO), nitric oxide (NO), superoxide dismutase (SOD) and inflammatory factor concentrations were monitored. The expression of NRF2 and HO-1 in colonic tissues was evaluated by immunohistochemistry. 16S rDNA sequencing was employed to investigate alterations in the gut microbiota of the mice, aiming to elucidate the extent of LHT’s impact.Results: LHT may ameliorate DSS-induced colitis in mice by lowering inflammation, reducing oxidative stress, restoring the intestinal barrier, and influencing the NRF2/HO-1 pathway. Moreover, LHT treatment exhibited a regulatory effect on the gut microbiota, characterized by elevated levels of Patescibacteria, Verrucomicrobiota, Candidatus_Saccharimonas, Lactobacillus, and Ligilactobacillus levels while decreasing Oscillibacter and Colidextribacter levels. Further study indicated that MPO, NO, and inflammatory factors were positively correlated with Oscillibacter, Colidextribacter, Escherichia-Shigella, Anaerostines, and negatively with Lactobacillus, Clostridiales_unclassified, Candidatus_Saccharimonas, and Patescibacteria. Furthermore, colony network analysis revealed that Lactobacillus was negatively associated with Oscillibacter and Colidextribacter, whereas Oscillibacter was positively related to Colidextribacter.Conclusion: LHT protects against DSS-induced mice by inhibiting the inflammatory response, oxidative stress, and mucosal injury. The protective role may involve regulating the NRF2/HO-1 signaling pathway and gut microbiota.Keywords: Li-Hong Tang, ulcerative colitis, intestinal inflammatory disease, Chinese medicine, botanical drug, gut microbiota
1 INTRODUCTION
Ulcerative colitis (UC), a chronic intestinal inflammatory disease (IBD) characterized by degeneration, loss of crypt structure, and infiltration of inflammatory cells in the intestinal epithelium, primarily affects the mucosa of the colon (Fei and Xu, 2016). Its recurrent nature and long duration of the condition harm people’s quality of life and increase the economic burden (Lindsay et al., 2015). With the advancement of modern medicine, there has been an increasing knowledge of UC pathophysiology, yet many intricate elements remain unresolved. Environmental variables, genetic vulnerability, intestinal epithelial barrier disturbance, and immune response problems are all thought to have a role in the development of UC (Huang et al., 2022). It is becoming increasingly clear that disturbance of the gut microbiota plays a critical role in the development of UC.
Within Traditional Chinese medicine (TCM) theory, ulcerative colitis (UC) is diagnosed based on symptoms including dysentery, diarrhea, intestinal wind, and blood in the stool. Internal dampness-heat and spleen and kidney weakening are crucial contributors to the disease’s development (Wu et al., 2022). Treatment for UC focuses on strengthening the spleen and kidney functions while eliminating dampness and heat. This approach is believed to alleviate symptoms and provide benefits for patients with UC. With its principles of precision therapy and dialectic medication, TCM may reduce oxidative stress, suppress the inflammatory response, control gut microbiota, and repair the intestinal mucosal barrier, thereby potentially treating UC (Zhou et al., 2023).
Pulsatilla Decoction (Bai Tou Weng Tang) is a formula used in TCM to treat UC (Li et al., 2020; Deng et al., 2022). Li-Hong Tang (LHT) is a refined prescription formula derived from the ancient Chinese medical prescription “Bai Tou Weng Tang” but has undergone modifications to enhance its therapeutic efficacy and improve patient outcomes. The ingredients of LHT include seven botanical drugs: Salvia plebeia R. Br., Rhodiola crenulata (Hook. f. et Thoms.) H. Ohba, Lithospermum erythrorhizon Siebold & Zucc., Rhus chinensis Mill., Pulsatilla chinensis (Bunge) Regel, Codonopsis pilosula (Franch.) Nannf., and Atractylodes macrocephala Koidz. The combination of these botanical drugs clears heat, cools the blood, detoxifies, disperses bruises, and benefits vital energy and intestines. Among them, S. plebeia R. Br and R. crenulata (Hook. f. et Thoms.) H. Ohba are the main ingredients. A flavonoid metabolite of Salvia plebeia R. Br. has anti-tumor properties by blocking the PI3-K/Akt pathway (Jiang et al., 2017). Rhodiola crenulata (Hook. f. et Thoms.) H. Ohba is well-known for its anti-inflammatory, antioxidant, antibacterial, and anti-tumor properties (Bai et al., 2019). A recent study found R. crenulata (Hook. f. et Thoms.) H. Ohba can alleviate dextran sulfate sodium (DSS)-induced colitis through a mechanism involving the modification of the gut microbiota (Liu et al., 2023). It is worth noting that disruptions of the gut microbiota are a significant hallmark of UC, and several studies have shown that fecal microbiota transplantation can alleviate UC symptoms (He et al., 2019; Wu et al., 2019). It is unknown whether LHT affects gut microbiota. This study examined the modulation of gut microbiota structure by LHT using a DSS-induced mouse model. This study deeply explored LHT’s mechanism of action for treating UC, focusing on its ability to reduce inflammatory responses and oxidative stress and alter gut microbiota composition. This work lays the groundwork for clinical trials of LHT for UC. It also proposes a TCM treatment plan with a clear mechanism and potentially precise efficacy, offering significant therapeutic value.
2 MATERIALS AND METHODS
2.1 Reagents
DSS was purchased from MP Biomedicals (Solon, OH, United States) (Batch No.: 160110); sulfasalazine (SASP) (Batch No.: S838221) was purchased from Shanghai McLean Biochemical Technology Co. TNF-α (Batch No.: EK282), IL-1β (Batch No.: EK201B), IL-6 (Batch No.: EK206), and IL-18 (Batch No.: EK218) ELISA kits were purchased from Hangzhou Lianke Bio-technology Co. Ltd. Crypto Blood Kit (Batch No.: C027-1-1) and myeloperoxidase (MPO) (Batch No.: A044-1-1) were purchased from Nanjing Jiancheng Bioengineering Institute; nitric oxide (NO), superoxide dismutase (SOD) kits were purchased from Shanghai Biyuntian Biotechnology Company (Batch No.: S0021S, S0101M). Antibody NRF2 and HO-1 were purchased from Proteintech (Batch No.: 16396-1-AP, 10701-1-AP).
2.2 Preparation of LHT extractions
LHT was purchased from Jiangyin Hospital of Traditional Chinese Medicine (Wuxi, China), and the seven botanical drugs of LHT and their dosage are shown in Table 1. LHT was extracted using the traditional aqueous decoction method, in which the botanicals were extracted with three times the volume (w/v) of boiling water heated for 1 h at 100°C. The filtrates were combined after two extractions, and then the extracts were distilled into an extract under reduced pressure and stored at 4°C.
TABLE 1 | Ingredients of LHT.
[image: Table 1]The composition of LHT was analyzed as follows: the samples were separated using a YMC-Pack ODS-AQ column (4.6 mm i.d., 250 mm i.d., 5 μm, Japan). Gradient elution was performed using mobile phase water (solvent A) and acetonitrile (solvent B). In terms of solvent B, the gradient program was set as follows: from 10% to 100% at 0–60 min. The mobile phase flow rate was set to 1.0 mL/min. However, a post-column split reduced the flow rate entering the MS analysis system to 0.5 mL/min. The column temperature was maintained at 30°C. Detection was performed using a diode array detector set at 254 nm.
MS detection was performed using an ESI interface on an Agilent 6530 Q-TOF MS machine. The capillary voltage was 4000 V for positive ion detection mode and 3500 V for negative ion detection mode, respectively. Other parameters were set as follows: drying gas (N2) flow rate of 5.0 L/min, drying gas temperature of 300°C, nebulizer pressure of 45 psig, sheath gas temperature of 400°C, and sheath gas flow rate of 12 L/min. Accurate measurement of all mass peaks yielded a mass range of 100–1,00 m/z. Agilent Mass Hunter Acquisition software (Agilent Technologies, CA, United States) handled the operations, acquisition, and data analysis.
2.3 Animals
C57BL/6J mice were used to create the colitis model; they were kept at 24–26 g. With License No. SCXK (Su) 202-0-0009 mice were acquired from Shanghai Sino-British SIPPR/BK Laboratory Animal Co. for the experiment; the mice were housed in conventional settings with a temperature of 20°C–24°C and a humidity of 40%–60%. They were also fed and acclimated for 7 days. The Animal Care and Use Ethics Committee of the Nanjing University of Chinese Medicine (Nanjing, China) approved these studies.
After 7 days of acclimation feeding, a total of 36 mice were randomly divided into six groups (6 mice in each group): control (Con), model (UC), LHT low dose (LHT-L), LHT middle dose (LHT-M), LHT high dose (LHT-H), and positive drug SASP. Except for the control group, mice in the other groups were given free access to drinking water containing DSS at a concentration of 2.5% for 7 days. Two days after drinking DSS water, the LHT-L, LHT-M, and LHT-H groups received daily gavage doses of 0.32 g/kg, 0.64 g/kg, and 1.28 g/kg LHT extraction, respectively. Notably, the LHT-M dose corresponds to the clinical dose used in humans. The SASP group received 0.2 g/kg of SASP, whereas the normal and DSS groups received the same amount of water. The mice were administered continuously for 5 days. Samples from the colon and spleen were collected to determine colon length and spleen index.
2.4 Disease activity index (DAI) score
On the last day of the experiment, DAI scores were administered on the following scale.
[image: ]2.5 H&E staining
Colon tissues were rinsed with PBS buffer, and an adequate size was removed and fixed with 4% paraformaldehyde for 24 h. After fixation, tissues were dried, embedded in paraffin wax, sectioned to a thickness of 5 μm, stained with H&E staining, and examined under a light microscope.
2.6 Biochemical analysis
After standing for 0.5 h, blood was collected from the mice. After 30 min of standing at room temperature, the supernatant was isolated by centrifugation at 4°C, 3,000 g for 15 min. The supernatant was collected. MPO, NO, and SOD were analyzed in accordance with commercial kit guidelines in the plasma. TNF-α, IL-6, IL-1β, and IL-18 levels in serum were measured using ELISA.
2.7 Detection of NRF2 and HO-1 expression in colonic tissues by immunohistochemistry
Colon sections were dewaxed to water for immunohistochemistry to detect NRF2 and HO-1 expression. The slides were incubated with anti-NRF2 and anti-HO-1 at 4°C overnight, followed by the corresponding secondary antibodies. Sections were stained with diaminobenzidine, re-stained with hematoxylin staining solution, and examined under a light microscope.
2.8 16S-rDNA sequencing
At the end of the experiment, the intestinal contents of the mice were collected in EP tubes. Total genomic DNA was isolated from mice’s fecal samples using a fecal DNA kit. Agarose gel electrophoresis was used to assess the purity of the DNA extraction, and UV spectrophotometry was used to quantify the DNA. The NovaSeq 6,000 was used to sequence and analyze the data. Sequencing results were provided by Hangzhou Lianchuan Biotechnology Co.
2.9 Statistical processing
The experiment results were reported as mean ± standard error of the mean (SEM). In immunohistochemistry, Fisher’s least significant difference was utilized. The remaining variables were analyzed using one-way ANOVA and Dunnett’s test. p < 0.05 was regarded as statistically significant. The GraphPad Prism 9.1.1 software (GraphPad Prism, San Diego, California) was used for data processing and graphing.
3 RESULTS
3.1 Analysis of the composition of LHT
The mass spectrometer was used to identify LHT components (Figure 1), and six metabolites were identified. Table 2 shows the compositions, retention time, and identification in LHT.
[image: Figure 1]FIGURE 1 | Total ion chromatograms of the primary metabolites in the LHT.
TABLE 2 | Compositional identification of LHT.
[image: Table 2]3.2 LHT treatment reduces mice symptoms with DSS-Induced colitis
We explored the weight, DAI score, colon length, and biochemical standard to thoroughly evaluate the therapeutic benefits of LHT on colonic inflammation. DSS consumption resulted in varying degrees of weight loss compared to starting body weight. On day 4, the UC group showed significance (p < 0.05). Compared to the model group, all LHT treatments provided relief from weight loss by the final day (p < 0.05, Figure 2A). LHT also restored DSS-induced DAI reduction, colon length shortening, and splenic index increase (Figures 2B–E). H&E staining confirmed the presence of intact colonic mucosa with well aligned and dispersed crypts, consistent with healthy tissue. However, the colonic mucosa was injured after DSS consumption, as demonstrated by crypt distortion and inflammatory infiltration (Figure 2F). Surprisingly, the LHT administration group showed various degrees of improvement. Furthermore, LHT and SASP therapy also reduced DSS-induced increases in MPO, NO, TNF-α, IL-1β, IL-6, and IL-18, while elevating SOD levels (p < 0.05, Figures 2G–J).
[image: Figure 2]FIGURE 2 | Alleviation of DSS-induced colitis in mice by LHT treatment. (A) Comparison of daily body weights of mice. (B) DAI scores of mice on day 7. (C) Mouse colon length. (D) Mouse spleen index. (E) Representative pictures of the colon. (F) H&E staining of colon tissue sections (scale bar of 50 μm in the figure). Serum concentrations of (G) MPO, (H) NO, (I) SOD, and (J) inflammatory factors (TNF-α, IL-1β, IL-6, IL-18) in mice. The results were expressed as mean ± SEM, n = 6/each group, #p < 0.05, ##p < 0.01 and ###p < 0.001, compared with Con group, *p < 0.05, **p < 0.01 and ***p < 0.001, compared with UC group.
3.3 LHT modulates the NRF2/HO-1 signaling pathway
Immunohistochemical results showed that compared with the normal group, the positive area level of NRF2 in the colonic tissues of mice with IBD was significantly decreased (p < 0.01) and increased significantly in the LHT-L, LHT-M, LHT-H, and SASP groups (p < 0.01). The positive area level of HO-1 in the colonic tissues of mice in the model group tended to decrease (p = 0.45) and increased significantly in the LHT-H group (p < 0.05) (Figure 3).
[image: Figure 3]FIGURE 3 | Modulation of the NRF2/HO-1 signaling pathway by LHT. (A) Immunohistochemical staining of NRF2 and HO-1 in colon tissue (scale bar of 50 μm in the figure). (B) Analysis of the positive area levels of NRF2. (C) Analysis of the positive area levels of HO-1. The results were expressed as mean ± SEM, n = 3/each group, #p < 0.05, ##p < 0.01 and ###p < 0.001, compared with Con group, *p < 0.05, **p < 0.01 and ***p < 0.001, compared with UC group.
3.4 LHT treatment increases gut microbiota diversity
In the next experiment, we focused on exploring the effects of the medium-dose group of LHT on the gut microbiota. The α-diversity was investigated using various metrics (Chao1, Shannon, Simpson), where Chao1 represents species richness, and Shannon and Simpson represent species diversity. The results showed that LHT improved the tendency of Chao1 and Shannon to decrease (p < 0.05) but not Simpson (Figures 4A–C). The NMDS and PCoA results revealed a significant difference in colonial similarity between the Con and UC groups (Figures 4D,E). However, the colony structure was altered following LHT therapy. In short, these results implied that LHT had the potential to increase the richness and variety of gut microbiota.
[image: Figure 4]FIGURE 4 | The diversity of the gut microbiota is improved by LHT treatment. (A) Chao1 level. (B) Shannon level. (C) Simpson level. (D) NMDS. (E) PCoA. n = 6/each group. The results were expressed as mean ± SEM, n = 6/each group, #p < 0.05, ##p < 0.01 and ###p < 0.001, compared with Con group, *p < 0.05, **p < 0.01 and ***p < 0.001, compared with UC group.
3.5 LHT treatment reverses disruption of the gut microbiota caused by DSS
The Venn diagram revealed that the Con, UC, LHT, and SASP groups shared 171 overlapping ASVs and that the ASVs unique to the UC group dropped following DSS treatment. In contrast, the ASVs unique to the UC group increased after LHT and SASP administration (Figure 5A). We then concentrated on the specific alterations in the abundance of bacterial microbiota at the phylum and genus levels. DSS ingestion led to a considerable enrichment of Bacteroidota and Proteobacteria, as well as a significant decrease (p < 0.05) in the relative abundance of Firmicutes, Patescibacteria, and Actinobacteriota (Figures 5B,C). Following LHT treatment, the relative abundance of Patescibacteria and Verrucomicrobiota increased significantly (p < 0.05), but the relative abundance of Proteobacteria dropped (p = 0.31). It also had a high relative abundance of Firmicutes (p = 0.28).
[image: Figure 5]FIGURE 5 | DSS-induced gut microbiota disruption was ameliorated by LHT treatment. (A) Venn diagram for multiple group comparisons. (B) Compositional characteristics at the phylum level. (C) Relative abundance of representative bacteria at the phylum level. (D) Characteristics of genus-level composition. (E) Relative abundance of representative bacteria at the genus level. Results are presented as mean ± SEM, n = 6/each group, #p < 0.05, ##p < 0.01 and ###p < 0.001, compared with Con group, *p < 0.05, **p < 0.01 and ***p < 0.001, compared with UC group.
Clostridiales_unclassified, Lactobacillus, Ligilactobacillus, and Candidatus_Saccharimonas had lower levels in the UC group (p < 0.05), whereas Oscillibacter, Colidextribacter, Anaerostipes, Escherichia-Shigella levels were significantly higher (p < 0.05) (Figures 5D,E). The abundance of Oscillibacter and Colidextribacter was dramatically reduced following LHT treatment (p < 0.05). Our research indicated that LHT can modulate the gut microbiota composition, potentially alleviating DSS-induced structural issues.
3.6 LHT treatment for functional modulation of gut microbiota
We employed LEfSe and random forest analysis to examine gut microbial indicators further. The results revealed that the model group’s gut microbiota was characterized by an increase in the relative abundance of Oscillibacter, Escherichia_Shigella, and a decrease in the relative abundance of Candiadatus_Saccharimonas (Figure 6A). Specific taxa were found in each group’s gut microbiota, and when the LDA score was adjusted to 4.0, the normal group had a substantial enrichment of the genera Lactobacillus, Clostridiales_unclassified, and Ligilactobacillus compared to the model group (Figures 6B,C). LHT intervention treatment reversed this trend, with the enrichment of Anaerotignum and Clostridia_UCG_014_unclassified observed in the gut microbiota.
[image: Figure 6]FIGURE 6 | Remarkable enrichment and pathway prediction of core differential bacteria. (A) Genus-level random forest analysis. (B, C) For the LEfSe analysis, the LDA score was thresholded at 4.0.
Following that, we use the Spearman correlation test to analyze the relationship between several bacteria with significant levels of gut microbiota genus and biological indicators. Oscillibacter, Colidextribacter, Escherichia-Shigella, Anaerostipes and Proteobacteria were significantly positively correlated with MPO and inflammatory factor (TNF-α, IL-1β, IL-6, IL-18) (p < 0.05, Figure 7A), in contrast to Lactobacillus, Ligilactobacillus, Clostridiales_unclassified, Candidatus_Saccharimonas and Patescibacteria. NO was significantly negatively correlated with Oscillibacter, Colidextribacter, Escherichia-Shigella, and Anaerostipes, and was significantly positively correlated with Lactobacillus, Clostridiales_unclassified, Candidatus_Saccharimonas, and Patescibacteria (p < 0.05). SOD, on the other hand, showed a significant negative correlation with Colidextribacter and a significant positive correlation with Clostridiales_unclassified.
[image: Figure 7]FIGURE 7 | Influence of LHT treatment on the function of the gut microbiota in mice. (A) Heatmap of indicator and gut microbiota correlation analysis. (B) Network diagram of genus level microbiota correlation analysis. *p < 0.05, **p < 0.01.
Meanwhile, we discovered interactions in 21 bacteria genera, with 20 positive and 6 negative correlations (Figure 7B). Oscillibacter and Colidextribacter were linked in a variety of ways. Oscillibacter was positively connected with Colidextribacter and negatively correlated with Ligilactobacillus and Lactobacillus, according to network analysis. Furthermore, Colidextribacter was found to be positively connected to Escherichia-Shigella and negatively related to Lactobacillus. As a result, Oscillibacter, Colidextribacter, and Lactobacillus may be the most important nodal microorganisms.
Meanwhile, the Kyoto Encyclopedia of Genes and Genomes (KEGG) function prediction based on PICRUST2 demonstrated that the mouse gut microbiota was important in metabolic control (Figure 8). The main aggregation sites were galactose metabolism and nitrogen metabolism signaling pathways. Our research revealed that LHT played a significant role in controlling the gut microbiota in the treatment of DSS-induced colitis.
[image: Figure 8]FIGURE 8 | KEGG pathway enrichment analysis.
4 DISCUSSION
The gut microbiota, a vast and diverse micro-ecosystem, plays a critical role in maintaining a dynamic equilibrium with the host’s organic system. Perturbations in the gut microbiota, also known as ecological dysbiosis, are essential in the onset, progression, and exacerbation of IBD. Disruption of this equilibrium leads to a decline in gut microbiota diversity within the intestinal environment, accompanied by a decrease in beneficial commensal bacteria (Liu et al., 2022). This disruption in the gut environment also leads to the development of abnormal immune responses and a massive accumulation of inflammatory substances, exacerbating and perpetuating the course of IBD (Zhang et al., 2021).
UC is a subtype of IBD. DSS-induced colitis in mice is a widely used animal model for studying IBD. The DSS-induced IBD model mimics human ulcerative colitis by causing increased intestinal epithelial cell permeability in mice. This leads to in vivo diarrhea and blood in the stool. Prolonged inflammatory injury further results in colon lengthening and weight loss (Fei and Xu, 2016). In this study, we used 2.5% DSS to induce an IBD mouse model. Our research showed that the mice in the model group exhibited a significant weight loss trend. Meanwhile, the length of the colon was significantly shortened and displayed symptoms of colonic damage. Oxidative stress is closely intertwined with the inflammatory response in the pathogenesis and progression of UC. When cells undergo oxidative stress, the resulting cellular damage promotes and prolongs the inflammatory process (Li et al., 2024). MPO is prevalent in neutrophils and is a prominent candidate for promoting oxidative tissue damage during inflammation (Nadel et al., 2023). Excess NO is a crucial mediator of the inflammatory response triggered by inducible nitric oxide synthase (iNOS) activity (Oppeltz et al., 2012). SOD protects against intestinal inflammation and oxidative stress in IBD (Guan and Lan, 2018). It can effectively improve IBD by destroying reactive oxygen species (ROS) in vivo (Shainkin-Kestenbaum et al., 1990) and eliminating the inflammatory response (Zhou et al., 2022). Integrate with our results, the levels of MPO and NO have been increased in model group mice, which indicates that IBD mice have inflammatory damage. SOD levels decreased, reflecting the fact that IBD mice have reduced antioxidant capacity and increased risk of oxidative damage in vivo. The NRF2/HO-1 signaling pathway is an important antioxidant pathway that has a significant impact on the progression of IBD (Hwang et al., 2019). As a transcriptional activator, NRF2 can successfully reduce the oxidative stress response by attaching to antioxidant-responsive elements in the promoter regions of target genes (Gomez et al., 2016). Numerous experimental evidence support that the activation of NRF2 not only helps to maintain intestinal integrity but also regulates the expression of inflammatory factors, thus effectively preventing the occurrence and development of UC (Bae et al., 2022; Kim and Jeon, 2022; Peng et al., 2023). Moreover, HO-1, a crucial gene regulated by NRF2, demonstrates noteworthy anti-inflammatory and antioxidant characteristics (Boyanapalli et al., 2014). Increased expression of HO-1 helps to reduce the levels of inflammation-associated cytokines, such as TNF-α, IL-6, IL-1β, and IL-18, which in turn attenuates the inflammatory response (Mills et al., 2018; Xu et al., 2020; Kang et al., 2022; Niu et al., 2024). Our results suggest that LHT plays an important role in IBD therapy by increasing SOD levels, decreasing MPO and NO content, and inhibiting the release of inflammatory factors, such as TNF-α, IL-1β, IL-6, and IL-18, and through the NRF2/HO-1 signaling pathway.
Microbiota plays a crucial role in the inflammatory response in DSS-induced mice. To investigate the effects of LHT on gut microbiota and inflammatory response in DSS-induced mice, we measured the gut microbiota composition of the intestinal contents of mice. DSS consumption reduced gut microbial diversity, as evidenced by decreased α-diversity (Chao1, Shannon, and Simpson indices) and a significant difference in β-diversity. Furthermore, the structural composition of the gut microbiota changed. At the phylum level, mice with colitis had an increase in Bacteroidota and Proteobacteria and a decrease in Firmicutes, Patescibacteria, and Actinobacteriota. At the genus level, the same dissimilar effects occurred. The reduction of the beneficial bacteria Clostridiales_unclassified, Lactobacillus, Ligilactobacillus, Candidatus_Saccharimonas, the increase of pathogenic bacteria Oscillibacter, Colidextribacter, Anaerostipes, and Escherichia-Shigella, all of which reflect the disturbance of the gut microbiota under the conditions of DSS. As a commonly used first-line drug for the treatment of IBD in the clinic, SASP undoubtedly has a certain degree of efficacy. Furthermore, it has also been used as a frequently utilized positive control drug in mouse experiments aimed at treating IBD (Zhang et al., 2018; Gu et al., 2021). However, concerns about potential safety issues and side effects of current treatments have driven the urgent search for improved medications. TCM has emerged as a promising option due to its reputation for safety and minimal side effects, making it highly valued in clinical practice. Our formula LHT is primarily composed of Salvia plebeia R. Br. and Rhodiola crenulata (Hook. f. et Thoms.) H. Ohba. These are complemented by auxiliary botanical ingredients including Lithospermum erythrorhizon Siebold & Zucc., Rhus chinensis Mill., Pulsatilla chinensis (Bunge) Regel, Codonopsis pilosula (Franch.) Nannf. and Atractylodes macrocephala Koidz. These auxiliary herbs traditionally address symptoms by clearing heat and cooling blood, detoxifying and dispersing stagnation, benefiting energy, and moistening the intestines. Notably, treatment with LHT resulted in a reversal of the gut microbiota structure, as evidenced by an increase in the abundance of Firmicutes, Patescibacteria, and Verrucomicrobiota, as well as a decrease in the abundance of Proteobacteria. The therapeutic effect of LHT is comparable to SASP.
Oscillibacter has been implicated in IBD, which is capable of producing LPS. It was found that Oscillibacter was enriched in DSS mice, which may lead to more severe intestinal inflammation (Li et al., 2018; Wang et al., 2018). Furthermore, it was also associated with intestinal permeability, and mice were shown to have increased Oscillibacter abundance after being fed a high-fat diet (Lam et al., 2012). Oscillibacter may directly assist in controlling intestinal permeability, or it could be a result of interactions among other microorganisms (Wu et al., 2019). Similar to Oscillibacter, Colidextribacter, as a typical pathogen, produces inflammatory metabolites that can exacerbate inflammatory responses. Its abundance increased after DSS treatment (Dong et al., 2022). As a probiotic closely related to inflammation and host immunity, Candidatus_Saccharimonas, showed a decrease in abundance after DSS treatment (Shao et al., 2021; Wang et al., 2022). Studies suggest the mechanism may involve the regulation of metabolism and energy supply, leading to effective inhibition of inflammatory responses, reduced oxidative stress, and acceleration of the intestinal mucosal repair process (Shao et al., 2021). We explored the pathogenesis of IBD by comparing the correlation between microbiota and IBD inflammatory indicators. It was found that IBD indicators (MPO, NO, TNF-α, IL-1β, IL-6, IL-18) were positively correlated with pathogenic bacteria Oscillibacter and Colidextribacter, and negatively correlated with beneficial bacteria Lactobacillus and Ligilactobacillus, Candidatus Saccharimonas and Patescibacteria. This further explains that the invasion of pathogenic bacteria in the process of IBD may lead to the excessive release of inflammatory factors and exacerbate the inflammatory response. Therefore, we speculate that LHT may treat IBD by decreasing the abundance of Oscillibacter and Colidextribacter and increasing the abundance of Patescibacteria, Candidatus_Saccharimonas, Lactobacillus and Ligilactobacillus.
The analysis of KEGG pathway prediction revealed a major focus on metabolism. Among them, there was a significant enrichment in carbon metabolism (galactose metabolism) and energy metabolism (nitrogen metabolism). Numerous studies have shown that galactose metabolism is associated with oxidative stress (Girdhar et al., 2023; Li et al., 2023). D-galactose, a naturally occurring form of sugar, can be metabolized in small quantities by conversion to glucose. In contrast, excessive d-galactose accumulation undergoes oxidation by galactose oxidase, generating H2O2 and a substantial amount of reactive oxygen species (ROS). ROS disrupts intestinal homeostasis through oxidative stress, further exacerbating inflammatory responses (Li et al., 2016). Nitrogen metabolism occupies an important factor in the gastrointestinal tract. There are various sources of nitrogen, including inorganic and organic nitrogen. Intestinal epithelial cells produce iNOS, which can be converted to NO with L-arginine as a substrate with reactive oxygen and nitrogen species (Sowers et al., 2022). Ammonia, a major byproduct of nitrogen metabolism, is sourced in large quantities from the small bowel and colon (Campion et al., 2019). Microorganisms respond to exogenous environmental stresses in the gut by utilizing metabolism substances. Proteobacteria has been observed to exhibit enrichment in genes associated with nitrogen utilization (Ni et al., 2017), and Escherichia coli is extensively recognized for its involvement in nitrogen metabolism (Brown et al., 2014). They can synthesize amino acids using nitrogen sources in the gut and participate in nitrogen metabolism (Yin et al., 2022). It is well established that Lactobacilli has the ability to metabolize galactose (Jung et al., 2016). Our results suggested that LHT may alleviate the inflammatory response by attenuating the level of oxidative stress by a mechanism that may be related to the regulation of gut microbiota. These discoveries not only yield fresh insights into the pathophysiological mechanisms underlying IBD but also furnish substantial support for the advancement of more efficacious therapeutic modalities.
5 CONCLUSION
Our study demonstrated that LHT intervention in colitis mice effectively reduced inflammatory markers and oxidative stress, leading to the amelioration of colitis symptoms. This therapeutic effect appears to be mediated through the modulation of gut microbial composition and the NRF2/HO-1 signaling pathway. Figure 9 illustrates the mechanism underlying the impact of LHT in DSS colitis mice. These findings suggest that LHT, which is composed of Chinese herbal medicine, promises to be a therapeutic alternative for colitis treatment. However, further investigation of its efficacy and safety in clinical trials is needed.
[image: Figure 9]FIGURE 9 | The mechanism of action of LHT on UC is depicted in the diagram. LHT alleviates UC by modulating gut microbiota and signaling pathways to reduce UC-induced oxidative stress and inflammation.
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Sishen Pill inhibits intestinal inflammation in diarrhea mice via regulating kidney-intestinal bacteria-metabolic pathway
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Background: Sishen Pill (SSP) has good efficacy in diarrhea with deficiency kidney-yang syndrome (DKYS), but the mechanism of efficacy involving intestinal microecology has not been elucidated.Objective: This study investigated the mechanism of SSP in regulating intestinal microecology in diarrhea with DKYS.Methods: Adenine combined with Folium sennae was used to construct a mouse model of diarrhea with DKYS and administered with SSP. The behavioral changes and characteristics of gut content microbiota and short-chain fatty acids (SCFAs) of mice were analyzed to explore the potential association between the characteristic bacteria, SCFAs, intestinal inflammatory and kidney function-related indicators.Results: After SSP intervention, the body weight and anal temperature of diarrhea with DKYS gradually recovered and approached the normal level. Lactobacillus johnsonii was significantly enriched, and propionic, butyric, isobutyric and isovaleric acids were elevated. Serum creatinine (Cr), interleukin-6 (IL-6) and tumour necrosis factor-α (TNF-α) levels of the mice were reduced, while serum blood urea nitrogen (BUN) and secretory immunoglobulin A (sIgA) in the colonic tissues were increased. Moreover, there were correlations between L. johnsonii, SCFAs, intestinal inflammatory, and kidney function.Conclusion: SSP might suppress the intestinal inflammation by regulating the “L. johnsonii-propionic acid” pathway, thus achieving the effect of treating diarrhea with DKYS.Keywords: Sishen Pill, diarrhea, characteristic bacteria, short-chain fatty acids, intestinal inflammatory, kidney function
INTRODUCTION
Diarrhea is a common and frequent disease worldwide, with differences in Traditional Chinese medicine (TCM) syndromes due to its causes, pathogenesis and clinical manifestations (Li and Tan, 2020). As one of the common TCM symptoms of diarrhea, deficiency kidney-yang syndrome (DKYS) is still challenging to study on its pathogenesis due to its complex pathogenic factors (Li et al., 2020). Therefore, it is of great practical importance to investigate the mechanisms of diarrhea with DKYS in order to find effective diagnostic and therapeutic measures.
To date, with the popularization of high-throughput sequencing technology for gut microbiota, it is gradually recognized that alterations in the structure and function of gut microbiota are closely associated with diseases of the gastrointestinal system, cardiovascular system and urinary system, among others (Hobby et al., 2019; Verhaar et al., 2020; Xiao et al., 2021). Studies have pointed out that certain doses of adenine impaired kidney function to a certain extent and also affect the body’s energy metabolism (Jia et al., 2016). Dried leaflets of Cassia senna L. (Fabaceae) (Folium Sennae) is a bitter-cold laxative, and mice with diarrhea symptoms and caused gut microbiota disorders after the Folium Sennae modeling (Zhang et al., 2020a). Our preliminary research showed that adenine combined with Folium Sennae successfully replicated a diarrhea mouse model with DKYS (Li et al., 2022a; Zhou et al., 2024). Additionally, there was an imbalance of gut microbiota in diarrhea mice with DKYS (Zhu et al., 2016; Li et al., 2022b). Of course, SCFAs are also involved in the development of diarrhea with DYKS. Acetic, propionic, butyric, valeric, isobutyric and isovaleric acids in the gut contents of diarrhea mice with DYKS were significantly lower than those in the control group, suggesting that SCFAs were markedly inhibited by diarrhea with DYKS (Li et al., 2022b). Globally, gut microbiota and SCFAs has potential application in the diagnosis and risk assessment of diarrhea with DKYS.
Sishen Pill (SSP), as a classic formula for treating diarrhea with DKYS, is composed of six Chinese herbs, namely, Psoralea corylifolia L, Myristica fragrans Houtt, Euodia rutaecarpa (Juss.) Benth, Schisandra chinensis (Turcz.) Baill, Ziziphus jujuba Mill, Zingiber officinale Roscoe, which have the function of warming the kidney and spleen, consolidating the gut and relieving diarrhea (Li, 2012). It is often used clinically in the treatment of irritable bowel syndrome, ulcerative colitis, functional diarrhea, etc (Zhu et al., 2016; Chen et al., 2020; Liu et al., 2020; Li et al., 2022c; Li et al., 2022d; Ge et al., 2022; Li et al., 2023). Zhou et al. pointed out that SSP markedly increase the level of sIgA in diarrhea rats with DKYS, promoted the repair of gut mucosa, maintained the integrity of gut mucosa and other effects (Zhou, 2007). Liu et al. revealed that SSP reduced the number of Proteobacteria and Mycoplasma and increased Clostridium and other bacteria in the faeces of rats with diarrhoeal irritable bowel syndrome, suggesting that SSP could regulate the structure of gut microbiota to play a role in the treatment of diarrhoeal irritable bowel syndrome (Liu et al., 2019). Apparently, SSP has good efficacy in protecting the gut mucosa and regulating gut microbiota.
In this study, we used adenine combined with Folium Sennae to construct a mouse diarrhea model with DYKS and used SSP to intervene. Application of three-generation high-throughput sequencing technology combined with bioinformatics to uncover the interactions between characteristic bacterium at the species level and relevant environmental factors, and to elucidate the gut microecological mechanism of SSP intervention in diarrhea with DYKS. This study will provide a breakthrough for the study of the pharmacodynamic mechanism of SSP in the intervention of diarrhea with DYKS, and also provide an important reference for the intervention of TCM to optimize the therapeutic effect of diseases by regulating gut microorganisms.
MATERIALS AND METHODS
Drugs
Adenine (Changsha Yaer Biology Co., LTD, Changsha, China, number: EZ2811A135). Folium Sennae (Anhui Puren Traditional Chinese Medicine Yinpian Co. LTD, Haozhou, Anhui, number: 2005302). SSP composition: P. corylifolia (No: HY21012201), M. fragrans (No: Xiang 20160111), E. rutaecarpa (No: 2020082804), S. chinensis (No: HY21020304), Z. jujuba (No: 2103120082), Z. officinale (No: 170903). All the Chinese medicine tablets are provided by Hunan Junhao Chinese Medicine Tablets Science and Trade Co., LTD. Adenine suspension preparation (Xiao et al., 2016): adenine was prepared in sterile water to a concentration of 5 mg/mL in proportion to the concentration of the suspension and was prepared daily, as needed. Folium Sennae decoction preparation (Liu et al., 2019): we placed Folium Sennae in a container with the appropriate amount of water for 30 min. Then, we poured off the water, added 5 times the amount of herbs to the container and boiled for 30 min. We filtered out the liquid by laying sterile gauze flat in a funnel. The filtered drugs were then added to an appropriate amount of water and the decoction was continued by boiling for 15 min. The two decoctions were mixed and then boiled for 15 min. The decoction was concentrated to a concentration of 1 g/mL of raw herbs and stored in a refrigerator at 4 °C. SSP decoction preparation (Li et al., 2021): The preparation method was the same as Folium Sennae decoction preparation. Finally, the decoction was concentrated to a concentration of 0.29 g/mL of raw herbs and stored in a refrigerator at 4°C.
Reagents
Interleukin-6 (IL-6) ELISA Kit (Jiangsu Jingmei Biotechnology Co., LTD., No. JM-02446M1). Tumor necrosis factor-α (TNF-α) ELISA Kit (Jiangsu Jingmei Biotechnology Co., LTD., No. JM-02415M1). Secretory immunoglobulin A (sIgA) ELISA Kit (Jiangsu Jingmei Biotechnology Co., LTD., No. JM-02723M1).
ANIMALS
Fifteen 4-week-old Kunming mice (male, 18–22 g) were supplied by the Slack Jingda Experimental Animal Co, Ltd (SCXK [Xiang] 2016–0002). Mice were housed in a controlled environment with free access to food and water. The room temperature was maintained at 23°C–25°C with a 12-h light/dark cycle. The animal experiments were approved by the Animal Ethics and Welfare Committee of Hunan University of Chinese Medicine (No. LLBH-202106120002). To exclude the effect of gender on the gut microbiota of mice, only male mice were used in this study (Wu et al., 2022).
Experimental design
Modeling stage: Fifteen mice were randomly divided into five in the control (CZ) group and ten in the model (CX) group after 7 days of adaptive feeding. After modification of the modeling method with reference to the literature (Xiao et al., 2016; Xiao et al., 2016; Zhang et al., 2020a), mice in the CX group were given adenine suspension by gavage, 50 mg/(kg.d), 0.4 mL/each, once/d for 14 days. From the eighth day onwards, the model group was gavaged Folium Sennae decoction, 10 g/(kg.d), 0.4 mL/each, once/d for 7 days. Mice in the CZ group were given an equal volume of sterile water by gavage once/d for 14 days. In our previous experiments, we have successfully established and verified the reliability of a mouse diarrhea model with DYKS using the same modeling method (Li et al., 2022d).
TCM intervention stage: At the end of modeling, the CX group was randomly divided into two groups, i.e., five mice in the SSP (CS) group and five mice in the CX group. According to the conversion method of “conversion of drug dosage between experimental animals and human” in (Methodology of pharmacological research on Chinese medicine) (Li et al., 2021), the equivalent dose of Chinese medicine for gavage in the CS group of mice was calculated as 5 g/(kg.d), 0.35 mL/each, 2 times/d for 7 days. The CZ and CX groups were gavaged an equal volume of sterile water, 2 times/d for 7 days.
Sample collection
Blood sample collection: At the end of the experiment, orbital blood was collected from all mice under aseptic conditions. Blood samples were collected for blood biochemistry and Enzyme-linked immunosorbent assay (ELISA).
Kidney sample collection: Kidney tissue was taken from mice under aseptic conditions. The connective tissue was removed from the surface of the kidneys and fixed in 4% paraformaldehyde solution for subsequent hematoxylin and eosin (H&E) staining.
Colonic sample collection: Colonic tissues were taken from mice under aseptic conditions. The contents of the colonic tissues were washed clean with sterile water. The cleaned colonic tissues were then placed in sterile EP tubes, labelled and stored at −80°C for subsequent ELISA.
Small intestine contents sample collection: Small intestine was taken from mice under aseptic conditions. We collected samples of contents from small intestinal tissue. The content samples from each mouse were placed individually in sterile EP tubes, labelled and stored in a refrigerator at −80°C for 16S rRNA gene subsequent high-throughput sequencing and gas chromatography-mass spectrometry (GC-MS).
Ultra-high performance liquid chromatograph (UPLC) of SSP
The chemical components of the SSP extracts were confirmed by UPLC fingerprinting analysis. The samples were identified using an Thermo Fisher Scientific UPLC (Vanquish, United States) and a Q-Exactive™. Briefly, 300 μL of SSP supernatant was added to 1,000 μL of extraction solution (methanol: water = 4:1, internal standard concentration of 10 μg/mL). Vortex for 30 s and then sonicate for 5 min in an ice water bath. The sample was centrifuged at 4 °C for 15 min at 12,000 rpm (centrifugal force 13,800 (×g), radius 8.6 cm) after resting at −40°C for 1 h. The supernatant was removed and passed through a 0.22 μM membrane into a sample vial for detection in the machine. The samples were processed on a Waters UPLC BEH C18 column (1.7 μm * 2.1 * 100 mm) with an injection volume of 5 μL. See Table 1 for details.
TABLE 1 | Mobile phase condition of chormatographic separation.
[image: Table 1]Behavioural observations in mice
At the end of the experiment, the behavioral status of the mice in the three groups was observed. The indicators observed here included: the mental state of the mice, activity flexibility, hair color, fecal character and color, and anal cleanliness (Li et al., 2022e). Besides, the body weight and anal temperature of the mice were measured on days 1, 5, 9, 13, 15, 18 and 21 of the experiment.
Pathological observation of kidney tissue in mice
At the end of the experiment, the kidney tissues fixed in 4% paraformaldehyde solution were removed, dehydrated in gradient ethanol, transparent in xylene, routinely paraffin embedded, sectioned and stained with H&E and then observed under a light microscope for histopathological changes.
Blood creatinine (Cr) and urea nitrogen (BUN) assay in mice
The fully automated biochemical analyser was used to determine the Cr and BUN levels in mice. Firstly, the machine was switched on and warmed up to complete the calibration, quality control and sample setting serial numbers. Next, the calibrator, quality control and test samples were loaded according to the set serial numbers. Finally, the instrument was run to complete the calibration, quality control determination and sample testing.
Detection of sIgA level in mice colonic tissue
The collected mice colon tissue was mashed with appropriate amount of saline at 3000 r, centrifuged for 10 min, and the supernatants were taken. Added 10 μL of supernatant and 40 μL of sample dilution to the sample wells as prompted by the ELISA instructions. Added 50 μL of different concentrations of standards to the standard wells. Then, added 100 μL of horseradish peroxidase HRP-labeled antibody to the standard and sample wells, respectively. The reaction wells were sealed with sealing film and incubated in a water bath for 60 min. After the incubation was completed, the slats were removed and the liquid was poured off, patted dry on absorbent paper, each well was filled with pre-configured washing solution, left for a few minutes and poured off, and repeated 5 times. After the incubation, 50 μL of substrate A and 50 μL of substrate B were added to each well and incubated in a water bath for 15 min 50 μL of termination solution was added to each well after the incubation. The OD value of each well was measured with an enzyme marker.
Detection of serum IL-6 and TNF-α levels in mice
Blood samples were allowed to stand for 30 min at room temperature, centrifuged at 3,000 r/min for 10 min, serum was separated and assay samples were loaded into centrifuge tubes. The procedure for ELISA of IL-6 and TNF-α in serum was the same as that for sIgA in colon tissue described above.
Gut content microbiota assay
Total DNA extraction and amplification, PCR amplification, recovery and purification of amplification products, fluorescence quantification of amplification products, and computer testing were used to detect the gut content microbiota of mice.
Primer design: forward primer 27F (5′-AGAGTTTGATCMTGGCTCAG-3′)
reverse primer 1492R (5′-GGACTACHVGGGTWTCTAAT-3′).
The prepared DNA libraries were sequenced on the PacBio Sequel platform. The sequencing was performed by Paiseno Biological Co., LTD.
Detection of the acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid and isovaleric acid in the gut content microbiota.
We detected SCFAs in the gut contents microbiota of mice by GC-MS. The GC-MS conditions are shown in Table 2. The above testing process was completed by Qingdao Yixin Co., LTD (Qingdao, China), and the above preparation procedures were performed by the GC-MS external standard method.
TABLE 2 | GC-MS conditions.
[image: Table 2]Statistical analysis
SPSS 21.00 software was used for statistical analysis and data obtained from each group were expressed as mean ± standard deviation. If the data were consistent with normal distribution and homogeneity of variance, one-way analysis of variance was used for comparison between groups, and LSD method was used for pair comparison between groups; otherwise, Kruskal–Wallis H test was used. p < 0.05 was considered statistically significant. p < 0.01 was considered extremely statistically significant.
RESULTS
The active components of SSP
The fingerprint chromatogram of the SSP is shown in Figures 1A, B. There were 20 main peaks in the fingerprint of SSP, with the main peaks separated. Among these, seven kinds of components were detected including phenylpropanoids, alkaloid, flavonoids, coumarins and derivatives, terpenoids, miscellaneous, based on comparison with standard materials (Table 3).
[image: Figure 1]FIGURE 1 | HPLC fingerprint chromatogram of SSP. (A) peak intensity chromatograms of SSP in positive mode. Numbers 1–10 in the figure represented Benzaldehyde, Biochanin A, Citric acid, Codeine, Dehydroevodiamine, Derricidin, Epimedokoreanin B, NICOTINAMIDE, OBLIQUIN, Phthalic anhydride. (B) peak intensity chromatograms of SSP in negative mode. Numbers 1–10 in the figure represented (2R,3S,4S,5R,6S)-2-(hydroxymethyl)-6-[4-(hydroxymethyl)-1-propan-2-ylcyclohex-3-en-1-yl]oxyoxane-3,4,5-triol, [(3aR,4S,6E,10Z,11aR)-10-(hydroxymethyl)-6-methyl-3-methylidene-2-oxo-3a,4,5,8,9,11a-hexahydrocyclodeca[b]furan-4-yl] (Z)-4-acetyloxy-2-(hydroxymethyl)but-2-enoate, [(9R,10R)-10-acetyloxy-8,8-dimethyl-2-oxo-9,10-dihydropyrano[2,3-f]chromen-9-yl] 2-methylbutanoate, 8-Geranyloxypsoralen, Adenine, Arylbenzofuran flavonoid base + 3O, 1MeO, 1Prenyl, Baicalein, Confertifoline, Daidzein, Demethoxycurcumin.
TABLE 3 | Identification of components of SSP.
[image: Table 3]SSP induced behavioral change in diarrhea mice with DYKS
The specific experimental procedure was shown in Figure 2A. Compared with the CZ group, the mice in the CX group were not in good spirits, sleepy and lazy, unresponsive, with arched backs, curled up in piles, sparse and lustrous fur, damp bedding, soft stools that stuck to the bedding and dirt around the anus. The mental state of mice in the CS group recovered somewhat, with flexible activities, improved fur gloss, reduced lethargy, lazy movement and clumping, and improved fecal laxity and perianal pollution (Figures 2B–D).
[image: Figure 2]FIGURE 2 | Behavioral changes in the mice. (A) Experimental flow chart. (B) Mental status, perianal condition and fecal characteristics of the mice in the CZ group. (C) Mental status, perianal condition and fecal characteristics of the mice in the CX group. (D) Mental status, perianal condition and fecal characteristics of the mice in the CS group. (E) Body weight of the mice. (F) Anal temperature of the mice. CZ, control group (n = 5); CX, model group (n = 5); CS, SSP group (n = 5). SSP: Sishen Pill; SCFAs: short-chain fatty acids. The values were expressed as mean ± standard deviation. Compared to CZ group, *p < 0.05, **p < 0.01. Compared to CX group, ##p < 0.01.
During the modeling stage, the body weight of mice in both the CX and CS groups were lower than those in the CZ group as the modeling days increased, with the body weights of mice in the CX group being significantly lower than those in the CZ group on days 9 and 13 of modeling (p < 0.01; p < 0.01). As the days of SSP intervention increased, the body weight of mice in the CS group gradually increased. At day 21, the body weight of mice in the CS group was markedly higher than that of the CX group (p < 0.01) and gradually approached that of the CZ group (Figure 2E).
As shown in Figure 2F, the anal temperature of both CX and CS mice was lower than that of the CZ group during the modeling stage, and was considerably lower in the CX group than in the CZ group on days 9 and 13 of modeling (p < 0.05; p < 0.01). With the increase of SSP intervention, the anal temperature of CS group mice increased gradually. On the 21st day of the experiment, anal temperature in CS group was significantly higher than that in CX group (p < 0.01), and gradually approached that in CZ group.
It could be seen that SSP altered the symptoms and signs and restored the body weight and anal temperature of diarrhea mice with DYKS.
SSP changed the kidney function in diarrhea mice with DYKS
As depicted in Figure 3A, compared with the CZ group, the mice in the CX group presented a certain degree of pathological damage, with marked aggregation of inflammatory cells, edema and congestion in the renal interstitium, and tubular dilatation. However, the above injury was dramatically reduced in the CS group. After SSP intervention, serum Cr level of mice showed a decreasing trend compared with that in the CX group (p > 0.05), whereas BUN level presented a tendency to increase (p > 0.05) (Figures 3B, C), demonstrating that SSP caused changes in the kidney function of diarrhea mice with DYKS.
[image: Figure 3]FIGURE 3 | Indicators related to the kidney function and intestinal inflammatory response. (A) HE staining of the kidney. (B) Cr level. (C) BUN level. (D) sIgA level. (E) IL-6 level. (F) TNF-α level. CZ, control group (n = 5); CX, model group (n = 5); CS, SSP group (n = 5). Cr: creatinine; BUN: blood urea nitrogen; IL-6: interleukin-6; TNF-α: tumour necrosis factor-α; sIgA: secretory immunoglobulin (A). The values were expressed as mean ± standard deviation. Compared to CZ group, *p < 0.05, **p < 0.01. Compared to CX group, #p < 0.05, ##p < 0.01.
SSP inhibited the intestinal inflammatory response in diarrhea mice with DYKS
Compared with the CZ group, sIgA levels in colonic tissues of mice in the CX group were notably lower (p < 0.01) and serum levels of IL-6 and TNF-α were significantly higher (p < 0.05; p < 0.05). Yet, sIgA level were markedly higher in the CS group of mice compared to the CX group (p < 0.01) (Figure 3D), and levels of IL-6 and TNF-α were enormously lower (p < 0.01; p < 0.05) (Figures 3E, F). So, SSP considerably inhibited the occurrence of intestinal inflammatory response in diarrhea mice with DYKS.
SSP altered the gut content microbiota in diarrhea mice with DYKS
Quality assessment of sequencing data
As seen in the results, the sequenced sequences of all samples showed an inflection point around 500, and as the sequencing depth increases, the curve flattens out and reaches a plateau (Figures 4A, B). Moreover, the Goods coverage index of the samples within the same group was basically above 99% (Figure 4C), pointing out that the coverage of the samples within the group was good and no outliers were present. As illustrated in Figure 4D, the curve flattens out as the sample size increases, suggesting that the total number of OTUs barely increases as new samples were added. The above displayed that the sampling for this study was adequate to meet the needs of the study. In brief, it was proved that the experimental data meet the needs of the experimental design and downstream analysis.
[image: Figure 4]FIGURE 4 | Quality assessment of sequencing data analysis of the OTU and diversity of the gut content microbiota. (A) Chao1 dilution curve. (B) Shannon dilution curve. (C) Goods coverage index. (D) Species accumulation curves. (E) Upset diagram. (F) Multiaxial bubble diagram. (G) Chao1 index. (H) Shannon index. (I) PCoA analysis. (J) NMDS analysis. CZ, control group (n = 5); CX, model group (n = 5); CS, SSP group (n = 5). PCoA: Principal Coordinate analysis; NMDS: non-metric multidimensional scaling.
SSP adjusted the diversity of gut content microbiota in diarrhea mice with DYKS
There were 412 OTUs and 379 unique OTUs in the CZ group, 163 OTUs and 130 unique OTUs in the CX group, 112 OTUs and 79 unique OTUs in the CS group, and a total of 33 OTUs in the three groups (Figure 4E). SSP intervention markedly altered the changes in gut content microbiota in mice at six taxonomic levels (Figure 4F). Also, both the Chao1 and Shannon indexes of gut content microbiota in the CX group were reduced compared to those in the CZ group, and they were both reduced in the CS group compared to the CX group (Figures 4G, H). In the PCoA analysis (Figure 4I), the contribution of the horizontal coordinate PCo1 was 43.9% and the PCo2 was 17.7%. In the NMDS analysis, we found (Figure 4J) that the three groups of mice gut content communities had different structural distribution characteristics with a stress value of 0.0784, indicating that the grouping was reasonable. Altogether, SSP adjusted the diversity of gut content microbiota in diarrhea mice with DYKS.
SSP reshaped the dominant bacteria and enriched the characteristic bacteria in diarrhea mice with DYKS
At the phylum level, Firmicutes, Proteobacteria and Bacteroidetes accounted for the larger proportion of the gut contents in the three groups (Figure 5A). We used a chord diagram to summarize the dominant bacteria with abundance greater than 1% (Figures 5D–F). After statistical analysis of the above dominant bacteria (Figure 5G), it was found that compared with CX group, Candidatus Arthromitus, Lactobacillus, Burkholderia and Muribaculum were the dominant genera in all three groups with greater than 1% abundance (Figure 5B). Burkholderia tended to decrease in the CS group compared to the CX group, but none of the differences were statistically significant (Figure 5G). Moreover, Lactobacillus johnsonii and Lactobacillus reuteri were the dominant species in all three groups with greater than 1% abundance (Figure 5C). Lactobacillus reuteri showed an increasing trend in the CS group compared to the CX group (Figure 5G). So, the composition of the dominant bacteria of diarrhea mice with DYKS changed at the phylum, genus and species level after SSP intervention.
[image: Figure 5]FIGURE 5 | Analysis of the dominant bacteria of the gut contents in the mice. (A) Relative abundance diagram of the phylum level. (B) Relative abundance diagram of the genus level. (C) Relative abundance diagram of the species level. (D) Chord chart of the phylum level. (E) Chord chart of the genus level. (F) Chord chart of the species level. (G) Phyla, genus, species with a changing tendency. CZ, control group (n = 5); CX, model group (n = 5); CS, SSP group (n = 5).
At the phylum level, Firmicutes, Bacteroidetes, Proteobacteria and Chordata were identified as the key characteristic bacteria (Figure 6A). Four key characteristic bacteria were recognized at the genus level, including Burkholderia, Candidatus Arthromitus and Caulobacter (Figure 6B). Lactobacillus johnsonii, L. reuteri and Mus musculus were classified as key characteristic bacteria at the species level (Figure 6C). Subsequently, ROC curve analysis was performed on the three characteristic bacteria enriched at the species level in the CS group (Figure 6D). The area under the curve (AUC) was calculated to determine the value of the operating characteristic curve in predicting disease (Zhang et al., 2022). The results showed that L. johnsonii (AUC = 0.72) presented a large AUC value, indicating that L. johnsonii might be a potential biomarker for SSP in treating diarrhea with DYKS.
[image: Figure 6]FIGURE 6 | Analysis of the characteristic bacteria of the gut contents in the mice. (A) Random forest diagram of the phylum level. (B) Random forest diagram of the genus level. (C) Random forest diagram of the species level. (D) ROC of the species level. CZ, control group (n = 5); CX, model group (n = 5); CS, SSP group (n = 5). AUC: area under the curve.
SSP affected the function in diarrhea mice with DYKS
Combined with KEGG functional cluster analysis (Figure 7A), it was found that the first-level functions of gut content microbiota were generally divided into six categories, and the second-level functions had a total of 29 seed functional categories, with a greater abundance of sub-functional classes under metabolism. We applied Cytoscape 3.7.2 to construct a “characteristic bacteria-metabolic function” interaction network to reflect the correlation between characteristic bacteria and metabolic function in the treatment of diarrhea with DYKS with SSP (Figure 7B). The characteristic bacteria L. johnsonii were significantly positively correlated with carbohydrate metabolism and negatively correlated with metabolism of terpenoids and polyketides. In the PCoA analysis, the contribution rate of PCo1 in horizontal coordinate was 53.1%, and that of PCo2 in vertical coordinate was 15.9% (Figures 7C–E). A total of 134 homologous genes were predicted, including four downregulated KOs with statistical differences (Figure 7F). Among them, pathways associated with the CS group included ko00625 (chloroalkane and chloroalkene degradation), ko00960 (tropane, piperidine and pyridine alkaloid biosynthesis), ko00830 (retinol metabolism) and ko00624 (polycyclic aromatic hydrocarbon degradation) (Figure 7G). Later, we conducted correlation analysis between L. johnsonii and the kyoto encyclopedia of genes and genomes (KEGG) pathway with significant differences to explore the assocation between the characteristic bacteria of gut content in mice after the intervention of SSP and the KEGG pathway (Figure 7H). Lactobacillus johnsonii was negatively correlated with ko00624 (polycyclic aromatic hydrocarbon degradation), ko00625 (chloroalkane and chloroalkene degradation) and ko00830 (retinol metabolism), whereas positively correlated with ko00960 (tropane, piperidine and pyridine alkaloid biosynthesis). Hence, the above metabolic pathway may be the main way for SSP to intervene in the change of gut content microbiota in diarrhea mice with DYKS.
[image: Figure 7]FIGURE 7 | Functional analysis of the gut content microbiota in mice. (A) Predicted abundance of the KEGG function. (B) Network diagram of Lactobacillus johnsonii and metabolic function. (C) PCoA diagram of the KEGG functional units. (D) PCo1 analysis. (E) PCo2 analysis. (F) CX group vs. CS group volcano map. (G) CX group vs. CS group dumbbell diagram. (H) Network diagram of the Lactobacillus johnsonii and KEEG pathways. CZ, control group (n = 5); CX, model group (n = 5); CS, SSP group (n = 5). PCo1: Principal Coordinate 1; PCo2: Principal Coordinate 2.
SSP caused changes of SCFAs in diarrhea mice with DYKS
Compared with the CX group, propionic acid, butyric acid, isobutyric acid and isovaleric acid were all increased in the gut contents of mice in the CS group (p > 0.05; p > 0.05; p > 0.05; p > 0.05), while acetic acid and valeric acid showed a decreasing trend (p > 0.05; p > 0.05) (Figures 8A–F). It was suggested that the intervention of SSP caused changes in SCFAs in the gut contents of diarrhea mice with DYKS.
[image: Figure 8]FIGURE 8 | Analysis of SCFAs. (A) Acetic acid. (B) propionic acid. (C) Butyric acid. (D) Valeric acid. (E) Isobutyric acid. (F) Isovaleric acid. CZ, control group (n = 5); CX, model group (n = 5); CS, SSP group (n = 5). The values were expressed as mean ± standard deviation. Compared to CZ group, **p < 0.01.
Correlation analysis
We performed an intra-group correlation analysis and plotted the correlation coefficients of the characteristic bacteria at the species level (Figures 9A–C). The results displayed that the interaction relationship between the characteristic bacteria of mice gut contents was reduced after SSP intervention. Combined with correlation coefficient analysis, we constructed the interaction network between L. johnsonii and other characteristic bacteria in the CZ, CX and CS groups, respectively, and explored their interactions before and after modeling and before and after SSP intervention. After modeling, the regulation of L. johnsonii by Akkermansia muciniphila, M. musculus was changed (Figures 9D, E). The regulation of L. johnsonii by A. muciniphila, Porphyromonas gingivalis, Lactobacillus murinus was altered, and Lactobacillus intestinalis maintained positive regulation of L. johnsonii (Figures 9E, F). In a word, we speculated that the changes in the interaction relationship between characteristic bacteria might be due to the effect of SSP on the structure of gut microbiota in diarrhea mice with DYKS.
[image: Figure 9]FIGURE 9 | Correlation analysis. (A) Correlation coefficient diagram of “characteristic bacteria-characteristic bacteria” in the CZ group, CX group (B), CS group (C). (D) Interaction network diagram of “Lactobacillus johnsonii-other characteristic bacteria” in the CZ group, CX group (E), CS group (F). (G) Scatter plot of Lactobacillus johnsonii and SCFAs. (H) Correlation heat map between Lactobacillus johnsonii, SCFAs and indicators related to gut inflammatory response. CZ, control group (n = 5); CX, model group (n = 5); CS, SSP group (n = 5). IL-6: interleukin-6; TNF-α: tumour necrosis factor-α; sIgA: secretory immunoglobulin (A).
To further reveal the relationship between characteristic bacteria and SCFAs, correlation scatter plot analysis was performed (Figure 9G). Lactobacillus johnsonii was positively correlated with acetic acid, propionic acid, valeric acid, isobutyric acid and isovaleric acid, and negatively correlated with butyric acid. Besides, correlation heatmap analyzed the relationship between the characteristic bacteria, SCFAs and the relevant indicators of gut inflammatory response (Figure 9H). Red squares represented positive correlation, blue squares represented negative correlation, the darker the color the stronger the correlation. Of these, L. johnsonii was negatively correlated with IL-6 and TNF-α, and positively correlated with sIgA. Propionic acid, butyric acid and valeric acid were negatively correlated with IL-6 and TNF-α and positively correlated with sIgA. Acetic acid and isobutyric acid were positively correlated with IL-6, TNF-α and sIgA. Isovaleric acid was positively correlated with TNF-α and sIgA, and negatively correlated with IL-6. In short, the interaction of the above factors might be the mechanism of action of SSP in regulating diarrhea with DYKS.
DISCUSSION
SSP modulated the gut content microbiota of diarrhea mice with DYKS
In our experiments, we used bioinformatics techniques to analyze the gut content microbiota of mice before and after modeling and drug administration. Diversity analysis identified alterations in the diversity and community structure of the gut contents of the CS group. Characteristic bacteria L. johnsonii might act as a biomarker to influence SSP in the treatment of diarrhea with DYKS. Moreover, metabolic function was the functional category that mainly affected the process of SSP in the treatment of diarrhea with DYKS. Lactobacillus johnsonii presented strong negative correlations with ko00624 (polycyclic aromatic hydrocarbon degradation) and ko00625 (chloroalkane and chloroalkene degradation) and positive correlations with ko00960. As well, ko00624 (polycyclic aromatic hydrocarbon degradation), ko00625 (chloroalkane and chloroalkene degradation) involved to polycyclic aromatic hydrocarbon degradation and chloroalkane and chloroalkene degradation, which belong to the xenobiotics biodegradation and metabolism in the KEGG secondary classification of metabolic function. ko00960 (tropane, piperidine and pyridine alkaloid biosynthesis) related to piperidine and pyridine alkaloid biosynthesis, which belong to the biosynthesis of other secondary metabolites. Alkaloids are a kind of secondary metabolites widely found in plants and play an important role in resisting biological and abiotic stresses (Xiong et al., 2021). Study highlighted that alkaloids were the main chemical constituents of E. rutaecarpa (Juss.) in SSP (Liu et al., 2022). Euodia rutaecarpa (Juss.) has modern pharmacological effects such as analgesic, anti-inflammatory, anti-tumour and antioxidant, and has physiological activity on the cardiovascular system, central nervous system, digestive system and reproductive system (Ni et al., 2022). Thus, the interaction between L. johnsonii and ko00960 (tropane, piperidine and pyridine alkaloid biosynthesis) might be influenced by the regulation of the drug ingredient of E. rutaecarpa (Juss.). On the whole, the intervention of SSP notably altered the structure and function of the gut content microbiota of diarrhea mice with DYKS. Characteristic bacteria L. johnsonii might influence SSP for the treatment of diarrhea with DYKS by inhibiting the xenobiotics biodegradation and metabolism and promoting the biosynthesis of other secondary metabolites.
Close relationship among Lactobacillus johnsonii, SCFAs and intestinal inflammatory response
Gut microbiota is a key factor in the health and disease transformation of the organism. They influence the physiological and pathological activities of the organism by metabolizing the nutrients ingested by the body and producing metabolites, mainly SCFAs, which directly or indirectly exchange information with the organism (Tao et al., 2022). Previous study in our group showed that SCFAs in the gut contents of diarrhea mice with DYKS were significantly lower than that of normal mice, and there were correlations between SCFAs and gut content microbiota. Therefore, exploring the interaction between gut microbiota and SCFAs may provide a new direction for the study of disease mechanisms. Combined with the results of this experiment, SSP promoted the propionic acid, butyric acid, isobutyric acid and isovaleric acid in the gut contents of diarrhea mice with DYKS, and characteristic bacteria L. johnsonii might play an important role as a biomarker in the treatment of diarrhea with DYKS by SSP. Accumulating evidences revealed that L. johnsonii was a widely studied probiotic that colonized a large number of mammals, and its probiotic effects were mainly reflected in a number of aspects such as inhibiting the multiplication of intestinal pathogens, regulating the intestinal microenvironment, enhancing immune function and improving diarrhea (Zhan et al., 2016; Wang et al., 2017; Yang et al., 2019). Yue et al. confirmed that L. johnsonii dramatically promoted the acetic acid, propionic acid and isobutyric acid in the faeces of patients with diarrhea caused by enterotoxin-producing Escherichia coli (Yue, 2021). Combining the correlation analysis between the characteristic bacteria and SCFAs, we observed positive regulations between L. johnsonii and propionic acid, valeric acid, isobutyric acid and isovaleric acid. Taken together, there were correlations between L. johnsonii and propionic acid, valeric acid, isobutyric acid and isovaleric acid in the gut contents of diarrhea mice with DYKS after SSP intervention.
Inflammation is a double-edged sword for the health of the body. It is important for the body’s own defence, but excessive or persistent systemic inflammation can have adverse effects (Dao et al., 2016; Rosen and Palm, 2017). TNF-α and IL-6, key cytokines that drive inflammation, could lead to disturbances in the body’s immune regulation and promote inflammation when their expression is increased (Zhang et al., 2011; Zhang et al., 2020b). Also, sIgA is a major effector in the immune response of the gut mucosa, neutralizing pathogens in the gut mucosal epithelium and balancing normal microbiota in the gut (Song et al., 2020). In this study, SSP inhibited the intestinal inflammatory response in diarrhea mice DYKS. Study proved that there was an interaction between gut microbiota and inflammatory response (Al Bander et al., 2020). Some gut microorganisms (e.g., Lactobacillus johnsonii) had significant anti-inflammatory effects (Zheng et al., 2021). Cheng et al. evaluated that the relative abundance of L. johnsonii in gut contents of ulcerative colitis mice was remarkably lower than that in normal group, the expression of TNF-α mRNA was correspondingly increased, and there was a significant negative correlation between L. johnsonii and TNF-α (Chen et al., 2022). Dong et al. emphasized that supplementation of L. johnsonii to mothers before delivery and during lactation protected female offspring from experimental colitis (Dong et al., 2022). We also found negative correlations between L. johnsonii and TNF-α and IL-6, and a positive correlation with sIgA. Eventually, there was a negative regulatory effect between L. johnsonii and intestinal inflammatory response of diarrhea mice with DYKS after SSP intervention.
Propionic acid, butyric acid and valerate have negative regulatory effects on intestinal inflammatory reaction.
Similarly, SCFAs act as signaling molecules that can be involved in the intestinal inflammatory response through different pathways and are key mediators of communication between the gut microbiota and the immune system (Yang et al., 2022). Studies confirmed that SCFAs inhibited the HDACs pathway or activate the GPCR41/43 pathway to suppress macrophage NF-κB-mediated production of pro-inflammatory factors (TNF-α, IL-6, IL-12, etc.) (Al-Lahham and rezaee, 2019); also SCFAs activated GPCRs to upregulate increased IgA secretion and protect gut mucosal barrier function against pathogens (Zhao et al., 2018). Xiang et al. demonstrated that serum levels of TNF-α and IL-6 were significantly reduced in rats with lipopolysaccharide-induced acute respiratory distress syndrome after gavage of a mixture of SCFAs (acetic acid, propionic acid and butyric acid), suggesting that SCFAs could inhibit the expression of inflammatory factors to alleviate acute respiratory distress syndrome (Xiang et al., 2022). Asarat et al. treated IBD mice with butyric acid and found that their plasma IL-6 levels were lower compared to the model group, indicating that butyric acid suppressed the expression of inflammatory factors in the treatment of IBD (Asarat et al., 2016). Luu et al. proved that valerate controlled the function of Th17 by inhibiting the activity of HDAC. In the correlation analysis, propionic acid, butyric acid and valeric acid of diarrhea mice with DYKS were negatively correlated with TNF-α and IL-6, and positively correlated with sIgA (Luu et al., 2019). It could be seen that there were negative regulations between propionic acid, butyric acid and valeric acid and intestinal inflammatory response in diarrhea mice with DYKS after SSP intervention (Figure 10).
[image: Figure 10]FIGURE 10 | Gut microecological mechanism of SSP in the treatment of diarrhea with DYKS.
CONCLUSION
SSP was able to induce changes in the structure and function of the gut content microbiota of diarrhea mice with DYKS, promote the propionic acid, butyric acid, isobutyric acid and isovaleric acid, inhibit the occurrence of gut inflammatory response, and improve the damage to the structure and function of the kidney. In addition, there was positive regulations between L. johnsonii and acetic acid, propionic acid, valeric acid, isobutyric acid and isovaleric acid, while negative regulations with intestinal inflammatory response. Propionic acid, butyric acid, valeric acid and gut inflammatory response were negatively regulated. Altogether, we hypothesized that SSP might regulate the expression of inflammatory factors through the “L. johnsonii-propionic acid” pathway to suppress the intestinal inflammatory response and achieve the effect of treating diarrhea with DYKS. However, further validation is needed. Considering that the occurrence of diarrhea with DYKS involves multiple factors and the mechanisms involved are complex, and the drug components in SSP may also exert their efficacy mechanisms through multiple targets. Therefore, in the follow-up study, we still need to explore the intervention mechanism of SSP on diarrhea with DYKS through multiple channels.
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Multi-omic analysis reveals that Bacillus licheniformis enhances pekin ducks growth performance via lipid metabolism regulation
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Introduction: Bacillus licheniformis (B.licheniformis) was widely used in poultry feeds. However, it is still unclear about how B.licheniformis regulates the growth and development of Pekin ducks.
Methods: The experiment was designed to clarify the effect and molecular mechanism of B. licheniformis on the lipid metabolism and developmental growth of Pekin ducks through multiomics analysis, including transcriptomic and metabolomic analyses.
Results: The results showed that compared with the control group, the addition of 400 mg/kg B. licheniformis could significantly increase the body weight of Pekin ducks and the content of triglyceride (p < 0.05), at the same time, the addition of B. licheniformis could affect the lipid metabolism of liver in Pekin ducks, and the addition of 400 mg/kg B. licheniformis could significantly increase the content of lipoprotein lipase in liver of Pekin ducks. Transcriptomic analysis revealed that the addition of B. licheniformis primarily impacted fatty acid and glutathione, amino acid metabolism, fatty acid degradation, as well as biosynthesis and elongation of unsaturated fatty acids. Metabolomic analysis indicated that B. licheniformis primarily affected the regulation of glycerol phospholipids, fatty acids, and glycerol metabolites. Multiomics analysis demonstrated that the addition of B. licheniformis to the diet of Pekin ducks enhanced the regulation of enzymes involved in fat synthesis via the PPAR signaling pathway, actively participating in fat synthesis and fatty acid transport.
Discussion: We found that B. licheniformis effectively influences fat content and lipid metabolism by modulating lipid metabolism-associated enzymes in the liver. Ultimately, this study contributes to our understanding of how B. licheniformis can improve the growth performance of Pekin ducks, particularly in terms of fat deposition, thereby providing a theoretical foundation for its practical application.
Conclusion: B. licheniformis can increase the regulation of enzymes related to fat synthesis through PPAR signal pathway, and actively participate in liver fat synthesis and fatty acid transport, thus changing the lipid metabolism of Pekin ducks, mainly in the regulation of glycerol phospholipids, fatty acids and glycerol lipid metabolites.
Keywords: Bacillus licheniformis, pekin ducks, lipid metabolism, transcriptomics, multi-omics
BACKGROUND
In addition to plant extracts, organic acids, polysaccharides and vaccines, probiotics promote animal growth (Abudabos et al., 2016; Mingmongkolchai and Panbangred, 2018). Bacillus licheniformis (B.licheniformis) is a Gram-positive bacterium that exhibits resistance to high-temperature, acid and alkali, and high-stress conditions (Elisashvili et al., 2019). B. licheniformis produces digestive enzymes, lysozymes, bacteriocins, antimicrobial peptides, and other bioactive substances that can improve animal production performance by improving feed digestibility, stimulate immune system development, and enhance intestinal mucosal barrier function (Gopi et al., 2022; Li et al., 2022; Ramirez-Olea et al., 2022; Todorov et al., 2022). B. licheniformis protects from potentially harmful intestinal microorganisms and inhibits pathogenic bacteria colonization, promotes the proliferation of potentially beneficial microorganisms, and maintains intestinal microbiota homeostasis (Zhou et al., 2016). In addition, Bacillus-based probiotics enhance broiler intestinal mucosal immune function by increasing the expression of TLRs, related downstream junction proteins, and NF-κB mRNA (Rajput et al., 2017). Dietary administration of B. licheniformis regulates the composition and structure of the intestinal microbiota in broilers challenged with Necrotic enteritis (Xu et al., 2018).
Transcriptomic sequencing is a high-throughput technique used to sequence RNA and create expression maps (Sklavenitis-Pistofidis et al., 2021). This approach allows for sample RNA identification and annotation, as well as functional enrichment, cluster analysis, and information mining, using databases such as Gene Ontology (GO), Clusters of Orthologous Groups (COG), and Kyoto Encyclopedia of Genes and Genomes (KEGG). Transcriptomic sequencing is highly sensitive, specific, and systematic, making it a valuable tool in biomedical research for the identification of molecular mechanisms underlying disease initiation and development (Kuppe et al., 2021; Sklavenitis-Pistofidis et al., 2021; Su et al., 2022). RNA sequencing is a high-throughput quantitative technique used to study gene expression and is important for the advancement of livestock genomics. In recent years, the cost of high-throughput sequencing technologies has decreased significantly, increasing the number of RNA-Seq studies in the livestock sector. However, compared with other fields, RNA-Seq studies in livestock, particularly poultry, are relatively limited, and this requires further investigation (Keel and Lindholm-Perry, 2022).
Metabolites are end-products or intermediates of the metabolic processes and are closely related to an organism’s phenotype, offering an innovative approach to directly and effectively monitor biological processes and mechanisms of metabolism (Chung et al., 2018; Sinem et al., 2019). Metabolomics enables qualitative and quantitative analysis of metabolites, making it a valuable tool for studying the metabolomic phenotypes of different individuals (Aszyk et al., 2018). It can be used to examine metabolic pathways and corresponding metabolites influenced by factors, such as diseases or drugs, as well as to assess the safety of food and drugs (Klassen et al., 2017). Metabolomics allows for the identification and quantification of characteristic metabolites of biological significance, thereby elucidating biological processes and metabolic mechanisms (Wang et al., 2010; Zhang et al., 2016).
Genomics, transcriptomics, and metabolomics are valuable tools for studying animal growth processes at different levels (Klassen et al., 2017; Sinem et al., 2019; Keel and Lindholm-Perry, 2022; Sah et al., 2022). However, single-omics studies only provide information on changes at a single level and fail to capture the interconnections between complex biological processes (Wu et al., 2021). In this study, using Illumina-based RNA-seq technology, we aimed to determine the impact of B. licheniformis on gene regulation in Pekin ducks. Through bioinformatics analysis, we aimed to identify differentially expressed genes and related signaling pathways and sought to elucidate the underlying molecular regulatory mechanisms. Additionally, by conducting non-targeted metabolomics, we aimed to evaluate the metabolic processes of Pekin ducks fed a B. licheniformis-containing diet. By combining KEGG functional annotation and enrichment analysis, we aimed to determine the relationship between the transcriptomic and metabolomic and to systematically examine the fatty regulatory mechanisms.
MATERIALS AND METHODS
Animal ethics
All animal procedures used in this study were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of China Agricultural University, and the experimental design was approved by the Animal Care and Use Committee of China Agricultural University (Beijing, China).
Prepare of Bacillus licheniformis
The B. licheniformis (B.licheniformis) was provided by Guangzhou Weiyuan Biotechnology Co., Ltd., and the number of viable bacteria was 1.0 × 1010 CFU/g. The production lot number is WYYLRSJ100. The experimental animal Pekin ducks were provided by Tianjin Poultry Breeding Professional Cooperative.
Experimental design and sample collection
One-day-old healthy Pekin ducks (n = 360) with similar initial body weight (60 ± 0.5 g) were included in the study. The ducks were randomly divided into four groups with six replicates per group and 15 ducks per replicate. The control group (CON) was fed a corn-soybean meal basal diet. The experimental groups were fed the basal diet supplemented with different concentrations of B. licheniformis: 200 mg/kg (LLB), 400 mg/kg (MLB), and 800 mg/kg (HLB). The probiotic strain, B. licheniformis used in this study was obtained from Guangzhou Weiyuan Biotechnology Co., Ltd. Before experiment initiation, the duck houses were thoroughly cleaned and disinfected. Pekin ducks were raised with unrestricted access to drinking water and food and were exposed to 23 h of light. For the first week, the duck house was maintained at 35°C and gradually reduced to 25°C (maintained with automated equipment). The ducks were fed twice daily at 8:00 and 16:00. Routine immunization procedures were followed, feces was removed daily at 7:00, and the sink and trough were cleaned weekly. On day 42, jejunum and cecal tissue, blood, and liver tissue samples were collected from each group and stored at −80°C. In this study, Pekin ducks were euthanized using CO2 asphyxiation. Before the ducks were put in, 40% concentration CO2 was injected into the euthanasia box for 30–40 s, then CO2 was turned off, and the Pekin ducks were put in. Reperfusion of 80% concentration of carbon dioxide in the box for 5 min, after confirming that the Pekin ducks did not move, did not breathe, and the pupil was dilated, the carbon dioxide was turned off, and the animal was observed for another 3 min to confirm the death of Pekin ducks.
Growth performance and serum biochemistry analysis
The body weight and food intake of the Pekin ducks were recorded daily. Collected blood samples were centrifuged at 3,000 g and 4°C for 20 min and the obtained serum was stored at −20°C until further analysis. Serum total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and free fatty acid (FFA) levels were detected directly using biochemical instruments. Very low-density lipoprotein (VLDL) levels were measured using ELISA Kit (Enzyme-linked Biotechnology Co., Ltd, Shanghai, China). Levels of fatty acid synthetase (FAS), acetyl-CoA carboxylase (ACC), malate enzyme (ME) and lipoprotein lipase (LPL) were determined in liver tissues using the Duck ELISA Kit (Enzyme-linked Biotechnology Co., Ltd, Shanghai, China), following the manufacturer’s instructions.
Mutiomics analysis
In a previous study, we found that the addition of 800 mg/kg B licheniformis to the diet of Pekin ducks improved growth performance; therefore, we performed multiomics analysis to determine the mechanisms underlying the role of B. licheniformis in improving growth performance.
Untargeted metabolomics assays
Untargeted metabolomics analysis was performed on blood samples of Pekin ducks. High-resolution mass spectrometry was performed using the Waters Acquity I-Class PLUS and Xevo G2-XS QT spectrometers with an Acquity UPLC HSS T3 column and the positive and negative ion modes with mobile phases. Principal component analysis (PCA) provides a preliminary understanding of the overall metabolic differences between samples and the degree of variability between samples within a group; therefore, we performed PCA analysis in both ion modes, with the principal component score plots in positive and negative ion modes. Positive ion mode: mobile phase A, 0.1% formic acid aqueous solution; mobile phase B, 0.1% formic acid acetonitrile; negative ion mode: mobile phase A, 0.1% formic acid aqueous solution; mobile phase B, 0.1% formic acid acetonitrile. For metabolite detection, samples (1 µL) were directly injected into the spectrometer and the liquid chromatography gradient parameters are listed in Supplementary Table S1, additional Supplementary File S1.
Mass spectrometry conditions: Primary and secondary mass spectrometry data was acquired using a Waters Xevo G2-XS QTof high-resolution mass spectrometer with MSe mode using acquisition software (MassLynx V4.2, Waters). Both low and high collision energies were acquired simultaneously using the dual-channel data acquisition mode. The low collision energy was 2 V, high collision energy interval 10–40 V, and scanning frequency 0.2 s for one mass spectrogram. MassLynx V4.2 was used to collect the raw data. The acquired data was processed using Progenesis QI software where peak extraction and peak alignment were performed based on the Progenesis QI software online METLIN database and Bemac’s self-constructed library. Theoretical fragmentation identification was performed, simultaneously, to ensure that the quality deviation was controlled at less than 100 ppm.
Transcriptomic analysis
Total RNA was extracted from liver tissue using Trizol, according to the manufacturer’s instructions. The extracted RNA was quantified and the purity was detected using a Nanodrop (OD260/OD280 between 1.7 and 2.5 was considered acceptable). Nanodrop, Qubit 2.0, Agilent 2,100 and electrophoresis (on a 1.2% agarose gel) were used to detect the purity, concentration, and integrity of RNA samples, respectively. Next, three samples were selected from each treatment group for library construction and the effective concentration of the library was accurately quantified by qPCR. Subsequently, high-throughput sequencing was performed using NovaSeq 6,000 with the PE150 mode. The filtered high-quality reads were randomly selected and the reference genomes of mallards and crested ducks were compared using the BLAST software. Fragments Per Kilobase of exon model per million mapped fragments (FPKM) was used to measure the level and distribution of gene expression. The Spearman’s rank coefficient was used to evaluate biological replicate correlation. Differential expression analysis between the five treatment groups was performed using edgeR software. Differentially expressed genes (DEGs) were identified by |Fold Change|≥1.5 and p < 0.05. An MA plot was used to visually represent the overall distribution of gene expression among the groups. Functional annotation of DEGs was performed by Gene Ontology (GO), Cluster of Orthologous Groups of proteins (COG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.
Integrated analysis of metabolomics and transcriptomics analysis
Differential metabolites were analyzed at the phylum and genus levels of the microorganisms. Pearson’s correlation analysis was used to determine the relationship between differential metabolites and differential gut microbiota (|CC| > 0.06 and p < 0.05). The DEGs were then functionally annotated using the GO and KEGG enrichment analysis. To better define the transcriptional regulation mechanisms of metabolic pathways, DEGs and differentially expressed metabolites (DEMs) were extracted from each group, and correlations between all genes and metabolites were determined using Pearson’s correlation (|CC| > 0.80 and CCP <0.05). Simultaneously, differential genes and metabolites of the same group were mapped to the KEGG pathway to identify their relationships with pathways, genes, and metabolites.
Verification of differentially expressed genes by qRT-PCR
The identified DEGs were verified by fluorescent quantitative PCR, and β-actin RNA was used as an internal reference. Total uterine RNA was extracted using the RNA Easy Fast tiss/Cell kit DP451 (Tiangen Biochemical Technology Co., Ltd., Beijing, China), and the quality of RNA was determined using the OD260/280 and OD260/230 ratios. The PCR reaction was detailed in Supplementary Table S2 and the primer sequences were shown in Supplementary Table S3, additional file1. Amplification was performed as follows: pre-denaturation at 95°C for 30 s and 35 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 30 s, and extension at 95°C for 10 s.
Statistical analysis
Excel 2010 was used to process test data. Next, one-way ANOVA (LSD) was performed using IBM SPSS 26.0 analysis software, and Duncan’s test was used for multiple comparison tests. Data are represented as mean ± standard error. Statistical significance was set at p < 0.05.
RESULTS
Growth performance and serum biochemistry analysis
The effects of B. licheniformis supplementation on the growth performance of Pekin ducks are shown in Figure 1A. On Day 42, the body weight of Pekin ducks in the MLB group was significantly higher than that of the CON group (p < 0.05). In addition, B. licheniformis affected serum TG, TC, LDL-C, HDL-C, and VLDL; TG in the MLB group was significantly higher than that of the CON group (p < 0.05; Figures 1B–F).
[image: Figure 1]FIGURE 1 | Efects of Bacillus licheniformis on growth performance, blood lipid levels and liver lipid metabolism of Pekin ducks. (A) Growth performance of Pekin ducks. (B–F) Blood lipid levels. (G–K) Liver lipid metabolism. Values were means and standard errors, * indicate signifcant diferences among diferent groups (p < 0.05), **indicate signifcant diferences among diferent groups (p < 0.01), *** indicate signifcant diferences among diferent groups (p < 0.001). CON, Basal diet; LLB, Basal diet+200 mg/kg Bacillus licheniformis; MLB, Basal diet+400 mg/kg Bacillus licheniformis; HLB, Basal diet+800 mg/kg Bacillus licheniformis.
Lipid metabolism in liver
The liver lipid metabolism of Pekin ducks was analyzed (Figures 1G–K). Compared with the HLB group, the FFA content was significantly higher in the LLB group (p < 0.05). Compared with the CON group, the dietary addition of B. licheniformis caused an increase in liver fatty acid synthase (FAS); however, the difference was not significant. Compared with LLB group, ACC, ME and LPL in the liver of MLB group was significantly higher (p < 0.05). Compared with the CON group, LPL was significantly higher in the MLB group (p < 0.01).
Serum untarget metabolites analysis
Qualitative and quantitative metabolomic analyses was performed on 20 samples. A total of 2,999 metabolites were detected, 2,300 and 699 in the positive and negative ion modes, respectively (Figures 2A,B). OPLS-DA was used to analyze the degree of correlation between the CON and MLB groups. The OPLS-DA score plots of the serum samples in the positive ion mode are shown in Figure 2C. R2X, R2Y, and Q2Y were 0.438, 0.997, and 0.883, respectively. The OPLS-DA score plots of the serum samples in the negative ion mode are shown in Figure 2D. R2X, R2Y, and Q2Y were 0.467, 0.996, and 0.934, respectively. These values indicate that the analytical model had good prediction abilities.Figures 2E,F shows the displacement test plots in the positive and negative ion modes, respectively. Both R2Y and Q2Y were smaller than the R2Y and Q2Y values of the original model, which indicated that the model was meaningful and could be used for differential metabolite screening.
[image: Figure 2]FIGURE 2 | PCA, OPLS-DA scores and Permutation test of serum metabolites in positive and negative ion mode between with CON and MLB. (A,C,E) PCA, OPLS-DA scores and Permutation test in positive ion mode. (B,D,F) PCA, OPLS-DA scores and Permutation test in negative ion mode. CON, Basal diet; MLB, Basal diet + 400 mg/kg Bacillus licheniformis.
Based on the OPLS-DA model, differential metabolite screening was performed by combining the multiplicity of differences, t-test, and VIP value. The screening criteria was as follows: FC > 1, p < 0.05, and VIP>1. Significant DEMs were identified; 1,033 in the positive ion mode (956 upregulated and 77 downregulated) and 279 in the negative ion mode (243 upregulated and 36 downregulated). DEM enrichment analysis was performed using the HMDB database (Figures 3A,B). Metabolite classification maps for the positive and negative ion modes are shown in Figures 3C,D, respectively.
[image: Figure 3]FIGURE 3 | Volcanic map and Classification of serum differential metabolites in positive and negative ion mode between with CON and MLB. (A,B) Volcanic map in positive and negative ion mode; (C,D) Classification of serum differential metabolites in positive and negative ion mode. CON, Basal diet; MLB, Basal diet+400 mg/kg Bacillus licheniformis.
In the positive ion mode, the vast majority of DEMs were annotated to lipid metabolism pathways, among which 50 were annotated to glycerophospholipids, 17 to steroids and steroid derivatives, 13 to fatty acids, 11 to pregnenolone lipids, three to glycerolipids, and eight to carboxylic acids and derivatives. In the negative ion mode, the majority of DEMs were annotated in the lipid metabolic pathway, of which 36 were annotated in glycerophospholipids, five in fatty acids, and two in glycerolipids. The trends in metabolite changes were comparable in both positive and negative ion modes; the total categories were glycerophospholipids, fatty acids, and glycerolipids. This indicated that the addition of B. licheniformis to Pekin duck feed significantly altered the glycerophospholipid, fatty acid, and glycerolipid metabolites in Pekin ducks, thereby affecting lipid metabolism.
Liver transcriptome analysis
On Day 42, 116.48 Gb of clean sequences were obtained from 15 samples, and each sample scored an average sequence of 6.23 Gb. Compared with the CON group, 472 (235 upregulated and 237 downregulated), 357 (217 upregulated and 140 downregulated), and 67 (37 upregulated and 30 downregulated) DEGs were identified in the LLB, MLB, and HLB groups, respectively (Figure 4A). Based on the data obtained by RNA-seq sequencing, the expression of differential genes between the samples of the CON group and the MCB group was analyzed in detail, log2(FC) ≥1.5 and p-value <0.01 were used as the screening criteria, and the genes with gene expression levels greater than the expression threshold of one in the same group were statistically analyzed and MA plots were drawn, and the results showed that a total of 848 differentially expressed genes were screened between the two groups, of which 479 genes were upregulated and 369 genes were downregulated (Figure 4B).
[image: Figure 4]FIGURE 4 | Efects of Bacillus licheniformis on the serum metabolites of Pekin ducks. (A) Numbers of differently expressed genes (DEGs). (B) MA map of CON and MLB differently expressed genes. (C) Gene ontology (GO) enrichment analysis of DEGs. (D) Cluster of Orthologous Groups (COG) analysis of DEGs. (E) Statistics of KEGG pathway enrichment by diferent metabolites [log2(FC) ≥1.5 and p < 0.01]. The size of the dots indicates the number of diferentially abundant metabolites and the color of the dots represents the p-value. (F) KEGG signaling pathways enriched by diferent metabolites. CON, Basal diet; MLB, Basal diet+400 mg/kg Bacillus licheniformis.
GO analysis assigned DEGs into three categories: biological processes, cellular components, and molecular functions (Figure 4C). In biological processes, DEGs were primarily related to cell metabolism, bioregulation, and metabolic processes. In cellular components, DEGs were associated with organelles, cell membranes, and macromolecular complexes. In molecular functions, DEGs were mainly concentrated in catalysis, transport, and antioxidant activity. COG analysis revealed that the DEGs were primarily distributed in general function prediction and transport and metabolism of amino acids, lipids, nucleotides, and carbohydrates (Figure 4D). KEGG enrichment analysis showed that the metabolic pathways were mainly enriched in nutrient metabolism, such as fatty acid and glutathione metabolism, fatty acid degradation, biosynthesis of unsaturated fatty acids, fatty acid elongation, as well as glycine, serine, and threonine metabolism (Figure 4E; Figure 3F).
COMBINED METABOLOME AND TRANSCRIPTOME ANALYSIS
Multivariate analysis
The O2PLS loading no-label revealed a correlation between the data sets, metabolomics was assigned more weight than transcriptomics (Figure 5A). Based on the relationship between the two data matrices, we selected the genes and metabolites with the top 15 length load values in the first two dimensions (with the highest degree of association) and generated bar charts (Figure 5B). The located metabolites were Ginkgoic acid, Pentigetide, 1-[(5-Amino-5-carboxypentyl)amino]-1-deoxyfructose, Jasmonic acid, TR-Saponin C, TG [22:0/20:3 (5Z, 8Z, 11Z)/22:4 (7Z,10Z,13Z, 16Z)], Hovenidulcioside A1, Serinyl-Valine2-Acetyl-1-ethylpyrrole, Rocuronium, LysoPC (20:0), Lisdexamfetamine, 2- Chloro-2′-deoxyadenosine- 5′-triphosphate, LysoPE [0:0/22:4 (7Z,10Z,13Z, 16Z)] and TG [20:0/24:1 (15Z)/22:6 (4Z,7Z,10Z,13Z,16Z, 19Z)].
[image: Figure 5]FIGURE 5 | Combined multi-omics analysis. (A) O2PLS loading label analysis between significantly differential genes in the liver and differential metabolites in the serum; (B) Histogram of significantly differential genes in the liver and differential metabolites in the serum; (C) WGCNA Heat maps of significantly differential genes in the liver and differential metabolites in the serum; Red indicates a positive correlation; the green indicates a negative correlation. ***, **, and * represent levels of significance (p < 0.001, p < 0.01, and p < 0.05, respectively); (D) Chord label of significantly differential genes in the liver and diferential metabolites in the serum; (E) Bubble map of significantly differential genes in the liver and diferential metabolites in the serum; (F) Network of significantly differential genes in the liver and diferential metabolites in the serum; (G) Verification of significant differently expressed genes in liver by RT-PCR.
Weighted gene co-expression network analysis (WGCNA)
WGCNA dimensionality reduction analysis was performed on the transcriptome and metabolome datasets, and cluster analysis was performed using a color gradient (Figure 5C, green indicates a negative correlation and red indicates a positive correlation). WGNCA of transcriptomic and metabolic data resulted in 144 and 24 modules, respectively. Most of the data modules within the two groups correlated positively; however, the MEgreen module in the metabolite group negatively correlated with most of the modules in the transcriptome group.
The correlation chord plots showed that 18 metabolite modules were selected among the top 30 absolute values of the correlation coefficients, and each metabolite module strongly correlated with the 27 labeled gene modules: MEgreen, MEgrey60, MElightcyan, MEred, MEdarkgreen, MEcyan, MEpurple, MEblack, MEmagenta, MEdarkturquoise, MElightyellow, MEpink, MEdarkgrey, MEtan, MEturquoise, MEyellow, MEbrown, and MEgreenyellow (Figure 5D).
Comparative analysis of KEGG pathways
The enriched pathways were analyzed for the DEGs identified by transcriptomics and metabolomics. 66 significantly enriched pathways were identified and the top 30 pathways with the largest number of metabolites were mapped (Figure 5E). The DEGs were mainly enriched in the metabolic effects of cytochrome P450 on xenobiotics; drug metabolism-cytochrome P450; fat digestion and absorption; cholesterol metabolism; unsaturated fatty acid biosynthesis; glutathione metabolism; taurine and hypotaurine metabolism; fatty acid degradation; fatty acid elongation; glycine, serine, and threonine metabolism; and fatty acid metabolism. Differential metabolites were mainly enriched in drug metabolism-cytochrome P450; retinol metabolism; fatty acid elongation; alanine, glycine, serine, and threonine metabolism; fat digestion and absorption; ketone body synthesis and degradation; and MAPK signaling pathways. Significantly enriched pathways shared by both datasets were drug metabolism-cytochrome P450; fatty acid elongation; fat digestion and uptake; and glycine, serine, and threonine metabolism.
KEGG pathway xml analysis
KGML (KEGG Markup Language) revealed that (S)-3-Hydroxytetradecanoyl-CoA was involved in fatty acid degradation, metabolism, and elongation pathways; L-palmitoyl carnitine in fatty acid degradation and metabolism pathways; ENSAPLG00000002680 in drug metabolism-cytochrome P450, fatty acid degradation, glutathione and retinol metabolism, metabolic effects of cytochrome P450 on xenobiotics, and drug metabolism; ENSAPLG00000007893 in fatty acid degradation and metabolism; ENSAPLG00000016081 in fatty acid degradation and metabolism and unsaturated fatty acid biosynthesis; and ENSAPLG00000012370, ENSAPLG00000002641, and ENSAPLG 00000011982 in fatty acid metabolism and elongation and unsaturated fatty acid biosynthesis (Figure 5F).
Liver transcriptome fluorescence PCR validation
Six pathways were significantly enriched in lipid metabolism: fatty acid degradation, biosynthesis of unsaturated fatty acids, fatty acid elongation, glycerolipid metabolism, fatty acid biosynthesis, and arachidonic acid metabolism. Nine DEGs, significantly related to lipid metabolism (ACSL5, FAS, SCD, LPL, HADHB, ACOX1, ELOVL2, ELOVL3, and ELOVL6) were identified in the liver. The expression of these genes was further verified by real-time RT-qPCR using the primer sequences listed in Schedule A-5 (Figure 5G). Among the identified DEGs, ACSL5, FAS, SCD, ACOX1, ELOVL2, ELOVL3, ELOVL6, and ACC were upregulated and HADHB was downregulated.
DISCUSSION
Bacillus is one of the most widely used probiotic species in feed and farming, and B. licheniformis improves the growth performance of chickens (Abudabos et al., 2016; Bernardeau et al., 2017; Bai et al., 2018; Dong et al., 2020; Ramlucken et al., 2020). However, the mechanism underlying the role of B. licheniformis in enhancing growth performance remains unclear. In this study, we aimed to investigate the effect of B. licheniformis on the growth performance of Pekin ducks and, through the use of multi-omics technology and biochemical examination, we aimed to determine the mechanisms underlying the identified B. licheniformis-associated effects. We found that B. licheniformis supplementation significantly enhanced the growth performance of Pekin ducks.
Next, we measured common lipid indicators to evaluate the effect of B. licheniformis on lipid deposition (Huo et al., 2022; Sah et al., 2022). We found that FAS, LPL, ACC, and ME in the MLB group were higher than that in CON group. The addition of B. licheniformis significantly increased lipid absorption, improved lipid transport, and reduced lipolytic activity in adipose tissue. FA are the basic components of all lipids, in mammals, FAS are either provided directly by the diet or synthesized de novo from by FAS (Huo et al., 2022; Raab and Lefebvre, 2022). In addition to its key role in energy storage, FAS is actively involved in many other biological processes. These processes include cell division, protein modification, signal transduction, and cell proliferation (May and den, 2021). LPL is an important member of the lipase family, which can promote the hydrolysis of TG, cholesterol, and phospholipids and catalyze the decomposition of TG-rich chylous particles into FFAs and glycerol monoesters to help synthesize fatty acids (Al-Shammari et al., 2022). FFA in serum can reflect the lipolytic activity in adipose tissue (Coras et al., 2022). We also found that the addition of B. licheniformis to the diet promotes fatty acid synthesis via enzyme (such as FAS) upregulation, further promoting lipid metabolism in Pekin ducks.
We identified DEGs between the control and experimental groups. KEGG analysis revealed that the identified DEGs were mainly enriched in nutrient metabolism; including fatty acid, glutathione, fatty acid degradation in lipid, and amino acid (glycine, threonine, and serine) metabolism as well as unsaturated FA biosynthesis and FA elongation (Raja et al., 2016; Esteves et al., 2021). During the laying period, B. licheniformis increased lipid deposition, greatly enhanced the regulation of fat synthesis-related enzymes, and actively participated in lipid synthesis. There are two main sources of fat in animals, the first is the digestion and absorption of food by the intestine, the other is the body’s own synthesis of fat; liver tissue is an important part of lipid synthesis and metabolism in poultry (Lauby-Secretan et al., 2016; Dwivedi et al., 2020; Pagidipati et al., 2020; Petrelli et al., 2021). In this process, various enzymes involved in liver lipid metabolism play important roles, such as those involved in liver lipogenesis (FAS, ACC, SCD, and ME), liver fat transport (LPL and ACSL5), and liver fat oxidation (ACOX1). The expression levels of FAS, ACC, SCD, ME, LPL, ACSL5, and ACOX1 in the B. licheniformis group were significantly higher than those in the CON group, and HADHB (gene involved in the degradation of fatty acids) expression was significantly downregulated, indicating that the addition of B. licheniformis to diets significantly enhances hepatic fat synthesis, transport, and oxidation in Pekin ducks.
In addition, we found that the DEGs in the B. licheniformis group were annotated to multiple signaling pathways, mainly to the PPAR signaling pathway. There are three different PPAR subtypes: PPAR-α, PPAR-β, and PPAR-γ, which co-regulate lipid metabolism, fatty acid degradation, bile acid biosynthesis, ketone body synthesis and degradation, and adipocyte differentiation (Luo et al., 2023; Yang et al., 2024). SCD and ME, upregulated DEGs, were mainly enriched in PPAR-α and PPAR-γ pathways and regulated lipogenesis. LPL and ACSL5, downregulated DEGs, were riched in PPAR-α, PPAR-β, and PPAR-γ pathways. HADHB was downregulated and mainly annotated in the fatty acid degradation pathway. ACOX1 was enriched in PPAR-α, PPAR-β, and PPAR-α pathways and mainly affected the oxidation of fatty acids. This suggests that B. licheniformis regulates lipid biosynthesis and fatty acid metabolism via the PPAR pathway (Wang et al., 2024).
Lipidomics is a branch of metabolomics. Lipids are classified into eight groups based on the presence of ketoacyl and isoprenoid groups: fatty acyl groups, glycolipids (GLs), glycerophospholipids (GPLs), sphingolipids (SPs), glycolipids, polyketoacids (derived from condensation of ketoacyl subunits), sterol lipids and isoprenoid lipids. Polyketoacids (derived from the condensation of ketoacyl substituents), sterol lipids, and isoprenoid lipids with fatty acids (FA) included in the fatty acyl group (Yang and Han, 2016). Glycerophospholipids are composed of a group of phosphoric acids and terminal esters X), which, depending on the substituent, such as ethanolamine, choline, serine or inositol, can be subdivided into a number of different subclasses, such as phosphatidic acid, phosphatidylcholine, phosphatidylserine, and phosphatidylinositol, among which phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE), and phosphatidic acid (PA) are known to have proinflammatory properties (Fahy et al., 2011). Glycerophospholipids enable cell membrane recognition of proteins which triggers signaling. Glycerol esters are composed of long-chain acyl groups, alkyl groups, and polar alcohols and can be classified as monoacylglycerol (1 FA), diacylglycerol (2 FA), and triacylglycerol (3 FA) depending on the number of acyl molecules. FAs generally consist of a straight chain of an even number of carbon atoms (also known as an acyl chain) with a hydrogen atom at one end of the chain along the length of the chain and a carboxyl group (-COOH) at the other end (Coras et al., 2022). Serum metabolomic analysis of Pekin ducks fed a B. licheniformis-supplemented diet revealed a significantly altered lipid metabolism in these ducks, which was mainly manifested in the regulation of glycerophospholipids, fatty acids, and glycerolipid metabolites, suggesting that B. licheniformis influences the synthesis and catabolism of glycerophospholipids, fatty acids, and glycerolipids to enhance growth performance in Pekin ducks.
After digestion and absorption of proteins in the intestine, the resulting amino acids are transported via blood to the liver, where protein synthesis and energy metabolism occur (Sikalidis, 2013). Excess amino acids stimulate the release of insulin and inhibit autophagic proteolysis, while simultaneously acting as substrates for other metabolic pathways, such as adipogenesis and gluconeogenesis (Bröer and Bröer, 2017). To maintain metabolic homeostasis, plasma and tissue amino acid levels are efficiently balanced by their uptake, synthesis, and utilization, and can be monitored by several amino acid sensing and signaling pathways (Doi et al., 2017).
One of the best-characterized amino acid-sensing pathways is the conserved amino acid response (AAR) pathway, which is a part of the integrated stress response (ISR) pathway and is activated when amino acids are limited (Harding et al., 2003). In amino acid surplus, amino acid-loaded tRNAs provide amino acids for protein translation in the ribosome, whereas in amino acid deficit, uncharged tRNAs accumulate in the cytoplasm and are recognized by the enzyme GCN2, a serine-threonine kinase (Dong et al., 2000). Binding of GCN2 to these uncharged tRNAs leads to a conformational change, followed by autophosphorylation of GCN2, which triggers phosphorylation of the eukaryotic translation initiation factor eIF2α and inactivation of the eIF2 complex, which in turn inhibits protein synthesis, reducing the need for amino acids. Serine-threonine produces protein kinase, mTORC1, which is a nutrient sensor and a master regulator of metabolism that integrates hormone- and growth factor-induced signals to stimulate anabolism and inhibit catabolism (Liu and Sabatini, 2020).
Glutathione (GSH) is the most abundant intracellular low molecular weight thiol in cells and tissues and plays a crucial role in many cellular processes, including antioxidant defense, regulation of protein function, protein localization and stability, DNA synthesis, gene expression, cell proliferation, and cell signaling. GSH is essential for the maintenance of redox homeostasis in cells and tissues, protects cells and tissues from oxidative and other forms of stress, and is intimately involved in the regulation of redox signaling pathways and detoxification responses (Forman et al., 2009). GSH synthesis requires glutamate, cysteine, and glycine and occurs in two steps: formation of the dipeptide γ-glutamylcysteine from glutamate and cysteine via glutamate-cysteine ligase (GCL, the ATP- and rate-limiting step in glutathione synthesis), followed by the addition of glutathione by the enzyme glutathione synthase glycine (Lu, 2013). Oxidative stress and GSH depletion induces GCL transcription activity (Lu, 2009). Previous studies have shown that the fermentation of white ginseng by B. licheniformis increases the total phenolic content where carboxylic acids and their derivatives (glycerophosphorylcholine, amino acids, peptides and their analogs) accounts for a large proportion of the metabolites. The results of the present study confer with these results. DEGs and DEMs were enriched in the GSH, glutamate, cysteine, and glycine metabolic pathways. GSH exhibits strong antioxidant activity, which is also consistent with the findings that B. licheniformis contributed to the increase in antioxidant capacity observed in Pekin ducks (Chen et al., 2022).
After combining transcriptomic and metabolomic analyses, we found that B. licheniformis affected lipid metabolism in Pekin ducks, which was mainly regulated through lipid and glycolytic metabolism, with lipid metabolism mainly reflecting fatty acid synthesis, catabolism, and elongation, and glycolytic metabolism mainly through glycine, serine, and threonine metabolism. In addition, hydroxytetradecanoyl-CoA and L-palmitoylcarnitine could be potential biomarkers for the B. licheniformis-induced regulation of lipid metabolism.
CONCLUSION
The addition of B. licheniformis to the diet of Pekin ducks significantly altered lipid metabolism via glycerophospholipids, fatty acid, and glycerolipid metabolite regulation. Bacillus licheniformis also altered fatty acid synthesis, catabolism and elongation, fat digestion and absorption, as well as glycine, serine, and threonine metabolism. Hydroxytetradecanoyl-CoA and L-palmitoylcarnitine could serve as potential biomarkers for the regulation of lipid metabolism by B. licheniformis.
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Natural products for Gut-X axis: pharmacology, toxicology and microbiology in mycotoxin-caused diseases
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Introduction: The gastrointestinal tract is integral to defending against external contaminants, featuring a complex array of immunological, physical, chemical, and microbial barriers. Mycotoxins, which are toxic metabolites from fungi, are pervasive in both animal feed and human food, presenting substantial health risks.
Methods: This review examines the pharmacological, toxicological, and microbiological impacts of natural products on mycotoxicosis, with a particular focus on the gut-x axis. The analysis synthesizes current understanding and explores the role of natural products rich in polysaccharides, polyphenols, flavonoids, and saponins. 
Results: The review highlights that mycotoxins can disrupt intestinal integrity, alter inflammatory responses, damage the mucus layer, and disturb the bacterial balance. The toxins' effects are extensive, potentially harming the immune system, liver, kidneys, and skin, and are associated with serious conditions such as cancer, hormonal changes, genetic mutations, bleeding, birth defects, and neurological issues. Natural products have shown potential anticancer, anti-tumor, antioxidant, immunomodulatory, and antitoxic properties.
Discussion: The review underscores the emerging therapeutic strategy of targeting gut microbial modulation. It identifies knowledge gaps and suggests future research directions to deepen our understanding of natural products' role in gut-x axis health and to mitigate the global health impact of mycotoxin-induced diseases.
Keywords: mycotoxin, mycotoxin-induced diseases, natural products, gut-x axis, gut microbial modulation
1 INTRODUCTION
Mycotoxins, which are low molecular weight (MW around 700 Da) secondary metabolites primarily produced by Aspergillus, Penicillium, and Fusarium, are highly toxic to humans and animals (Liew and Mohd-Redzwan, 2018). Their impact on health is influenced by the type of mycotoxin, exposure levels and duration, physiological and nutritional status, and potential interactions with other substances (Gajęcka et al., 2013). Genetic variability means some individuals are more susceptible to mycotoxicosis due to gene mutations in the cytochrome P450 (CYP450) gene, affecting mycotoxin metabolism (Sun et al., 2016). The FAO estimates that mycotoxins contaminate about 25% of global agricultural production, leading to an annual loss of 50 million tons of food (Iheshiulor et al., 2011). However, the actual prevalence may be as high as 60%–80% (Eskola et al., 2020). Mycotoxins can cause a range of severe health effects, including immunotoxicity, organ damage, cancer promotion, and neurological harm (Romina and Romina Alina, 2022).
Mycotoxins can cause a range of severe health effects, including immunotoxicity, organ damage, cancer promotion, and neurological harm (Rajakovich and Balskus, 2019). Disruptions in gut microbiota, or dysbiosis, have been linked to various diseases (Fung et al., 2017). Many human and animal studies have shown that dysbiosis of gut microbiota is linked with diseases as asthma, autism, colon cancer, Crohn’s disease, cardiovascular disease, diabetes, food allergies, eczema, irritable bowel syndrome, hepatic encephalopathy, obesity, and mental disorders (Korem et al., 2015). External factors like toxins, diet, and medication can alter gut microbiota composition (Izco et al., 2021). Some bacteria can metabolize or bind to mycotoxins, protecting against their harmful effects, but mycotoxins can also have adverse effects on the gut microbiota, such as affecting the composition at various levels of the community, threatening the colonization of beneficial bacteria, and promoting the growth of harmful bacteria (Izco et al., 2021). However, not much research has been conducted on how mycotoxins affect the gut microbiome (Robert et al., 2017; Liew and Mohd-Redzwan, 2018). The gut microbiota axis (GMA) is a vital communication network between the gut and other organs (Sampson and Mazmanian Sarkis, 2015). Studies on the microbiome have shed light on the interactions between the gut and other systems like the liver, brain, and lungs (Shi et al., 2023).
Chinese herbal medicine (CHM), known for its antioxidant, immunomodulatory, anti-tumor, and antifungal properties, is widely used to prevent and treat metabolic diseases (Ding et al., 2023). Common natural antioxidants mostly contain flavonoids, polyphenols, polysaccharides, and saponins as their active metabolites, which work as antioxidants by inhibiting the synthesis of lipid reactive oxygen species (ROS) and simultaneously turning H2O2 into H2O (Huang et al., 2017; Wang et al., 2022). These extracts contain natural antioxidants that are safer and more environmentally friendly than synthetic ones (Ates and Ortatatli, 2021). Antioxidant botanical drugs such as curcumin, lycopene, fucoidan, and artemisinin have been used widely in recent years to prevent mycotoxin exposure and disorders related to ferroptosis (Li et al., 2021; Wu et al., 2022). Some CHM preparations are widely used to treat cancer due to their properties of invigorating vital energy and anti-cancer characteristics, primarily by resisting inflammatory responses and enhancing immune function (Wang et al., 2020). The aim of this study was to discuss the pharmacological, toxicological and microbiological effects of natural products on gut-x axis in mycotoxin-caused diseases to provide novel insight into future therapies.
2 GUT HEALTH, MICROBIOTA AND MYCOTOXINS
In general, the GI tract’s intestinal barrier serves as a filter for eliminating harmful mycotoxins. Nevertheless, it has been found that a number of mycotoxins cause harm to the gastrointestinal tract. For example, mycotoxins may cause disruption with the normal functioning of the intestinal barrier and absorption of nutrients. Certain mycotoxins also affect the histomorphology of intestine (Liew and Mohd-Redzwan, 2018). However, the liver and the digestive tract are both sites of mycotoxin metabolism. Liver is responsible for detoxification that following mycotoxin exposure, as the central metabolic site (Zong et al., 2022). The adverse effects of mycotoxins within the GIT may be restricted by intestinal metabolism, which can take place in the gut epithelium or by gut microbes. This is particularly true for ruminants, who may convert a variety of mycotoxins into metabolites that are non-toxic. It has been suggested that the microbial population in the rumen has a detoxifying role in ruminant resistance to some mycotoxins. Many compounds, like ZEA, DON, or OTA, are efficiently made non-toxic by the microorganisms of the rumen prior to absorption (Cavret and Lecoeur, 2006).
2.1 Aflatoxin (AFB)
The animal mostly gets into contact with AFB through ingestion, and the gastrointestinal tract’s microbiota is first exposed (Huang et al., 2023). The small intestine is the main site of AFB absorption, with the duodenum being the intestinal location with the highest absorption efficiency (Sayin et al., 2013). AFB1 exposure resulted in intestinal diseases such as villi degeneration and the formation of sub-epithelial space in the duodenum and ileum. Exposure to AFB1 can have negative effects on the gut, such as immune system problems, intestinal barrier degradation, cell proliferation, and apoptosis. Compared to the other mycotoxins, AFB1 is the most life-threatening mycotoxin affected the gut (Liew and Mohd-Redzwan, 2018). The impact of AFB1 on the gut microbiota was evaluated by extracting the contents of the broiler chickens’ duodenum, following AFB1 exposure and using 16S rRNA sequencing to analyze the changes in abundance and diversity of the gut microbiota (Huang et al., 2023). AFB1 at a dosage level of 1 ppm significantly (p < 0.05) decreased total LAB in the broiler, according to a recent study. On the other hand, the broiler group offered 1.5 and 2 ppm of AFB1 showed a significant (p < 0.05) increase in the total number of Gram-negative bacteria and LAB. Additionally, it has been observed that broilers exposed to 2.5 ppm of AFB1 produced more total volatile fatty acids, indicating an association between higher AFB1 dose and a higher incidence of LAB in the gut (Galarza-Seeber et al., 2016).
2.2 Fusarium graminearum (T-2, DON)
Fusarium graminearum is the main fungi species that produces tricothecenes and Deoxynivalenol (DON). DON’s effect is often dependent on dose- and/or exposure time, and can cause severe damage to the gastrointestinal tract, liver, and other metabolic and immunity-related organs (Pestka, 2010). Furthermore, the histological analysis provided features such as nuclear vacuolation, neutrophil infiltration, and dilated and congested blood vessels, confirming liver damage (Wang et al., 2023). Oxidative stress has been a serious issue involved in DON-induced hepatotoxicity that leads to overproduce of ROS, and extreme ROS could trigger lipid peroxidation (LPO) and damage cellular macromolecule function (Wang et al., 2023). Using porcine epithelial cell, trichothecenes improved intestinal permeability by the downregulation of tight junction protein expression (Osselaere et al., 2013). Furthermore, in animal treated with trichothecenes, previous studies showed a significant (p < 0.05) decrease in the number of goblet cells secreting mucin. Mucin is mainly involved in the gut barrier function. Furthermore, trichothecenes have been linked to a reduced intestinal level of IL-8, which is in charge of eliminating pathogens (Kadota et al., 2013). Generally, trichothecenes exert negative impacts on GI tracts specifically on the gut absorption, immunity, and integrity (Liew and Mohd-Redzwan, 2018). It was demonstrated that giving T-2 toxin to pigs for 1 week was enough to substantially increase the number of aerobic bacteria in their intestines (Verbrugghe et al., 2012). Trichothecene has been demonstrated to have an important effect on bacterial populations; however, the exact mechanism causing this alteration is still not completely understood.
2.3 Zearalenone (ZEA)
Zearalenone (ZEA) was shown to accelerate cell migration, increase colony formation, and enhance cell proliferation in a colon cancer cell line HC-116 (Abassi et al., 2016). Additionally, ZEA has been demonstrated to downregulate the expression of tumor-suppressor genes particularly (PCDH11X, DKK1, and TC5313860) in intestinal cells (Taranu et al., 2015). In fact, the carcinogenic effects of ZEA were caused by the modification of gene expression. An in vitro study revealed that the human gut bacteria transformed zearalenone molecules into unknown metabolites (Gratz et al., 2017). The alterations in the gut microbiota were assessed using the Biolog-Eco Plate method, which allows only the quantification of culturable bacteria. After 6 weeks of ZEA application, the findings demonstrated a significant (p < 0.05) decrease in the concentrations of E. coli, Enterobacteriaceae, and Clostridium perfringens. (Piotrowska et al., 2014).
2.4 Fumonisins (FB)
By using intestinal cell lines (IPEC-1, Caco-2, and HT29), it was discovered that FB1 reduced cell viability and proliferation in a concentration-dependent manner (Minervini et al., 2014). A potential mechanism has been proposed through the accumulation of sphinganine by FB1. Sphinganine accumulation in intestinal epithelial cells inhibited the G0/G1 phase of the cell, resulting in to growth inhibition and apoptosis (Angius et al., 2015). Furthermore, FB1 altered the integrity of the intestinal barrier by decreasing the expression of the tight junction (TJ) protein (Romero et al., 2016). Besides, elevated FB1 levels also caused growth in the intestinal goblet cells of pigs and broilers. Mucin secretion is known to be elevated in goblet-cell hyperplasia. On the other hand, continuous mucin hypersecretion may reduce the quantity of goblet cells, which would destroy the mucus barrier (Johansson and Hansson, 2016). Upon LPS exposure to the FB1-treated cell line, a decrease in IL-8 synthesis has been detected (Brazil et al., 2013). FB1 often resulted in immune dysfunction, reduced intestinal barrier function, and increased intestinal cell death in the gut. By using capillary electrophoresis single-stranded conformation polymorphism (CE-SSCP), it is demonstrated that fumonisins reduced the fecal microbiota SSCP-profiles similarity of the fumonisins treated swine, in comparison to the untreated control group. The findings indicated that the variety of the microbiota is increasing (Burel et al., 2013).
2.5 Ochratoxin (OTA)
Studies conducted in vitro demonstrated that OTA reduced the SGLT1 transporter’s ability to absorb glucose (Peraica et al., 2011). In addition, compared to control animals, OTA-treated animals developed more quickly and harmful parasite infections in chicks and turkeys (which is caused by Eimeria acervulina and E. adenoeides). The finding revealed that animals fed with OTA had developed lesion and oocyst indexes in the intestine and more damage at mucosa (Manafi et al., 2011). It has been found that the oxidative stress caused by OTA is related to the intestine IPEC-J2 cells’ apoptosis (Wang H. et al., 2017). Inflammation pathway in the intestine was also affected by OTA. Piglets exposed to the toxin revealed a significant (p < 0.05) decrease in the expression of inflammation-related cytokines, including IL-8, IL-6, IL-17A, IL-12, and IL-18, in their intestines (Marin et al., 2017). OTA affected the gut through decreasing the absorption of nutrients, disrupting the permeability of the intestinal lining, causing cell apoptosis, and modifying the immune system (Liew and Mohd-Redzwan, 2018). An in vivo study on rats showed that the gut microbiota’s diversity was reduced by OTA treatment. Moreover, at the genus level the OTA increases the quantity of Lactobacillus and decreased the populations of Bacteroides, Dorea, Escherichia, Oribacterium, Ruminococcus, and Syntrophococcus. The findings showed that lactobacillus was more resistant to OTA and that it might be involved in the process of OTA detoxification. Additionally, it was reported that the OTA treatment has positive effects on facultative anaerobes (Guo et al., 2014). This may indicate that the OTA could alter the gut microbiota in a way that is harmful to the host’s health.
3 GUT-LIVER AXIS AND MYCOTOXIN
There exists a delicate connection between gut and liver for their functional and anatomical familiarity (Luo and Zhou, 2021). Gut dysbiosis has been related with the pathogenesis of a wide spectrum of liver diseases including autoimmune hepatitis, autoimmune cholangiopathies, alcoholic liver disease, non-alcoholic liver disease (NAFLD), hepatocellular carcinoma, acute liver injury, and liver fibrosis/cirrhosis (Hartmann et al., 2019). Aflatoxin B1, DON, fumonisin B1, ochratoxin A, and T2 are among the mycotoxins that have been shown in multiple studies to increase the permeability of the intestinal epithelium in many animals (Alassane-Kpembi et al., 2019). This is mainly the consequence of protein synthesis being inhibited. The passage of antigens into the bloodstream increases as a result. This makes the animal more susceptible to infectious intestinal diseases. Moreover, mycotoxins are absorbed more quickly due to the damage they cause to the intestinal barrier. Aflatoxin toxicity is mostly aimed towards the liver through entero-hepatic circulation after absorption. For example, AFB1 can induce inflammatory damage, apoptosis, oxidative stress, and autophagy to cause liver function damage (Zhang et al., 2021; Lin et al., 2022) (Figure 1).
[image: Figure 1]FIGURE 1 | The abstract of gut liver, kidney, lung, and brain axis and their main pathological alteration during mycotoxicosis.
4 GUT-LUNG AXIS AND MYCOTOXIN
Both the gastrointestinal and respiratory systems are physically close to one another, and they also have similar embryonic origins and structures, which raises the possibility that their interactions are multifaceted. (Haldar et al., 2023). Aspiration may allow the microbiota from the gut to enter the lungs, exposing the respiratory tract’s epithelial surface to a variety of microorganisms (Hartman et al., 2010). The lung is a functional organ for gas exchange, the interaction between the gut microbiota and nutrition is associated with respiratory disorders, such as asthma, chronic obstructive pulmonary disease (COPD), and allergies (Segal et al., 2016). The lungs’ inflammatory response is impeded by short chain fatty acids generated from gut bacteria (Barcik et al., 2020). In addition, gut bacteria have the ability to produce anti-inflammatory active metabolites such biogenic amines, that are represented by histamine (Pugin et al., 2017) and oxylipins (Levan et al., 2019). Research indicates that various microbes, viruses, changes in the microbiome, stress, exposure to the environment, and dietary modifications can all have an effect on the lungs (Mims, 2015), and they are risk factors for such diseases. The majority of experimental studies on lung disorders has only discussed how the gut microbiota contributes to the development of lung disorders. Longitudinal studies are required to correlate the severity of chronic lung diseases with changes in the gut microbiome (Shi et al., 2023). DON has been demonstrated to have a distinct cytotoxic effect on human primary cells. Collagens I, III, and IV, fibronectin secretion, apoptotic and necrotic cell death, and cell viability were all evaluated. A decrease in viability can be observed in 2 cell types, with fibroblasts reacting more sensitive than epithelial cells. Additionally, fibroblasts treated with DON mostly experienced apoptotic cell death (Königs et al., 2007) (Figure 1).
5 GUT-BRAIN AXIS AND MYCOTOXIN
Maintaining the host’s healthy mental state, particularly brain function, depends on the mutualistic relationship that exists between the gut microbiota and the brain (Mohajeri et al., 2018; Ganci et al., 2019). In fact, the microbiota-gut-brain axis permits bilateral interaction between the gut microbiota and the central nervous system (CNS) (Cryan et al., 2019). This communication is based on multiple complex pathways, most of which transfer sensory information from the gastrointestinal (GI) tract and then convert it into signals related to hormones, brain activity, and immunity (Pferschy-Wenzig et al., 2022). These signals supplementary transfer information to the central nervous system (CNS) whichever individually or cooperatively (Lach et al., 2018). Three main pathways are thought to be involved in the interactions between the gut microbiota and the brain: 1) direct and indirect signaling through chemical transmitters, such as hormones, neurotransmitters, or microbial metabolites (e.g., short-chain fatty acids, or SCFAs), that can be directly synthesized by the gut microbiota or have their levels modulated by gut microbiota; 2) neural pathways, such as modulation of vagus nerve activity; and 3) immune system signaling, such as microglia-mediated effects or effects of circulating cytokines that can modify the activity of the hypothalamic–pituitary–adrenal (HPA) axis (Cenit et al., 2017; Farzi et al., 2018; Cryan et al., 2019).
Once the mycotoxin passes through the intestinal wall and reaches the plasma, some of them (FUM, DON) may alter the brain functions. Data demonstrates that the neurologic effects of DON are partially dependent on DON’s direct action on brain cells, even though some of these modifications may be related to peripheral effects (Maresca, 2013). This needs the passage of the blood-brain barrier (BBB) by the toxin. Endothelial and glial cells adhere closely to create the blood-brain barrier (BBB) that acts as a selective barrier to restrict the passage of chemicals from the plasma into the cerebrospinal fluid (CSF) (Nico and Ribatti, 2012). The capability of DON to cross the BBB depends on the animal species. In pigs, 25%–30% of the plasmatic DON is found in the CSF, the toxin remaining detectable in the fluid 20 h after ingestion and having a half-life in the CSF similar to its plasmatic one (Maresca, 2013). Nothing is known regarding the mechanism(s) permitting DON to be transported (absorbed and excreted) across the BBB. In conclusion, mycotoxins can cause changes in the gut microbiota, intestinal permeability, neuroinflammation, oxidative stress, and consequent neurological and behavioral symptoms. All of these may disrupt the delicate balance of the gut-brain axis. To improve animals’ general health and wellbeing,such as improving animal immunity to viruses and developing ways to dispose of toxin residues from within. It is still necessary to investigate how these toxins impact the gut-brain axis and how to reduce their effects (Figure 1).
6 GUT-KIDNEY AXIS AND MYCOTOXIN
The kidney is considered the metabolic organ of the body, with its main function of removing metabolic waste products and maintaining the equilibrium of the body (Sutherland, 2020). The gut-kidney axis (GKA) is linked with a diversity of kidney diseases, such as kidney stones (Ticinesi et al., 2019), chronic kidney disease (Ramezani et al., 2016), and diabetes (Sircana et al., 2019). The intestinal microflora will change when the alterations in renal function result in excessive ammonia in blood and increased intestinal pH (Shi et al., 2023). These alterations motivate the intestine to reduce mucus manufacture (Vaziri et al., 2012), destructive the intestinal epithelium (Hobby et al., 2019), disturbing the integrity of the intestinal barrier (Plata et al., 2019), changing intestinal permeability (Meijers et al., 2018), and permitting the microflora to be transported to the systemic circulation through the blood to act on the kidneys (Shi et al., 2014). The microbiota in the gut breaks down macromolecules to produce neurotransmitters that have an impact on the kidney (Santisteban et al., 2017). In addition, the gut microbiota can produce neurotransmitters such as acetylcholine, norepinephrine, and gamma-aminobutyric acid (Lyte, 2014), which connect with the metabolically dependent immune pathways through the sympathetic nervous system (SNS) to control the function of the kidney (Al Khodor and Shatat, 2017). The effects of dietary mycotoxin on broiler kidneys include increased stromal cells and thickened of the glomerular basement membrane, glomerular enlargement, cytoplasmic vacuolation of tubular epithelial cells, collapse of the renal glomerulus, and structural damage (Śliżewska et al., 2019; Saleemi et al., 2020), poultry ochratoxicosis, porcine nephropathy, human endemic nephropathies, and urinary tract tumors (Heussner and Bingle, 2015) (Figure 1).
7 EFFECT OF NATURAL PRODUCTS ON GUT-X AXIS (PHARMACOLOGY, TOXICOLOGY AND MICROBIOLOGY) DURING MYCOTOXICOSIS
The pharmacological effects of natural metabolites have drawn an enormous amount more attention in recent years (Pan et al., 2019). Clinical data and in vitro studies have shown the beneficial effects of natural products on a wide range of diseases (Ennab et al., 2019; Mustafa et al., 2019; Ullah et al., 2020; Ennab et al., 2023). These changes in the gut microbiota caused by natural substances demonstrate that natural products have a preventive effect on the development of inflammation into cancer. Natural products have the ability to control the Firmicutes/Bacteroidetes ratio, and they also increase the number of potentially helpful microorganisms in feces and decrease the relative abundance of potentially pathogenic microbes (Lu et al., 2022). For instance, in HFD-induced obese mice, the ratio of Firmicutes/Bacteroidetes (F/B) reduced to normal levels after receiving a high dose of 300 mg/kg of MDG-1, which was extracted from the root of Ophiopogon japonicas, for a duration of 12 weeks (Shi et al., 2015), declined the number of pathogenic bacteria (Streptococcus and Escherichia coli) (Wang et al., 2011). Feeding mice 0.5% curcumin for 14 weeks can significantly prevent age-related decreases in alpha diversity, increase bacterial richness, increase the relative abundance of Lactobacillales, and decrease the relative plenty of members of the Coriobacterales order (McFadden et al., 2015), that can utilize strong anti-inflammatory, antioxidative and antiproliferative effects (McFadden et al., 2015). Microbes are vital contributors to the host metabolism, considering that numerous important components, such as vitamin K, indoles, gamma amino butyric acid, folate, and short-chained fatty acids (SCFAs), are produced by microbiota (Brown and Hazen, 2018). These metabolites are generally implicated in many physiological and pathological processes, which may be related to a number of diseases. Natural products may control the microbiome’s metabolism by changing the bacterial structure, which is important in preserving intestinal homeostasis (Ma et al., 2018). Some microbial population (specially the gut bacteria) have a significant detoxification role in the gut-liver cycle during mycotoxin injury (Zhang et al., 2022); therefore, natural products may enhance the capability of the microbial induced mycotoxin resistance.
Mycotoxins can overwhelm the immune system, leading to increased susceptibility to infections. Several natural products have demonstrated immunomodulatory properties, such as echinacea (Echinacea purpurea), ginger (Zingiber officinale), and garlic (Allium sativum), that may increase resistance to mycotoxicosis and enhance the immune response. Natural products modulate the immunological status by modifying the concentration of immune components like IL-22, activating T reg cells, or preventing the development of Th17 cells (Pan et al., 2019). Some natural products can help the body eliminate mycotoxins more effectively since they possess detoxifying properties. For example, it's been discovered that activated charcoal binds to mycotoxins in the gastrointestinal tract, blocking their absorption and promoting their elimination. In addition of the forementioned activities of the natural product, there are many other activities has been demonstrated in previous studies, to reduce mycotoxin toxicity in vivo and vitro (Table 1). It is worth noting that, as shown in the table, due to differences in toxin types, species, and methods of administration, there may be significant variation in the effective dosage of natural products. Additionally, the manner in which natural products are administered (gavage, oral intake, injection) to achieve the optimal effect must also be taken into consideration. A considerable amount of experimentation is still required to determine the appropriate intake methods and dosages for practical application in production.
TABLE 1 | Analysis on the impact of plant extracts and their metabolites on the toxicity caused by mycotoxin.
[image: Table 1]The toxicity of medicinal plants and natural products is strictly associated to the presence of bioactive metabolites in the plant substantial and their toxic potential (Woo et al., 2012). The issue becomes considerably more intricate when considering complex, heterogeneous botanical drugs mix which can cause unpredictable effects (Efferth et al., 2012). Many natural products have hepatotoxic, carcinogenic, cytotoxic, genotoxic, phototoxic, possible pulmonary toxicity, embryotoxic, and neurotoxic effects (Wang et al., 2021). Utilizing natural products during mycotoxicosis may have a taxological effect; however, the precise effect will differ based on the natural product used, the dosage, the individual’s susceptibility, and any interactions with other medications or substances.
8 NATURAL PRODUCTS, GUT TIGHT JUNCTION AND REGULATING OF INTESTINAL MICROBES
Tight junction often serves as a barrier to protect intestinal epithelial cells from bacterial endotoxins (Lu et al., 2022). A high-fat diet (HFD) can increase the gut microbiota-induced production of lipophilic acid synthase (LPS), and this in turn may disrupt the expression of tight junction proteins and ultimately enhance intestinal permeability (Cani et al., 2008). Flos Lonicera, is one of the best-known traditional Chinese medicines, has the ability to modify tight junctions at the cellular level by reversing the negative effects of lipopolysaccharides (LPS) and increasing certain microbiota. These actions had a positive impact on preserving the integrity of the intestinal barrier (Wang et al., 2014). Berberine pretreatment has the potential to decrease intestinal permeability and enhance the LPS-induced redistribution of the tight junction-related proteins Claudin-1 and Claudin-4 (Gu et al., 2011). In a previous study, Curcumin has been demonstrated to be able to reduce the disruption of intestinal epithelial barrier functions when its effects were investigated on Caco-2 and HT-29 cells. Curcumin inhibited the release of LPS-secreted IL-1β, stimulated macrophages and IEC, and prevented the disintegration of tight junction proteins, such as ZO-1, Claudin-1, Claudin-7, and actin filaments (Wang J. et al., 2017). All of the aforementioned results demonstrated that tight junction proteins, inflammation, and probiotic abundance can all be positively impacted by natural products on the intestinal barrier (Lu et al., 2022).
9 DISCUSSION
Natural products hold significant promise for mitigating mycotoxin-related issues and preserving gut-x axis health. They have exhibited beneficial pharmacological, toxicological, and microbiological properties that can counteract the negative impacts of mycotoxins along the entire gut-x axis. These substances can help balance gut microbiota, regulate gut permeability, boost immunity, alleviate inflammation, and the detoxification of mycotoxins in both animals and humans. Given the complexity of gut-x axis dynamics and host-mycotoxin interactions, in-depth research is essential to establish an effective intervention model including changes in gut microbiota, alterations in metabolites and key targets. This includes exploring cellular processes and molecular mechanisms that enable natural products to enhance gut health and facilitate mycotoxin removal. A thorough toxicological evaluation of these products is necessary to establish their safety profiles, especially regarding potential medication interactions and long-term or high-dose use side effects. Additionally, the economic feasibility of incorporating natural products into the diet, food products, or supplements should also be taken into consideration.
The potential of natural products in treating mycotoxin-induced diseases should be further explored, with a focus on their incorporation into dietary feeds, food products, and supplements. Effective collaboration between researchers and the food industry is crucial for the successful implementation of these natural solutions. By addressing current research gaps and adopting a multidisciplinary approach, our knowledge of how natural products can support gut-x axis health amidst mycotoxin challenges can be significantly enhanced.
AUTHOR CONTRIBUTIONS
KL: Resources, Supervision, Writing–review and editing. SW: Investigation, Supervision, Writing–review and editing. WQ: Supervision, Writing–review and editing. AA: Supervision, Writing–original draft. WE: Resources, Writing–review and editing. MO: Supervision, Writing–review and editing. H-YL: Supervision, Writing–review and editing. TD Alemayehu: Methodology, Writing–review and editing. IK: Writing–review and editing. SA: Conceptualization, Methodology, Resources, Writing–original draft, Writing–review and editing. DC: Conceptualization, Funding acquisition, Methodology, Resources, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was funded by the Jiangsu Agricultural Science and Technology Innovation Fund [CX (21) 2014], Natural Science Foundation of Jiangsu Province (BK20220582 and BK20210812), the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL 
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1419844/full#supplementary-material
REFERENCES
 Abassi, H., Ayed-Boussema, I., Shirley, S., Abid, S., Bacha, H., and Micheau, O. (2016). The mycotoxin zearalenone enhances cell proliferation, colony formation and promotes cell migration in the human colon carcinoma cell line HCT116. Toxicol. Lett. 254, 1–7. doi:10.1016/j.toxlet.2016.04.012
 Abdel-Fattah, S., Abosrea, S. Y. H., Flourage, F. E., and Helal, M. R. (2015). The efficacy of thyme oil as antitoxicant of aflatoxin(s) toxicity in sheep. J. Am. Sci . doi:10.13140/RG.2.1.2947.8485
 Ahmed, N., El-Rayes, S. M., Khalil, W. F., Abdeen, A., Abdelkader, A., Youssef, M., et al. (2022). Arabic gum could alleviate the aflatoxin B1-provoked hepatic injury in rat: the involvement of oxidative stress, inflammatory, and apoptotic pathways. Toxins 14 (9), 605. doi:10.3390/toxins14090605
 Alassane-Kpembi, I., Pinton, P., and Oswald, I. P. (2019). Effects of mycotoxins on the intestine. Toxins 11 (3), 159. doi:10.3390/toxins11030159
 Al Khodor, S., and Shatat, I. F. (2017). Gut microbiome and kidney disease: a bidirectional relationship. Pediatr. Nephrol. Berl. Ger. 32 (6), 921–931. doi:10.1007/s00467-016-3392-7
 Angius, F., Spolitu, S., Uda, S., Deligia, S., Frau, A., Banni, S., et al. (2015). High-density lipoprotein contribute to G0-G1/S transition in Swiss NIH/3T3 fibroblasts. Sci. Rep. 5 (1), 17812. doi:10.1038/srep17812
 Ates, M. B., and Ortatatli, M. (2021). The effects of Nigella sativa seeds and thymoquinone on aflatoxin phase-2 detoxification through glutathione and glutathione-S-transferase alpha-3, and the relationship between aflatoxin B1-DNA adducts in broilers. Toxicon 193, 86–92. doi:10.1016/j.toxicon.2021.01.020
 Barcik, W., Boutin, R. C. T., Sokolowska, M., and Finlay, B. B. (2020). The role of lung and gut microbiota in the pathology of asthma. Immunity 52 (2), 241–255. doi:10.1016/j.immuni.2020.01.007
 Bhattacharya, R. K., and Firozi, P. F. (1988). Effect of plant flavonoids on microsome catalyzed reactions of aflatoxin B1 leading to activation and DNA adduct formation. Cancer Lett. 39 (1), 85–91. doi:10.1016/0304-3835(88)90043-2
 Brazil, J. C., Louis, N. A., and Parkos, C. A. (2013). The role of polymorphonuclear leukocyte trafficking in the perpetuation of inflammation during inflammatory bowel disease. Inflamm. Bowel Dis. 19 (7), 1556–1565. doi:10.1097/MIB.0b013e318281f54e
 Brown, J. M., and Hazen, S. L. (2018). Microbial modulation of cardiovascular disease. Nat. Rev. Microbiol. 16 (3), 171–181. doi:10.1038/nrmicro.2017.149
 Burel, C., Tanguy, M., Guerre, P., Boilletot, E., Cariolet, R., Queguiner, M., et al. (2013). Effect of low dose of fumonisins on pig health: immune status, intestinal microbiota and sensitivity to Salmonella. Toxins 5 (4), 841–864. doi:10.3390/toxins5040841
 Cani, P. D., Bibiloni, R., Knauf, C., Waget, A., Neyrinck, A. M., Delzenne, N. M., et al. (2008). Changes in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes 57 (6), 1470–1481. doi:10.2337/db07-1403
 Cavret, S., and Lecoeur, S. (2006). Fusariotoxin transfer in animal. Food Chem. Toxicol. Int. J. Publ. Br. Industrial Biol. Res. Assoc. 44 (3), 444–453. doi:10.1016/j.fct.2005.08.021
 Cenit, M. C., Sanz, Y., and Codoñer-Franch, P. (2017). Influence of gut microbiota on neuropsychiatric disorders. World J. gastroenterology 23 (30), 5486–5498. doi:10.3748/wjg.v23.i30.5486
 Cryan, J. F., O'Riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F. S., Boehme, M., et al. (2019). The microbiota-gut-brain Axis. Physiol. Rev. 99 (4), 1877–2013. doi:10.1152/physrev.00018.2018
 Ding, W., Lin, L., Yue, K., He, Y., Xu, B., Shaukat, A., et al. (2023). Ferroptosis as a potential therapeutic target of traditional Chinese medicine for mycotoxicosis: a review. Toxics 11 (4), 395. doi:10.3390/toxics11040395
 Do, K. H., An, T. J., Oh, S.-K., and Moon, Y. (2015). Nation-based occurrence and endogenous biological reduction of mycotoxins in medicinal herbs and spices. Toxins 7 (10), 4111–4130. doi:10.3390/toxins7104111
 Efferth, T., and Greten, H. J. (2012). “Chapter 9 - potential of ‘omics’ technologies for implementation in research on phytotherapeutical toxicology,” in Advances in botanical research ed . Editors L.-F. Shyur, and A. S. Y. Lau (Massachusetts, United States: Academic Press), 343–363.
 Ennab, W., Mustafa, S., Wei, Q., Lv, Z., Kavita, N. M., Ullah, S., et al. (2019). Resveratrol protects against restraint stress effects on stomach and spleen in adult male mice. Animals 9 (10), 736. doi:10.3390/ani9100736
 Ennab, W., Ye, N., Wu, H., Ullah, S., Hadi, T., Bassey, A. P., et al. (2023). The synergistic effects of the combination of L-carnitine and lycopene on the lycopene bioavailability and duodenal health of roosters. Animals 13 (8), 1274. doi:10.3390/ani13081274
 Eskola, M., Kos, G., Elliott, C. T., Hajšlová, J., Mayar, S., and Krska, R. (2020). Worldwide contamination of food-crops with mycotoxins: validity of the widely cited ‘FAO estimate’ of 25. Crit. Rev. Food Sci. Nutr. 60 (16), 2773–2789. doi:10.1080/10408398.2019.1658570
 Farzi, A., Fröhlich, E. E., and Holzer, P. (2018). Gut microbiota and the neuroendocrine system. Neurotherapeutics 15 (1), 5–22. doi:10.1007/s13311-017-0600-5
 Fung, T. C., Olson, C. A., and Hsiao, E. Y. (2017). Interactions between the microbiota, immune and nervous systems in health and disease. Nat. Neurosci. 20 (2), 145–155. doi:10.1038/nn.4476
 Gajęcka, M., Stopa, E., Tarasiuk, M., Zielonka, Ł., and Gajęcki, M. (2013). The expression of type-1 and type-2 nitric oxide synthase in selected tissues of the gastrointestinal tract during mixed mycotoxicosis. Toxins 5 (11), 2281–2292. doi:10.3390/toxins5112281
 Galarza-Seeber, R., Latorre, J. D., Bielke, L. R., Kuttappan, V. A., Wolfenden, A. D., Hernandez-Velasco, X., et al. (2016). Leaky gut and mycotoxins: aflatoxin B1 does not increase gut permeability in broiler chickens. Front. veterinary Sci. 3, 10. doi:10.3389/fvets.2016.00010
 Ganci, M., Suleyman, E., Butt, H., and Ball, M. (2019). The role of the brain–gut–microbiota axis in psychology: the importance of considering gut microbiota in the development, perpetuation, and treatment of psychological disorders. Brain Behav. 9, e01408. doi:10.1002/brb3.1408
 Gratz, S. W., Dinesh, R., Yoshinari, T., Holtrop, G., Richardson, A. J., Duncan, G., et al. (2017). Masked trichothecene and zearalenone mycotoxins withstand digestion and absorption in the upper GI tract but are efficiently hydrolyzed by human gut microbiota in vitro. Mol. Nutr. Food Res. 61 (4), 1600680. doi:10.1002/mnfr.201600680
 Gu, L., Li, N., Gong, J., Li, Q., Zhu, W., and Li, J. (2011). Berberine ameliorates intestinal epithelial tight-junction damage and down-regulates myosin light chain kinase pathways in a mouse model of endotoxinemia. J. Infect. Dis. 203 (11), 1602–1612. doi:10.1093/infdis/jir147
 Guo, M., Huang, K., Chen, S., Qi, X., He, X., Cheng, W.-H., et al. (2014). Combination of metagenomics and culture-based methods to study the interaction between ochratoxin A and gut microbiota. Toxicol. Sci. 141 (1), 314–323. doi:10.1093/toxsci/kfu128
 Haldar, S., Jadhav, S. R., Gulati, V., Beale, D. J., Balkrishna, A., Varshney, A., et al. (2023). Unravelling the gut-lung axis: insights into microbiome interactions and Traditional Indian Medicine's perspective on optimal health. FEMS Microbiol. Ecol. 99 (10), fiad103. doi:10.1093/femsec/fiad103
 Hartman, T. J., Albert, P. S., Zhang, Z., Bagshaw, D., Kris-Etherton, P. M., Ulbrecht, J., et al. (2010). Consumption of a legume-enriched, low-glycemic index diet is associated with biomarkers of insulin resistance and inflammation among men at risk for colorectal cancer. J. Nutr. 140 (1), 60–67. doi:10.3945/jn.109.114249
 Hartmann, P., Chu, H., Duan, Y., and Schnabl, B. (2019). Gut microbiota in liver disease: too much is harmful, nothing at all is not helpful either. Am. J. physiology Gastrointest. liver physiology 316 (5), G563–G73. doi:10.1152/ajpgi.00370.2018
 Hedayati, N., Naeini, M. B., Nezami, A., Hosseinzadeh, H., Wallace Hayes, A., Hosseini, S., et al. (2019). Protective effect of lycopene against chemical and natural toxins: a review. BioFactors 45 (1), 5–23. doi:10.1002/biof.1458
 Heussner, A. H., and Bingle, L. E. H. (2015). Comparative ochratoxin toxicity: a review of the available data. Toxins 7 (10), 4253–4282. doi:10.3390/toxins7104253
 Hobby, G. P., Karaduta, O., Dusio, G. F., Singh, M., Zybailov, B. L., and Arthur, J. M. (2019). Chronic kidney disease and the gut microbiome. Am. J. Physiology-Renal Physiology 316 (6), F1211–F7. doi:10.1152/ajprenal.00298.2018
 Huang, G., Mei, X., and Hu, J. (2017). The antioxidant activities of natural polysaccharides. Curr. drug targets 18 (11), 1296–1300. doi:10.2174/1389450118666170123145357
 Huang, S., Lin, L., Wang, S., Ding, W., Zhang, C., Shaukat, A., et al. (2023). Total flavonoids of rhizoma drynariae mitigates aflatoxin B1-induced liver toxicity in chickens via microbiota-gut-liver Axis interaction mechanisms. Antioxidants Basel, Switz. 12 (4), 819. doi:10.3390/antiox12040819
 Hussain, A. (2012). Inhibition of aflatoxin producing fungus growth using chemical, herbal compoundsspices and plants. Pure Appl. Biol. 1, 8–13. doi:10.19045/bspab.2012.11002
 Iheshiulor, O., Esonu, B. O., Chuwuka, O. K., Omede, A., Ifeanyi Charles, O., and Princewill, O. (2011). Effects of mycotoxins in animal nutrition: a review. Asian J. Animal Sci. 5, 19–33. doi:10.3923/ajas.2011.19.33
 Izco, M., Vettorazzi, A., de Toro, M., Sáenz, Y., and Alvarez-Erviti, L. (2021). Oral sub-chronic ochratoxin A exposure induces gut microbiota alterations in mice. Toxins 13 (2), 106. doi:10.3390/toxins13020106
 Johansson, M. E. V., and Hansson, G. C. (2016). Immunological aspects of intestinal mucus and mucins. Nat. Rev. Immunol. 16 (10), 639–649. doi:10.1038/nri.2016.88
 Kadota, T., Furusawa, H., Hirano, S., Tajima, O., Kamata, Y., and Sugita-Konishi, Y. (2013). Comparative study of deoxynivalenol, 3-acetyldeoxynivalenol, and 15-acetyldeoxynivalenol on intestinal transport and IL-8 secretion in the human cell line Caco-2. Toxicol. Vitro 27 (6), 1888–1895. doi:10.1016/j.tiv.2013.06.003
 Kalaiselvi, P., Rajashree, K., Priya, L. B., and Padma, V. V. (2013). Cytoprotective effect of epigallocatechin-3-gallate against deoxynivalenol-induced toxicity through anti-oxidative and anti-inflammatory mechanisms in HT-29 cells. Food Chem. Toxicol. 56, 110–118. doi:10.1016/j.fct.2013.01.042
 Königs, M., Lenczyk, M., Schwerdt, G., Holzinger, H., Gekle, M., and Humpf, H.-U. (2007). Cytotoxicity, metabolism and cellular uptake of the mycotoxin deoxynivalenol in human proximal tubule cells and lung fibroblasts in primary culture. Toxicology 240 (1), 48–59. doi:10.1016/j.tox.2007.07.016
 Korem, T., Zeevi, D., Suez, J., Weinberger, A., Avnit-Sagi, T., Pompan-Lotan, M., et al. (2015). Growth dynamics of gut microbiota in health and disease inferred from single metagenomic samples. Science 349 (6252), 1101–1106. doi:10.1126/science.aac4812
 Lach, G., Schellekens, H., Dinan, T. G., and Cryan, J. F. (2018). Anxiety, depression, and the microbiome: a role for gut peptides. Neurotherapeutics 15 (1), 36–59. doi:10.1007/s13311-017-0585-0
 Levan, S. R., Stamnes, K. A., Lin, D. L., Panzer, A. R., Fukui, E., McCauley, K., et al. (2019). Elevated faecal 12,13-diHOME concentration in neonates at high risk for asthma is produced by gut bacteria and impedes immune tolerance. Nat. Microbiol. 4 (11), 1851–1861. doi:10.1038/s41564-019-0498-2
 Li, S., Liu, R., Wei, G., Guo, G., Yu, H., Zhang, Y., et al. (2021). Curcumin protects against Aflatoxin B1-induced liver injury in broilers via the modulation of long non-coding RNA expression. Ecotoxicol. Environ. Saf. 208, 111725. doi:10.1016/j.ecoenv.2020.111725
 Liew, W. P., and Mohd-Redzwan, S. (2018). Mycotoxin: its impact on gut health and microbiota. Front. Cell. Infect. Microbiol. 8, 60. doi:10.3389/fcimb.2018.00060
 Limaye, A., Yu, R.-C., Chou, C.-C., Liu, J.-R., and Cheng, K.-C. (2018). Protective and detoxifying effects conferred by dietary selenium and curcumin against AFB1-mediated toxicity in livestock: a review. Toxins 10 (1), 25. doi:10.3390/toxins10010025
 Lin, L., Fu, P., Chen, N., Gao, N., Cao, Q., Yue, K., et al. (2022). Total flavonoids of Rhizoma Drynariae protect hepatocytes against aflatoxin B1-induced oxidative stress and apoptosis in broiler chickens. Ecotoxicol. Environ. Saf. 230, 113148. doi:10.1016/j.ecoenv.2021.113148
 Lu, L., Dong, J., Liu, Y., Qian, Y., Zhang, G., Zhou, W., et al. (2022). New insights into natural products that target the gut microbiota: effects on the prevention and treatment of colorectal cancer. Front. Pharmacol. 13, 964793. doi:10.3389/fphar.2022.964793
 Luo, Y., and Zhou, T. (2021). Connecting the dots: targeting the microbiome in drug toxicity. Med. Res. Rev. 42, 83–111. doi:10.1002/med.21805
 Lyte, M. (2014). Microbial endocrinology and the microbiota-gut-brain axis. Adv. Exp. Med. Biol. 817, 3–24. doi:10.1007/978-1-4939-0897-4_1
 Ma, C., Han, M., Heinrich, B., Fu, Q., Zhang, Q., Sandhu, M., et al. (2018). Gut microbiome-mediated bile acid metabolism regulates liver cancer via NKT cells. Science 360 (6391), eaan5931. doi:10.1126/science.aan5931
 Manafi, M., Mohan, K., and Ali, M. N. (2011). Effect of ochratoxin A on coccidiosis-challenged broiler chicks. World Mycotoxin J. 4 (2), 177–181. doi:10.3920/wmj2010.1234
 Maresca, M. (2013). From the gut to the brain: journey and pathophysiological effects of the food-associated trichothecene mycotoxin deoxynivalenol. Toxins 5 (4), 784–820. doi:10.3390/toxins5040784
 Marin, D. E., Pistol, G. C., Gras, M. A., Palade, M. L., and Taranu, I. (2017). Comparative effect of ochratoxin A on inflammation and oxidative stress parameters in gut and kidney of piglets. Regul. Toxicol. Pharmacol. 89, 224–231. doi:10.1016/j.yrtph.2017.07.031
 McFadden, R.-M. T., Larmonier, C. B., Shehab, K. W., Midura-Kiela, M., Ramalingam, R., Harrison, C. A., et al. (2015). The role of curcumin in modulating colonic microbiota during colitis and colon cancer prevention. Inflamm. Bowel Dis. 21 (11), 2483–2494. doi:10.1097/MIB.0000000000000522
 Meijers, B., Farré, R., Dejongh, S., Vicario, M., and Evenepoel, P. (2018). Intestinal barrier function in chronic kidney disease. Toxins 10 (7), 298. doi:10.3390/toxins10070298
 Mims, J. W. (2015). Asthma: definitions and pathophysiology. Int. Forum Allergy & Rhinology 5 (S1), S2–S6. doi:10.1002/alr.21609
 Minervini, F., Garbetta, A., D’Antuono, I., Cardinali, A., Martino, N. A., Debellis, L., et al. (2014). Toxic mechanisms induced by fumonisin B1 mycotoxin on human intestinal cell line. Archives Environ. Contam. Toxicol. 67 (1), 115–123. doi:10.1007/s00244-014-0004-z
 Mohajeri, M. H., La Fata, G., Steinert, R. E., and Weber, P. (2018). Relationship between the gut microbiome and brain function. Nutr. Rev. 76 (7), 481–496. doi:10.1093/nutrit/nuy009
 Mustafa, S., Wei, Q., Ennab, W., Lv, Z., Nazar, K., Siyal, F. A., et al. (2019). Resveratrol ameliorates testicular histopathology of mice exposed to restraint stress. Animals 9 (10), 743. doi:10.3390/ani9100743
 Nayak, S., and Sashidhar, R. B. (2010). Metabolic intervention of aflatoxin B1 toxicity by curcumin. J. Ethnopharmacol. 127 (3), 641–644. doi:10.1016/j.jep.2009.12.010
 Nico, B., and Ribatti, D. (2012). Morphofunctional aspects of the blood-brain barrier. Curr. drug Metab. 13 (1), 50–60. doi:10.2174/138920012798356970
 Osselaere, A., Santos, R., Hautekiet, V., De Backer, P., Chiers, K., Ducatelle, R., et al. (2013). Deoxynivalenol impairs hepatic and intestinal gene expression of selected oxidative stress, tight junction and inflammation proteins in broiler chickens, but addition of an adsorbing agent shifts the effects to the distal parts of the small intestine. PLOS ONE 8 (7), e69014. doi:10.1371/journal.pone.0069014
 Palabiyik, S. S., Erkekoglu, P., Zeybek, N. D., Kizilgun, M., Baydar, D. E., Sahin, G., et al. (2013). Protective effect of lycopene against ochratoxin A induced renal oxidative stress and apoptosis in rats. Exp. Toxicol. Pathology 65 (6), 853–861. doi:10.1016/j.etp.2012.12.004
 Pan, C., Guo, Q., and Lu, N. (2019). Role of gut microbiota in the pharmacological effects of natural products. Evidence-based complementary Altern. Med. eCAM. 2019, 2682748. doi:10.1155/2019/2682748
 Peraica, M., Flajs, D., Mladinic, M., Zeljezic, D., Eror, D. B., Koepsell, H., et al. (2011). Oxidative stress and Na+-glucose cotransporters Sglt1 and Sglt2 in kidneys of ochratoxin A-treated rats. Toxicol. Lett. 205, S275. doi:10.1016/j.toxlet.2011.05.933
 Pestka, J. J. (2010). Deoxynivalenol: mechanisms of action, human exposure, and toxicological relevance. Archives Toxicol. 84 (9), 663–679. doi:10.1007/s00204-010-0579-8
 Pferschy-Wenzig, E. M., Pausan, M. R., Ardjomand-Woelkart, K., Röck, S., Ammar, R. M., Kelber, O., et al. (2022). Medicinal plants and their impact on the gut microbiome in mental health: a systematic review. Nutrients 14 (10), 2111. doi:10.3390/nu14102111
 Piotrowska, M., Śliżewska, K., Nowak, A., Zielonka, Ł., Żakowska, Z., Gajęcka, M., et al. (2014). The effect of experimental Fusarium mycotoxicosis on microbiota diversity in porcine ascending colon contents. Toxins 6 (7), 2064–2081. doi:10.3390/toxins6072064
 Plata, C., Cruz, C., Cervantes, L. G., and Ramírez, V. (2019). The gut microbiota and its relationship with chronic kidney disease. Int. Urology Nephrol. 51 (12), 2209–2226. doi:10.1007/s11255-019-02291-2
 Pugin, B., Barcik, W., Westermann, P., Heider, A., Wawrzyniak, M., Hellings, P., et al. (2017). A wide diversity of bacteria from the human gut produces and degrades biogenic amines. Microb. Ecol. Health Dis. 28 (1), 1353881. doi:10.1080/16512235.2017.1353881
 Rajakovich, L. J., and Balskus, E. P. (2019). Metabolic functions of the human gut microbiota: the role of metalloenzymes. Nat. Product. Rep. 36 (4), 593–625. doi:10.1039/c8np00074c
 Ramezani, A., Massy, Z. A., Meijers, B., Evenepoel, P., Vanholder, R., and Raj, D. S. (2016). Role of the gut microbiome in uremia: a potential therapeutic target. Am. J. Kidney Dis. 67 (3), 483–498. doi:10.1053/j.ajkd.2015.09.027
 Robert, H., Payros, D., Pinton, P., Théodorou, V., Mercier-Bonin, M., and Oswald, I. P. (2017). Impact of mycotoxins on the intestine: are mucus and microbiota new targets?J. Toxicol. Environ. Health, Part B 20 (5), 249–275. doi:10.1080/10937404.2017.1326071
 Romero, A., Ares, I., Ramos, E., Castellano, V., Martínez, M., Martínez-Larrañaga, M.-R., et al. (2016). Mycotoxins modify the barrier function of Caco-2 cells through differential gene expression of specific claudin isoforms: protective effect of illite mineral clay. Toxicology 353-354, 21–33. doi:10.1016/j.tox.2016.05.003
 Romina, A. M. (2022). “Implications of mycotoxins in food safety,” in Mycotoxins and food safety ed . Editor M. Romina Alina (Rijeka: IntechOpen). Ch. 1. 
 Saleemi, M. K., Ashraf, K., Gul, S. T., Naseem, M. N., Sajid, M. S., Mohsin, M., et al. (2020). Toxicopathological effects of feeding aflatoxins B1 in broilers and its ameliosration with indigenous mycotoxin binder. Ecotoxicol. Environ. Saf. 187, 109712. doi:10.1016/j.ecoenv.2019.109712
 Sampson, T. R., and Mazmanian Sarkis, K. (2015). Control of brain development, function, and behavior by the microbiome. Cell Host Microbe 17 (5), 565–576. doi:10.1016/j.chom.2015.04.011
 Santisteban, M. M., Qi, Y., Zubcevic, J., Kim, S., Yang, T., Shenoy, V., et al. (2017). Hypertension-linked pathophysiological alterations in the gut. Circulation Res. 120 (2), 312–323. doi:10.1161/CIRCRESAHA.116.309006
 Sayin, S. I., Wahlström, A., Felin, J., Jäntti, S., Marschall, H.-U., Bamberg, K., et al. (2013). Gut microbiota regulates bile acid metabolism by reducing the levels of tauro-beta-muricholic acid, a naturally occurring FXR antagonist. Cell Metab. 17 (2), 225–235. doi:10.1016/j.cmet.2013.01.003
 Segal, L. N., Clemente, J. C., Tsay, J. C., Koralov, S. B., Keller, B. C., Wu, B. G., et al. (2016). Enrichment of the lung microbiome with oral taxa is associated with lung inflammation of a Th17 phenotype. Nat. Microbiol. 1, 16031. doi:10.1038/nmicrobiol.2016.31
 Shi, K., Wang, F., Jiang, H., Liu, H., Wei, M., Wang, Z., et al. (2014). Gut bacterial translocation may aggravate microinflammation in hemodialysis patients. Dig. Dis. Sci. 59 (9), 2109–2117. doi:10.1007/s10620-014-3202-7
 Shi, L. L., Li, Y., Wang, Y., and Feng, Y. (2015). MDG-1, an Ophiopogon polysaccharide, regulate gut microbiota in high-fat diet-induced obese C57BL/6 mice. Int. J. Biol. Macromol. 81, 576–583. doi:10.1016/j.ijbiomac.2015.08.057
 Shi, R., Huang, C., Gao, Y., Li, X., Zhang, C., and Li, M. (2023). Gut microbiota axis: potential target of phytochemicals from plant-based foods. Food Sci. Hum. Wellness 12 (5), 1409–1426. doi:10.1016/j.fshw.2023.02.001
 Sircana, A., De Michieli, F., Parente, R., Framarin, L., Leone, N., Berrutti, M., et al. (2019). Gut microbiota, hypertension and chronic kidney disease: recent advances. Pharmacol. Res. 144, 390–408. doi:10.1016/j.phrs.2018.01.013
 Śliżewska, K., Cukrowska, B., Smulikowska, S., and Cielecka-Kuszyk, J. (2019). The effect of probiotic supplementation on performance and the histopathological changes in liver and kidneys in broiler chickens fed diets with aflatoxin B₁. Toxins 11 (2), 112. doi:10.3390/toxins11020112
 Sun, L.-H., Zhang, N.-Y., Zhu, M.-K., Zhao, L., Zhou, J.-C., and Qi, D.-S. (2016). Prevention of aflatoxin B1 hepatoxicity by dietary selenium is associated with inhibition of cytochrome P450 isozymes and up-regulation of 6 selenoprotein genes in chick liver. J. Nutr. 146 (4), 655–661. doi:10.3945/jn.115.224626
 Sutherland, M. R. (2020). Introduction to a special issue on kidney development and disease. Anat. Rec. Hob. N. J. 2007 303 (10), 2507–2510. doi:10.1002/ar.24467
 Taranu, I., Braicu, C., Marin, D. E., Pistol, G. C., Motiu, M., Balacescu, L., et al. (2015). Exposure to zearalenone mycotoxin alters in vitro porcine intestinal epithelial cells by differential gene expression. Toxicol. Lett. 232 (1), 310–325. doi:10.1016/j.toxlet.2014.10.022
 Ticinesi, A., Nouvenne, A., and Meschi, T. (2019). Gut microbiome and kidney stone disease: not just an Oxalobacter story. Kidney Int. 96 (1), 25–27. doi:10.1016/j.kint.2019.03.020
 Ullah, S., Mustafa, S., Ennab, W., Muhammad, J., Shafiq, M., Kavita, N. M., et al. (2020). A protective role of resveratrol against the effects of immobilization stress in corpora lutea of mice in early pregnancy. J. Integr. Agric. 19 (7), 1857–1866. doi:10.1016/s2095-3119(19)62856-x
 Vaziri, N. D., Yuan, J., and Norris, K. (2012). Role of urea in intestinal barrier dysfunction and disruption of epithelial tight junction in chronic kidney disease. Am. J. Nephrol. 37 (1), 1–6. doi:10.1159/000345969
 Verbrugghe, E., Vandenbroucke, V., Dhaenens, M., Shearer, N., Goossens, J., De Saeger, S., et al. (2012). T-2 toxin induced Salmonella Typhimurium intoxication results in decreased Salmonella numbers in the cecum contents of pigs, despite marked effects on Salmonella-host cell interactions. Veterinary Res. 43 (1), 22. doi:10.1186/1297-9716-43-22
 Vipin, A. V., Raksha, R. K., Kurrey, N. K., Anu Appaiah, A. K., and Venkateshwaran, G. (2017). Protective effects of phenolics rich extract of ginger against Aflatoxin B1-induced oxidative stress and hepatotoxicity. Biomed. Pharmacother. 91, 415–424. doi:10.1016/j.biopha.2017.04.107
 Wang, H., Chen, Y., Zhai, N., Chen, X., Gan, F., Li, H., et al. (2017a). Ochratoxin A-induced apoptosis of IPEC-J2 cells through ROS-mediated mitochondrial permeability transition pore opening pathway. J. Agric. food Chem. 65 (48), 10630–10637. doi:10.1021/acs.jafc.7b04434
 Wang, J., Ghosh, S. S., and Ghosh, S. (2017b). Curcumin improves intestinal barrier function: modulation of intracellular signaling, and organization of tight junctions. Am. J. physiology Cell physiology 312 (4), C438–C45. doi:10.1152/ajpcell.00235.2016
 Wang, J.-H., Bose, S., Kim, G.-C., Hong, S.-U., Kim, J.-H., Kim, J.-E., et al. (2014). Flos Lonicera ameliorates obesity and associated endotoxemia in rats through modulation of gut permeability and intestinal microbiota. PloS one 9, e86117. doi:10.1371/journal.pone.0086117
 Wang, L. Y., Wang, S., Wang, Y., Ruan, K.-F., and Feng, Y. (2011). Effect of MDG-1 on oral glucose tolerance and intestinal microecological balance in diabetic mice. World Chin. J. Dig. 19, 2058–2062. doi:10.11569/wcjd.v19.i19.2058
 Wang, S. M., Long, S. Q., Deng, Z. Y., and Wu, W. Y. (2020). Positive role of Chinese herbal medicine in cancer immune regulation. Am. J. Chin. Med. 48 (7), 1577–1592. doi:10.1142/S0192415X20500780
 Wang, Y. H., Wang, M., Chen, J. X., Li, Y., Kuang, Z., Dende, C., et al. (2023). The gut microbiota reprograms intestinal lipid metabolism through long noncoding RNA. Science 381 (6660), 851–856.
 Wang, Y. J., Li, Y. X., Li, S., He, W., Wang, Z. R., Zhan, T. P., et al. (2022). Progress in traditional Chinese medicine and natural extracts for the treatment of lupus nephritis. Biomed. Pharmacother. = Biomedecine Pharmacother. 149, 112799. doi:10.1016/j.biopha.2022.112799
 Wang, Y. K., Li, W. Q., Xia, S., Guo, L., Miao, Y., and Zhang, B. K. (2021). Metabolic activation of the toxic natural products from herbal and dietary supplements leading to toxicities. Front. Pharmacol. 12, 758468. doi:10.3389/fphar.2021.758468
 Woo, C. S. J., Lau, J. S. H., and El-Nezami, H. (2012). “Chapter 10 - herbal medicine: toxicity and recent trends in assessing their potential toxic effects,” in Advances in botanical research ed . Editors L.-F. Shyur, and A. S. Y. Lau (Massachusetts, United States: Academic Press), 365–384.
 Wu, Q., Wang, X., Nepovimova, E., Wang, Y., Yang, H., Li, L., et al. (2017). Antioxidant agents against trichothecenes: new hints for oxidative stress treatment. Oncotarget 8 (66), 110708–110726. doi:10.18632/oncotarget.22800
 Wu, Z., Zhong, M., Liu, Y., Xiong, Y., Gao, Z., Ma, J., et al. (2022). Application of natural products for inducing ferroptosis in tumor cells. Biotechnol. Appl. Biochem. 69 (1), 190–197. doi:10.1002/bab.2096
 Yang, G., Zhong, L., Jiang, L., Geng, C., Cao, J., Sun, X., et al. (2011). 6-Gingerol prevents patulin-induced genotoxicity in HepG2 cells. Phytotherapy Res. 25 (10), 1480–1485. doi:10.1002/ptr.3446
 Zhang, Q., Feng, Z., Lu, J., Lu, J., Guan, S., and Chen, Y. (2021). Aflatoxin B1 inhibited autophagy flux by inducing lysosomal alkalinization in HepG2 cells. Toxicol. Mech. Methods 31 (6), 450–456. doi:10.1080/15376516.2021.1909196
 Zhang, X., Liu, H., Hashimoto, K., Yuan, S. Y., and Zhang, J. C. (2022). The gut-liver axis in sepsis: interaction mechanisms and therapeutic potential. Crit. Care 26 (1), 213. doi:10.1186/s13054-022-04090-1
 Zong, Q., Qu, H., Zhao, Y., Liu, H., Wu, S., Wang, S., et al. (2022). Sodium butyrate alleviates deoxynivalenol-induced hepatic cholesterol metabolic dysfunction via RORγ-mediated histone acetylation modification in weaning piglets. J. Animal Sci. Biotechnol. 13, 133. doi:10.1186/s40104-022-00793-1
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Li, Wang, Qu, Ahmed, Enneb, Obeidat, Liu, Dessie, Kim, Adam and Cai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 24 June 2024
doi: 10.3389/fphar.2024.1430564


[image: image2]
Antibacterial activity and mechanism of luteolin isolated from Lophatherum gracile Brongn. against multidrug-resistant Escherichia coli
Yahao Ding1,2†, Guilan Wen1,2†, Xingke Wei2, Hao Zhou3, Chunjie Li4, Zhengqin Luo2, Deyuan Ou1, Jian Yang1,2* and Xuqin Song1,2*
1Laboratory of Animal Genetics, Breeding and Reproduction in the Plateau Mountainous Region, Ministry of Education, Guizhou University, Guiyang, China
2College of Animal Science, Guizhou University, Guiyang, China
3Pearl River Fisheries Research Institute, Chinese Academy of Fishery Sciences, Guangzhou, China
4Laboratory of Pulmonary Immunology and Inflammation, Frontiers Science Center for Disease-related Molecular Network, Sichuan University, Chengdu, China
Edited by:
Yi Wu, Nanjing Agricultural University, China
Reviewed by:
Guangliang Shi, Northeast Agricultural University, China
Liwei Guo, Yangtze University, China
Qian Zhang, Beijing University of Agriculture, China
* Correspondence: Jian Yang, cas.jyang@gzu.edu.cn; Xuqin Song, xqsong@gzu.edu.cn
†These authors have contributed equally to this work and share first authorship
Received: 10 May 2024
Accepted: 05 June 2024
Published: 24 June 2024
Citation: Ding Y, Wen G, Wei X, Zhou H, Li C, Luo Z, Ou D, Yang J and Song X (2024) Antibacterial activity and mechanism of luteolin isolated from Lophatherum gracile Brongn. against multidrug-resistant Escherichia coli. Front. Pharmacol. 15:1430564. doi: 10.3389/fphar.2024.1430564

Infections caused by multidrug-resistant (MDR) bacteria have become a major challenge for global healthcare systems. The search for antibacterial compounds from plants has received increasing attention in the fight against MDR bacteria. As a medicinal and edible plant, Lophatherum gracile Brongn. (L. gracile) has favorable antibacterial effect. However, the main antibacterial active compound and its antimicrobial mechanism are not clear. Here, our study first identified the key active compound from L. gracile as luteolin. Meanwhile, the antibacterial effect of luteolin was detected by using the broth microdilution method and time-kill curve analysis. Luteolin can also cause morphological structure degeneration and content leakage, cell wall/membrane damage, ATP synthesis reduction, and downregulation of mRNA expression levels of sulfonamide and quinolones resistance genes in multidrug-resistant Escherichia coli (MDR E. coli). Furthermore, untargeted UPLC/Q-TOF-MS-based metabolomics analysis of the bacterial metabolites revealed that luteolin significantly changed riboflavin energy metabolism, bacterial chemotaxis cell process and glycerophospholipid metabolism of MDR E. coli. This study suggests that luteolin could be a potential new food additive or preservative for controlling MDR E. coli infection and spread.
Keywords: Lophatherum gracile Brongn., luteolin, multidrug-resistant Escherichia coli, antibacterial mechanism, untargeted metabolomics
1 INTRODUCTION
Escherichia coli (E. coli) is a Gram-negative facultative anaerobe, which is the main cause of foodborne infection and can cause gastrointestinal and parenteral diseases, such as diarrhea, enteritis, bacteremia, urinary tract infection, etc (Rahman et al., 2020; Xu et al., 2022). More worryingly, due to the extensive use and abuse of antibiotics, the drug resistance of human and animal-derived E. coli has increased dramatically, which has already posed a major threat to global public health and food safety. At present, E. coli has developed resistance to a variety of antibiotics, such as polymyxins and quinolones, resulting in multidrug-resistant E. coli (MDR E. coli) and even super-drug resistant bacteria. In addition, according to statistics the formation of biofilms of drug-resistant bacteria plays a role in 80% of clinical infections (Cui et al., 2022). More shockingly, the drug resistance of bacteria is closely related to the formation of biofilms. The stronger the drug resistance of bacteria, the denser the biofilm formed (Bhardwaj et al., 2021), which further increases the difficulty of antibiotic treatment. Therefore, to reduce the widespread use of antibiotics and reduce the impact of drug-resistant E. coli, many researchers have focused on the development of natural botanicals from plant extracts. However, there are few studies on the antibacterial effect of Gram-negative bacteria, especially foodborne E. coli with the most serious drug resistance.
Lophatherum gracile Brongn. (L. gracile), an excellent gramineous plant that has the function of both medicine and foodstuff in China and around the world, is the dry stem and leaf of L. gracile (Li et al., 2024). This herb has a variety of pharmacological effects, such as anti-bacterial, anti-viral, anti-oxidant, anti-inflammatory and hyperglycemic (Lai et al., 2021). Recently, besides being used as a traditional medicine, the application of L. gracile in food and related fields is also increasing. For example, L. gracile can not only be used in combination with Chinese herbal medicines such as lotus leaves to make a functional beverage, but also can be used as an auxiliary material for alcoholic beverages such as Zhuyeqing liquor to play a certain role in liver protection, immune protection and other healthcare (Gao et al., 2014; Gao et al., 2015). Moreover, L. gracile could also commonly used as tea in the folk. A chitosan film containing L. gracile extract (5%) was developed, compared with ordinary chitosan film, the preservation time of fried bighead carp was greatly prolonged and the preservation effect was remarkable (Chen et al., 2020). L. gracile is rich in natural flavonoids and polysaccharides. Related literature have verified that a series of flavonoids can be isolated from L. gracile by UPLC-tography fingerprints or LC-MS/MS, etc., of which isoorientin, orientin, rutin, vitexin, isovitexin, quercetin and luteolin are the main pharmacological active ingredients (Fu et al., 2014; Li et al., 2021; Liu et al., 2022). It has been reported that the ethanol extract of L. gracile and its flavonoid glycosides have proved to have good antibacterial effects (Adamczak et al., 2019; Chen et al., 2019). However, the antibacterial active ingredients and mechanism of L. gracile are still unclear.
Although the mechanism of bacterial resistance is difficult to decipher, in addition to conventional mechanism research, it is a new choice to explain the molecular mechanism of drug resistance at metabolic level (Li et al., 2015). Compared with small changes in gene and protein levels, metabolomics can scale up research through quantitative detection of existing metabolites to more accurately and directly reflect the terminal and phenotypic information of living organisms, then potentially promote the discovery of new alternative drug targets. For the study of bacterial resistance, the commonly used analysis method is untargeted metabolomics, which can quantitatively analyze all metabolites in the organism to fully amplify the mechanism of action of antibacterial drugs and the recognition and identification of potential drug targets in the process of drug development (Hoerr et al., 2016; Han et al., 2018). Moreover, the detection methods are mostly high-performance liquid chromatography tandem mass spectrometry (LC-MS/MS), which could detect as more metabolites as possible at a very low detection limit, further to combine high-throughput analytical chemistry and multivariate data analysis to characterize the metabolite phenotype and deepen the understanding of the antibacterial mechanism (Fortuin and Soares, 2022) Most bacteria rely on metabolism for growth and reproduction. Changes in the concentration of one or more metabolites could reflect changes in intracellular enzyme activity, absorption and consumption levels, and excretion rates. This is also a response to changes in external conditions (Rinschen et al., 2019). It has been reported that the same antibiotics have different effects on the metabolic level of methicillin-sensitive and methicillin-insensitive Staphylococcus aureus (Schelli et al., 2017), indicating that there may be different stress response mechanisms or metabolic pathways in the metabolic process of the two strains. Therefore, compared with the study of metabolomics of sensitive strains, the study of drug-resistant bacterial infections that are difficult to treat could find more significant changes in key metabolic pathways, thus providing more therapeutic approaches and more innovative significance. More interestingly, studies have shown that the anti-obesity effect of quercetin may be achieved by regulating the abundance of gut microbiota induced by high-fat diet and promoting the unbalanced death of harmful bacterial metabolic pathways (Su et al., 2022). However, natural botanicals (such as luteolin) with multiple targets have rarely been reported to analyze the antibacterial mechanism from the perspective of untargeted metabolomics. Metabolomics research based on previous antibacterial drugs has brought rich analytical experience (Zhang and Zhang, 2020; Leng et al., 2021), which provides great convenience for us to further explore the molecular mechanism of luteolin against MDR E. coli.
The purpose of this study was to obtain the best antibacterial ingredient in L. gracile and to reveal its antimicrobial mechanism on MDR E. coli. After screening the antibacterial active components of flavonoids from L. gracile, luteolin was deemed the best candidate for further study. We investigated the dynamic antibacterial effect of luteolin on MDR E. coli growth curve. Moreover, we conducted measurements of cell wall and cell membrane damage, ATP synthesis, cell death and viability, bacterial morphology and drug resistance gene expression caused by luteolin. Furthermore, untargeted metabolomics is of great significance for understanding the antibacterial molecular mechanism of luteolin. This study will help to provide new modes of action or new antibacterial targets against MDR bacteria, which is expected to provide a theoretical basis for the development of natural antibacterial agents or food preservative.
2 MATERIAL AND METHODS
2.1 Chemicals and reagents
Eosin-methylene blue agar base (EMB) and Mueller-Hinton broth (MHB) were purchased from Beijing Aoboxing Bio-Technology Co., ltd. (Beijing, China). Luteolin, quercetin, rutin, orientin, isoorientin, vitexin, isovitexin and dimethyl sulfoxide (DMSO) were purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai, China), both with a purity of ≥98%. Polymyxin B sulfate (>6,500 IU/mg, USP) was purchased from Dalian Meilun Biotechnology Co., Ltd (Tianjin, China). Tween-80 (Oleic acid approx.70%) was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). Ethanol absolute, petroleum ether (60–90°C), ethyl acetate (EtOAc), n-butanol and dichloromethane were purchased from Tianjin Kemiou Chemical Reagent Factory (Tianjin, China), both with a purity of ≥99.5%. The HPLC-grade solvents of formic acid, acetonitrile (ACN) and methanol (MeOH) were from Fisher Scientific (Fairlawn, NJ, United States of America).
2.2 Bacterial strains
The tested MDR E. coli strain (GZGY201912) was kindly provided by Professor Guilan Wen and isolated from broilers. The test strains carried six resistance genes (sul2, sul3, gyrA, gyrB, oqxA and parC). The quality control strain of E. coli (ATCC25922) was purchased from Beijing Microbiological Culture Collection Center. (Beijing, China). The MDR E. coli was incubated on EMB plates and maintained in an electrothermal incubator at 37°C for 16 h. A single colony was picked from the EMB plate and inoculated into MHB medium, and then incubated in a 37°C constant temperature water bath shaker for 16 h. Finally, the cultured bacterial solution was diluted to 1×106 colony forming units per milliliter (CFU/mL) for subsequent experiments. All strains were cultured according to the Clinical and Laboratory Standards Institute (CLSI) guidelines.
2.3 Plant material and preparation of L. gracile extract
The L. gracile (Batch No. 20220201) used in this study were purchased from Jirentang Chinese Herbal Pieces Factory, Guiyang City. 100 g of dried L. gracile was crushed and soaked in 1 L of 95% ethanol for 12 h and ultrasonically extracted at 45°C for 3 times, 1 h each time. After the filtration of the supernatant, a 65°C rotary evaporator was used to concentrate to obtain the crude extract (6.5 g). The extract was dried to constant weight in an oven at 60°C. Then the extract was uniformly dispersed in 200 mL distilled water, and successively extracted with 100 mL of petroleum ether, EtOAc, dichloromethane and n-butanol for 4 times, 1 h each time. Finally, the above extract of each solvent was concentrated, and dissolved in a mixture of 3% Tween-80 and DMSO to different concentrations of 102.4 mg/mL, 25.6 mg/mL, 51.2 mg/mL, 51.2 mg/mL. The biological activity of each extract against the MDR E. coli was preliminarily determined by microbroth dilution method, and the results showed that EtOAc extract had the best anti-MDR E. coli activity. Therefore, in order to find compounds against the MDR E. coli, the EtOAc extract was analyzed using liquid chromatography with tandem mass spectrometry (LC-MS/MS).
2.4 Identification of compounds from EtOAc extract by LC-MS/MS
The main pharmacological active components of flavonoids in L. gracile are isoorientin, orientin, rutin, vitexin, isovitexin, quercetin and luteolin, respectively. Therefore, this study used standard substances to identify and quantitatively analyze the EtOAc fraction. The LC separation was performed in an HPLC 1290 series with a ZORBAX SB-C18 column (2.1 mm × 100 mm i.d., 1.8 µm particle size, Agilent Technologies®, Santa Clara, CA, United States of America). The mobile phase consisted of methanol (A) and 0.5% acetic acid in water solution (B) with the following gradient elution program: 90% A, 0–1 min; 90%–85% A, 1–2 min; 85%–65% A, 2–5 min; 65%–30% A, 5–5.1 min; 30%–20% A, 5.1–9 min; 20%–90% A, 9–10 min. The total run time was 10 min with a constant flow rate of 0.3 mL/min. The injection volume was 10 μL. MS analysis was performed on an Agilent system 6470 series triple-quadrupole mass spectrometer using multiple-reaction monitoring (MRM) transition under electrospray negative ion (ESI−) mode. The operation conditions were as follows: capillary voltage, 3.5 kV; nebulizer gas, 40 psi; sheath gas temperature, 350°C; sheath gas flow rate, 11 L/min; ionization gas flow rate, 8 L/min. Mass spectral parameters for the seven target analytes are shown in Supplementary Table S1.
2.5 Susceptibility assays
The minimum inhibitory concentration (MICs) and minimum bactericidal concentration (MBCs) of isolated compounds were determined by the microbroth dilution method. The maximum dissolved concentration of the isolated compound was dissolved in 3% DMSO, and 2-fold serially diluted in 96-well plates using MHB containing the bacterial solution to a final bacterial concentration of 1 × 106 CFU/mL. The prepared 96-well plates were incubated in the incubator at 37°C for 16 h, and the bacterial growth and turbidity of each well were observed. The MBC was determined to be the lowest concentration when the sterile colony grew. The positive control (polymyxin E sulfate, 16 μg/mL), sterile control and MHB containing 3% DMSO were used as blank controls. All experiments were repeated three times.
2.6 In vitro antibacterial activity of luteolin against MDR Escherichia coli
2.6.1 Time-kill assay
Time-kill curves are mainly used to monitor the growth and death of bacteria under different drug concentrations and are widely used to evaluate the drug-time relationship. The prepared 1 × 106 CFU/mL MDR E. coli bacterial suspension and different concentrations of luteolin were added to six 50 mL sterile polypropylene centrifuge tubes, respectively, with a total volume of 30 mL. Finally, the dissolution concentration of luteolin was maintained at 1/4 × MIC, 1/2 × MIC, 1 × MIC, and 2 × MIC, respectively. Meanwhile, no drug was added as the positive growth control group, and 3% DMSO was used as the negative control group. The above six groups of centrifuge tubes were placed in a 37°C constant temperature oscillator at 180 r/min for 24 h. 1 mL of samples were taken at 0, 2, 4, 6, 8, 10, 12, 24 h and the optical density at 600 nm was measured by microplate reader (Synergy H1, Diege Bio-Science & Technology Shanghai Co., China).
2.6.2 Leakage of intracellular content
Alkaline phosphatase (AKP) is a protease that exists between the cell membrane and cell wall, and can only leak out when the cell wall is damaged. Therefore, AKP activity was used to evaluate the degree of cell wall damage (Yang et al., 2020). The MDR E. coli (106 CFU/mL) was treated with different concentrations of luteolin, and a blank growth group was set up to explore the damage degree of the bacterial cell wall. It was placed in a 37°C constant temperature oscillator at 180 r/min for 24 h. The bacterial solution of 0, 4, 8, and 12 h was centrifuged at 4,000 g for 10 min and the supernatant was taken to another 2 mL sterile centrifuge tube. The leakage of AKP after treatment with different concentrations of luteolin was detected by an AKP kit (Jiancheng Bioengineering Institute, Nanjing, China) and a microplate reader at 520 nm.
2.6.3 Inhibition of biofilm formation
Based on a previous study (Deng et al., 2019), the biofilm formation ability of MDR E. coli was evaluated by micro-enzyme labeling method. In brief, 100 μL (approximately 106 CFU/mL) of bacterial solution diluted with MHB medium was added to each 96-well cell culture plate, and different concentrations of luteolin was added to evaluate the degree of biofilm growth inhibition. After static culture at 37°C for 36 h, the culture medium was discarded and gently washed 3 times with 200 μL 10 mM sterile phosphate-buffered saline (PBS; pH = 7.2). 100 μL of 95% methanol was added to each well and fixed for 15 min. The liquid was discarded and the well was naturally dried. The wells were stained with 100 μL of 0.1% (w/v) crystal violet for 30 min, and washed with PBS 3 times. Residual crystal violet was dissolved in 200 μL of 95% ethanol and incubated at 37°C for 5 min. Finally, the OD value of each well was measured by the microplate reader at 595 nm.
2.6.4 Determination of ATP concentration
The diluted drug-resistant test bacterial suspension (∼107 CFU/mL) was centrifuged at 4°C, 8,000×g for 10 min, and the cells were collected to obtain a precipitate. After washing with PBS, the cells were resuspended in an equal volume of MH broth medium. The bacterial suspension was treated with different concentrations of luteolin for 3 h, and the bacteria were collected again after centrifugation. At the same time, a blank growth control group was set up. The weight of the bacteria was suspended in PBS, and the absorbance at 660 nm of the OD value was measured by the Na+K+-ATPase activity detection kit (Solarbio Technology Co., Ltd., Beijing, China) to calculate the change of ATP content in the bacterial cells.
2.6.5 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
The changes in morphology and ultrastructure before and after the interaction between luteolin and MDR E. coli were observed using SEM and TEM. The tested MDR E. coli (approximately 106 CFU/mL) was treated with different concentrations of luteolin (1/2 × MIC, 1 × MIC, 2 × MIC) or without luteolin and for 16 h at 37°C under 180 r/min. The treated bacterial solution was centrifuged and fixed with 2.5% glutaraldehyde at 4°C for 4 h. Then, the bacteria solution was dehydrated with graded concentrations of ethanol and immersed in isoamyl acetate for 15 min. After drying, samples were sputtered with a gold layer and observed using a Hitachi-SU8100 SEM (Hitachi, Tokyo, Japan). As for TEM characterization, samples treated with different concentrations of luteolin (1 × MIC, 2 × MIC) were prepared using the embedding method and resin blocks were cut to 60–80 nm lamina on the Leica UC7 ultra-microtome (Leica, Germany). Finally, TEM characterization was carried out by a Hitachi-HT7800 TEM (Hitachi, Tokyo, Japan).
2.7 Bacterial viability assay
The viability of the MDR E. coli in the medium was studied by green nucleic acid (SYTO 9) and propidium iodide (PI) double dye fluorescence staining, and the operation was carried out concerning the LIVE/DEAD Bacterial Double Stain Kit (Maokang Bio-Science & Technology Co., Shanghai, China). The exponential growth phase of the bacterial suspension (∼106 CFU/mL) was treated with different concentrations of luteolin for 16 h at 37°C under 180 r/min. After centrifugation at 10,000 g for 10 min, bacteria were resuspended with 0.85% sterile saline and incubated at room temperature for 1 h. 1 mL bacterial suspension was added with 3 μL SYTO 9 (2.5 μM) and PI (15 μM) dye pre-mixed solution for incubation at room temperature for 15 min in the dark. After 5 μL of dyed bacterial suspension was dried, the anti-fluorescence quencher was added. Finally, the viable cells (green) and dead cells (red) were observed using NIKON Eclipse Ti confocal laser-scanning (CLSM, Nikon, Tokyo, Japan).
2.8 Quantitative reverse-transcription PCR
The bacterial cultures (∼106 CFU/mL) were treated with luteolin and a blank growth control group was established for 16 h at 37°C under 180 r/min. The total RNA was extracted by centrifugal column bacterial RNA extraction kit (Tiangen Biotech Co., Beijing, China). Total RNA was reverse transcribed into cDNA using HyperScript™ RT SuperMix (APE×BIO Technology LLC, Houston, America) Quantitative PCR primers were designed according to the drug-resistance gene sequence on the plasmid of the test strain, and 16S rRNA was used as the internal reference gene. The primer sequence is shown in Supplementary Table S2. Quantitative real-time PCR (qRT-PCR) amplification was performed using the HotStart™ SYBR Green PCR Kit and the CFX Connect Real-Time PCR system (Bio-Rad, Hercules, America) under the following conditions; an initial denaturation step of 2 min at 95°C followed by 40 cycles of 95°C denaturation for 15 s and 60°C annealing for 30 s. Finally, the relative gene expression was calculated by the 2−ΔΔCT method.
2.9 Metabolomics analysis
Further to more intuitively and effectively reflect the mechanism of life activities involved in the MDR E. coli. The potential effects of luteolin on metabolites and metabolic pathways of the MDR E. coli were studied by untargeted metabolomics. The MDR E. coli (approximately 106 CFU/mL) was treated with 1/4 × MIC concentration of luteolin for 10 h at 37°C, 180 r/min. The bacterial solutions were collected in a 1.5 mL sterile centrifuge tube, centrifuged at 4°C, 4,000 g for 3 min, removed the supernatant, washed the bacteria twice with pre-cooled PBS, and repeated centrifugation to collect 100 mg of bacterial precipitate. Finally, it was quickly frozen in liquid nitrogen and stored at-80°C for testing (Winder et al., 2008). The bacterial precipitate to be tested was transferred from the refrigerator at −80°C to −4°C and slowly thawed. The pre-cooled ACN/MeOH solution (v:v = 1:1) was added to the tube. The samples were shaken with a vortex shaker for 30 s, followed by ultrasonic extraction in a water bath for 10 min. After standing at −20°C for 1 h, the sample was centrifuged at 4°C, 13,000 r/min for 15 min and the supernatant was taken and freeze-dried. The precipitate was redissolved with 50% ACN in water, and the extraction procedure was repeated. The supernatant was filtered (0.22 μm) into the injection bottle for LC-MS/MS analysis. In addition, 10 μL of each sample was mixed to make a quality control (QC) sample to be tested. The instrumentation was based on an ultra-high performance liquid chromatography system (Shimadzu 30 series, Japan) combined with Quadrupole Time-of-Flight mass spectrometry system (SCIEX, Triple TOF 5600+ series, Framingham, MA, United States of America, UPLC/Q-TOF-MS). Pre-separation was carried out on an ACQUITY-UPLC-T3 column (100 mm*2.1 mm, 1.7 µm, Waters, United Kingdom). The column temperature was kept at 50°C. The flow rate was 0.3 mL/min and the injection volume of the single needle was 2 μL. The mobile phase consisted of 0.1% FA in ACN (A) and 0.1% FA (B) with the following gradient elution program: 5% A, 0–0.5 min; 5%–70% A, 0.5–2.5 min; 70%–100% A, 2.5–7.5 min; 100% A, 7.5–9.0 min; 100%–5% A, 9.0–9.5 min; 5% A, 9.0–9.5 min. The detailed parameters are as follows: Ion Source Gas1: 50 psi, Ion Source Gas2: 50 psi, Curtain Gas: 35 psi, Source Temperature: 500°C, IonSapary Voltage Floating: 5500 V and-4500 V (positive & negative); Declustering Potential (DP): ±80 V (positive & negative); TOF MS scan m/z range: 60–1,200 Da, Product ion scan m/z range: 25–1,200 Da, TOF MS scan accumulation time 0.25 s/spectra, Product ion scan accumulation time 0.03 s/spectra; The secondary mass spectrometry was obtained using Information Dependent Acquisition (IDA) and was in High Sensitivity mode, CE: 30 V ± 15. The blank growth control group was used to eliminate the interference of impurities on the instrument. The QC samples were used to test the stability of the instrument response and all samples were calibrated to reduce the error caused by the instrument.
The raw data were converted to the mzML format using ProteoWizard software (Mass spectrometry data format conversion tool) and processed with an in-house program, which was developed using R and based on XCMS, for peak detection, extraction, alignment, and integration. These raw data will be used for in-depth analysis of subsequent discussions. Then internal MS2 databases (Allwegene. DB) were used for metabolite annotation.
2.10 Statistical analyses
Data were analyzed using SPSS Statistics software (version 26.0) and expressed as mean ± standard error of the mean. Data differences between different groups were assessed by one-way analysis of variance (ANOVA) followed by Duncan’s post hoc test. Results with p values of <0.05 were considered statistically significant. Histograms and line charts were drawn with Origin 2022. Aipathwell (Fluorescence analysis software, Servicebio, Wuhan, China) was used to quantitatively analyze the fluorescence intensity in a specific region.
3 RESULTS
3.1 Screening and LC-MS/MS analysis of antibacterial flavonoids in EtOAc extract of L. gracile
To explore the main antibacterial flavonoids of L. gracile, it was tracked and structurally identified by LC-MS/MS and broth dilution analysis. As shown in Table 1, the main antibacterial active site was the moderately polar EtOAc fraction (MIC = 12.8 mg/mL), indicating that the antibacterial active components were mainly concentrated in the EtOAc fraction. The antibacterial effect of the identified compounds was determined by the micro-broth dilution method to screen out the best active compound. The results of compound structure formulas (Supplementary Figure S1) and LC-MS/MS analysis (Figure 1) showed that the proportion of luteolin content in EtOAc extract was 3.43%, followed by 0.285% of quercetin. The proportion of rutin content was only 0.268%. Since orientin and isoorientin are isomers, the total proportion of content in the EtOAc extract was 0.144% after quantitative analysis. Similarly, vitexin and isovitexin are also isomers, with a total content of 0.107%. Meanwhile, most flavonoids in L. gracile have good antibacterial effects on E. coli standard and clinical MDR E. coli, and the MIC and MBC of luteolin on the tested bacteria were 1.0 mg/mL and 2.0 mg/mL, respectively.
TABLE 1 | MICs and MBCs of different extract fraction of Lophatherum gracile and seven main ingredients in ethyl acetate fraction against MDR Escherichia coli (mg/mL).
[image: Table 1][image: Figure 1]FIGURE 1 | Typical chromatograms of seven flavonoids in the EtOAc extract. (A-1), (B-1), (C-1), (D-1), and (E−1) represent chromatograms of each compound at a concentration of 2.5 mg/mL in the EtOAc extract. (A-2), (B-2), (C-2), (D-2), and (E−2) represent chromatograms of each compound standard at a concentration of 100 ng/mL (purity >99.8%).
3.2 In vitro antibacterial activity of luteolin against MDR Escherichia coli
3.2.1 Time-kill analysis
As given in Figure 2A, the experimental group could significantly inhibit the growth of bacteria in a dose-dependent manner. Luteolin exhibited excellent antimicrobial activity at 1/4 × MIC 1/2 × MIC and MIC, and then had the bactericidal effect at 2 × MIC. The growth of the test bacteria in the control group and the 3% DMSO solvent control group was not significantly different and tended to be relatively stable.
[image: Figure 2]FIGURE 2 | In vitro antibacterial activity of luteolin against multidrug-resistant Escherichia coli (MDR E. coli). (A) Effects of luteolin on bacterial cell growth. (B) Effects of luteolin on cell wall integrity, represented by the alkaline phosphatase (AKP) levels in the bacterial lysates. (C) Effects of luteolin on MDR E. coli biofilm formation was observed at OD595 nm. (D) Effect of luteolin on intracellular ATPase activity of MDR E. coli. All graphs show the mean ± SEM. *p < 0.05, **p < 0.01. Different lowercase letters on the bargraphs (B,D) indicate significant differences among treatments (one-way ANOVA, p < 0.05). The data are representative from three independent experiments.
3.2.2 Leakage of intracellular content
AKP is an important index to evaluate the degree of cell wall damage. In this study (Figure 2B), the extracellular AKP level of the control group was maintained at about 0.5 Kings/100 mL, and the AKP release level of the experimental group increased significantly (p < 0.01) with the time and luteolin concentration, especially the 2 × MIC group.
3.2.3 Evaluation of biofilm formation inhibition
We analyzed the effect of luteolin on the inhibition of the biofilm formation ability of the MDR E. coli. As exhibited in Figure 2C, the inhibition of luteolin on the biofilm formation of the MDR E. coli increased significantly (p < 0.01) with the increase of concentration, in a dose-dependent manner. The inhibition rates of biofilm formation of MDR E. coli were 80.45% and 87.98%, after being treated with luteolin at 1 × MIC, and 2 × MIC for 16 h, respectively.
3.2.4 Evaluation of bacterial energy weakening
ATP is essential in the life activities of bacteria. In our study (Figure 2D), compared with the blank growth control group, the ATP activity level in the bacteria decreased significantly (p < 0.01), and gradually decreased with the increase of luteolin concentration. The results showed that luteolin could inhibit the normal energy synthesis of the tested bacteria, thereby inhibiting the normal growth, reproduction and replication of the bacteria until death.
3.3 Morphological changes of MDR Escherichia coli induced by luteolin
The morphological changes in the MDR E. coli before and after treatment with luteolin were observed using SEM and TEM. The results showed that the cell structure of the MDR E. coli in the control group was complete with a typical rod-like structure (Figure 3A); the ultrastructure of the bacteria was clear and complete, and the boundary of the inner and outer membranes of the cells was undamaged with distributed dense cytoplasm (Figures 3E, I). In SEM observation, the surface of a small number of bacteria treated with luteolin at 1/2 × MIC was rough and began to shrink (Figure 3B). However, the morphological structure of most bacteria treated with MIC of luteolin changed significantly (Figure 3C), mainly manifesting in swelling and shrinkage, cell deformation, and a large number of bacterial contents leakage. After exposure to the 2 × MIC of luteolin, almost no normal bacterial structure was observed (Figure 3D). TEM results showed that the ultrastructural damage of bacteria treated with MIC (Figures 3F–H) and 2 × MIC (Figures 3J–L) of luteolin exhibited a common plasmolysis phenomenon. The cellular content was reduced and unevenly distributed, and the cell wall/membrane was lysed with blurred, thinned, or even disappeared edges (Figures 3F, J). Cytoplasmic content leakage (Figures 3G, K) and the empty sac structure caused by the autolysis of intracellular organelles (Figures 3H, L) were observed. The damage of bacteria was exacerbated with the increase in luteolin dose. The results of TEM showed that luteolin had a targeting effect on different parts of bacteria, namely, the destruction of cell walls and cell membrane structural integrity.
[image: Figure 3]FIGURE 3 | Effect of luteolin on the ultrastructure of multidrug-resistant Escherichia coli (MDR E. coli). SEM images of MDR E. coli (×20 k, (A–D), without luteolin (A), treated with 1/2 × MIC of luteolin (B), 1 × MIC of luteolin (C) and 2 × MIC of luteolin (D). TEM images of MDR E. coli (×20 k, E-L), without luteolin (E,I), treated with 1 × MIC of luteolin (F–H), 2 × MIC of luteolin (J–L).
3.4 Bacterial viability analysis
Generally, SYTO nine can emit green fluorescence by binding nucleic acid in bacteria through bacterial cell membranes. In contrast, PI can only penetrate the damaged cell membrane and combine with nucleic acid to emit red fluorescence. Therefore, “alive” bacteria with intact membrane structures showed green fluorescence, and “dead” bacteria with damaged membrane structures showed red fluorescence for adjusting the appropriate ratio of SYTO 9 (2.5 μM) and PI (15 μM). The CLSM results of SYTO nine and PI staining are shown in Figure 4A, and the number of red and green light bacteria cells was calculated and quantified by Aipathwell software (Figure 4B). The MDR E. coli bacteria in the control group showed green fluorescence (almost no red fluorescence), whil as the luteolin concentration increased, the proportion of red fluorescence increased, indicating the sharp decrease (p < 0.01) of alive bacteria. Especially in the MIC and 2 × MIC of luteolin treatment groups, green fluorescence could hardly be observed.
[image: Figure 4]FIGURE 4 | Bacterial viability assay. (A) CLSM images of multidrug-resistant Escherichia coli (MDR E. coli) with the treatment of luteolin and blank growth group with SYTO 9 (labels live bacteria) and PI (labels dead bacteria) (scale bar = 5 μm). (B) The number of red and green light bacteria cells was calculated and quantified by Aipathwell software; the graphs show the mean ± SEM. *p < 0.05, **p < 0.01.
3.5 Gene expression of drug resistance
qRT-PCR could quantitatively determine the decrease of drug resistance genes carried by the tested strains, to better detect the weakening degree of luteolin on drug resistance genes. As given in Figures 5A, B, compared with the control group, 1 × MIC of luteolin highly (p < 0.01) downregulated the mRNA expression of sul2 and sul3, and the inhibition rates were as high as 98.37% and 93.36%. Similarly, luteolin also significantly (p < 0.01) downregulated the expression levels of four drug resistance genes gyrA, parC, gyrB and oqxA, with inhibition rates of 92.77%, 96.43%, 84.7% and 75.04%, respectively (Figure 5C–F).
[image: Figure 5]FIGURE 5 | The effect of luteolin on the expression level of plasmid-mediated resistance genes in multidrug-resistant Escherichia coli. The graphs show the mean ± SEM. * or #p < 0.05, ** or ##p < 0.01.
3.6 In vitro antibacterial mechanism of luteolin against MDR Escherichia coli
3.6.1 Metabolomic analysis
In the effect of luteolin on the growth curve of the MDR E. coli, it was found that 1/4 × MIC luteolin could significantly inhibit the growth rate of MDR E. coli. Therefore, 1/4 × MIC of luteolin was selected to treat MDR E. coli for 10 h for non-targeted metabolic analysis under the condition of capturing more metabolites. In the data processing of metabolites, 1,406 metabolites were identified by the combination of positive and negative ions. The PCA model undifferentiated analysis showed that the principal component PC1 variable can explain 87.4% of the original data (Figure 6A). The QC sample aggregation ensures the stability of the system and the precision of the instrument. There was no cross-distribution between the two groups, indicating that the difference between the control group and the treatment group was statistically significant. It also shows that the intracellular metabolic level of the MDR E. coli has changed significantly after luteolin treatment. Further to sort out the relationship between metabolites and sample categories, a supervised OPLS-DA model was constructed and the model parameters (R2 and Q2) were tested by permutation test (Figure 6B). The results showed that the R2Y and Q2 values were 0.997 and 0.938, respectively, indicating that the model had good interpretability and predictive ability, that is, the model was well constructed. The metabolites were visualized in the form of a volcano plot (Figure 6C). The results showed that 246 metabolites were significantly downregulated and 174 metabolites were significantly upregulated (p < 0.05). The normalized cluster analysis (Figure 6D) of the selected differential metabolites revealed that the differential metabolites were significantly variable and well segregated in the control group and the 1/4 × MIC luteolin group. The top 20 metabolites with the greatest influence on the antibacterial mechanism were screened out and analyzed by taking the difference multiple of metabolites between groups as the logarithm of the base number of 2 (Figure 6E).
[image: Figure 6]FIGURE 6 | The PCA score scatter plot of all samples (including QC samples) (A). The OPLS-DA model validation diagram of the combination was compared. In general, the model was best when p < 0.05 (B). The multidrug-resistant Escherichia coli exposed to 1/4 × MIC luteolin and control. Volcanic map analysis differential metabolites (C). Cluster heatmap analysis of differential metabolites (D). Differential metabolites multiple histogram (E). Differential metabolites network diagram (F).
Finally, to more intuitively reveal the co-regulation relationship between various metabolites, the correlation matrix is converted into a network diagram as shown in Figure 6F. The most influential metabolites in the whole network diagram were mainly derivatives of various metabolites (such as 8-C-p-Hydroxybenzylkaempferol, 5-Phosphoribosylglycinamide, Pantetheine 4-phosphate) followed by lipids and lipid-like molecules (such as glycerophospholipids and fatty amides), organic oxygen compounds (such as sugars and alcohols), organic acids and derivatives (such as amino acids and phospholipids), nucleosides, nucleotides, and analogs (such as amines). The variety of metabolites is the response of bacteria to changes in the external environment, and the increase or decrease of metabolites will affect the normal development and reproduction of MDR E. coli.
3.6.2 Pathway analysis
The pathways of differential metabolites were evaluated and classified by KEGG (http://www.kegg.jp). A total of 20 metabolic pathways with the most significant enrichment (p-value) were screened after treatment of MDR E. coli with 1/4 × MIC luteolin (Figure 7A). Then the differential abundance score evaluation found that the overall metabolic level of bacterial cells was downregulated (Figure 7B). Finally, the selected metabolic pathways were classified and analyzed (Figure 7C). The results showed that the metabolic pathways were roughly divided into two categories: metabolic and cellular processes. Therefore, the comprehensive analysis revealed that the changes in metabolites after luteolin intervention were highly correlated with the interference of riboflavin metabolism, bacterial chemotaxis and glycerophospholipid metabolism in the MDR E. coli.
[image: Figure 7]FIGURE 7 | Histogram indicate the differential metabolic compound pathway enrichment analysis (A). Differential abundance score plot of differential metabolic pathways, the depth of the color of the line segment and the dot is proportional to the DA score value, red indicates that the pathway is upregulated and blue indicates downregulated (B). Metabolic pathway classification histogram (C). The 1/4 × MIC of luteolin group in (D) had higher levels of metabolic compounds represented in red and lower levels of metabolic compounds represented in green compared to the control. Changes in identified metabolite biomarkers in response to luteolin exposure in the pathways of riboflavin metabolism, bacterial chemotaxis and glycerophospholipid metabolism in MDREC, *p < 0.05, **p < 0.01 (E,F,G).
In our analysis, riboflavin metabolism is the most relevant metabolic pathway affected by luteolin treatment (Figures 7D, E). Compared with the control group, the metabolic levels of riboflavin, lumichrome, flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) in the pathway were significantly decreased in the 1/4 × MIC luteolin treatment group (p < 0.01). Riboflavin (also known as vitamin B2) is the precursor of FAD and FMN. Besides, the relative level of D-Ribose in the MDR E. coli cell pathway (Bacterial chemotaxis) was significantly (p < 0.01) decreased under the intervention of luteolin (Figures 7D, F). Moreover, luteolin destroyed the glycerophospholipid metabolic pathway of MDR E. coli (Figures 7D, G). The results showed that compared with the control group, the levels of sn-Glycero-3-phosphocholine and O-Acetylcholine metabolites in this pathway were significantly decreased (p < 0.01), while the levels of Choline metabolites were significantly increased (p < 0.01).
4 DISCUSSION
Compared with antibiotic-sensitive strains, infections caused by drug-resistant E. coli are more difficult to treat, resulting in higher mortality and treatment costs. The WHO has predicted that by 2050, the number of global deaths caused by antibiotic resistance will increase from 700,000 to about 10 million per year (de Kraker et al., 2016). E. coli can obtain drug resistance by capturing exogenous genes/chromosomal mutations and transmitting drug resistance genes horizontally (Poirel et al., 2018). Faced with such a serious problem of drug resistance, many researchers have focused on the development of natural botanicals from plant extracts. Notably, unlike traditional antibiotics with specific targets, natural botanicals have multiple targets and exhibit a variety of antibacterial molecular mechanisms, so the possibility of drug resistance is extremely low. Moreover, natural flavonoids have been shown to be inhibitors of a variety of enzyme structures, which help to enhance antibacterial activity. For example, flavonoids can competitively interact with binding pockets to inhibit the synthesis of DNA gyrase, thereby inhibiting the synthesis of nucleic acids and affecting the metabolism of drug-resistant bacteria to achieve antibacterial effects (Górniak et al., 2019).
Accordingly, these botanicals of flavonoids are the interest of researchers in many antibacterial studies (Jang et al., 2021). We also speculate that the highest content of flavonoid in L. gracile is the main antibacterial active ingredient. Therefore, the ethanol extract of L. gracile was divided into four parts with different polarities by site separation method, and the best active part of the antibacterial effect was screened by the macroscopic broth dilution method. The results showed that the EtOAc extract had the best antibacterial effect. Further separation and purification of the EtOAc extract helps to screen compounds with antibacterial activity. This study showed that the main components of the ethanol extract of L. gracile had seven flavonoids. The structures and contents of antibacterial active ingredients in the EtOAc fraction were identified and quantified based on the above-mentioned literature and comparison with known standard substances by LC-MS/MS analysis. The results showed that the antibacterial effect of luteolin is better than other compounds except quercetin. However, the content of quercetin is quite low, so the main antibacterial ingredient in L. gracile is luteolin, indicating that luteolin has more advantages in the treatment of clinical drug-resistant strains of E. coli. Therefore, it is more meaningful and valuable to study the antibacterial mechanism of luteolin.
The time-killing curve experiment can observe the inhibitory effect of luteolin on MDR E. coli, and determine whether the killing effect of the compound is dose-dependent or time-dependent and further determine whether the compound has bactericidal or bacteriostatic effects (Zhu et al., 2021). The study found that luteolin showed bactericidal effect at high concentrations and antibacterial effect at low concentrations in a dose-dependent manner. To assess the integrity of the cell wall, we measured AKP leakage. Under normal conditions, AKP only exists in the cell and cannot be detected in vitro (Deng et al., 2021). The higher the level, the higher the degree of cell wall damage (Zhao et al., 2018). In our study, luteolin could significantly cause the leakage of AKP in the cells of the tested bacteria in a dose and time-dependent manner, resulting in the inability of bacterial cells to withstand changes in osmotic pressure and cell body deformation or cleavage, suggesting that luteolin could lead to cell death by destroying the cell wall of bacteria or increasing its permeability.
The destruction of the internal and external structures of MDR E. coli induced by luteolin was observed using SEM and TEM, and the destructive effect of luteolin on the tested bacteria was dose-dependent. Such uneven distribution and leakage of bacterial contents can lead to the growth inhibition or even death of bacteria (Shen, et al., 2015), which indicated that the damage to cell wall and cell membrane may be the reason for the observed growth inhibition and bactericidal effect. This is consistent with the previously reported pattern (He et al., 2021).
Besides, biofilm is a complex microbial community structure formed by the interaction between bacteria and covered by metabolites such as polysaccharides produced by themselves in the extracellular environment (Yu et al., 2018). The unique metabolic activity can produce an acidic environment to invalidate antibiotics, which makes the treatment of bacterial chronic infection more complicated (de Breij et al., 2018; Bhatia and Banerjee, 2020). Our results suggest that luteolin has a strong and sustainable clean-up effect on the biofilm formation of MDR E. coli, and can be used as a possible natural biofilm inhibitor to preserve food to inhibit the formation of biofilm on food surfaces.
Na+K+-ATPase widely exists in animal, plant and microbial cells, which can catalyze the hydrolysis of ATP to ADP and inorganic phosphorus (Jorgensen et al., 2003). Therefore, this experiment determined the change of ATP level by measuring the content of inorganic phosphorus. Through the determination of ATP level, it was found that luteolin induced the ATP synthesis of the tested bacteria to be blocked. This will lead to the synthesis of ATP in bacteria and energy intake, metabolism, storage and utilization of a variety of closely related life activities cannot be carried out normally. This result is consistent with previous studies (Cui et al., 2018).
The survival of MDR E. coli induced by luteolin was determined by adjusting the mixing ratio of SYTO 9 (2.5 μM) and PI (15 μM) dyes. (Robertson et al., 2019). This result indicates that luteolin could inhibit the viability of MDR E. coli by destroying the integrity of bacterial cell membranes. The higher the concentration of luteolin, the more effective it is to inhibit the growth of MDR E. coli. Furthermore, this also implies that luteolin may cause the disruption of gene transcription or expression, downregulation of drug resistance gene expression levels, or blocking protein synthesis (Zheng et al., 2023).
The increase in drug resistance has impaired the clinical efficacy of sulfonamides and seriously threatened global public health (Venkatesan et al., 2023). The clinically isolated MDR E. coli is resistant to sulfonamides through gene replacement, that is, obtaining the dihydropteroate synthetase (DHPS) substitutes encoded by the drug resistance genes sul2 and sul3 (Zhou et al., 2021). In this mechanism, the expression product has a low affinity to sulfonamides. In this study, the induction of lignans could effectively inhibit the synthesis of DHPS in MDR E. coli and hinder the normal growth of bacteria. Therefore, we can achieve the purpose of weakening bacterial resistance or restoring the use of sulfonamides by adding a certain amount of luteolin.
In recent years, the significant increase in the resistance of E. coli to quinolones has been mainly due to mutations that reduce target affinity and drug accumulation (Jacoby, 2017). However, quinolones are still an important treatment option for a variety of clinical indications (Imkamp et al., 2023). Therefore, it is crucial to find natural antibacterial compounds to eliminate the resistance of quinolones. Generally, the gyrA and parC genes carried by the MDR E. coli strains could change the amino acid sites encoding gyrase or topoisomerase IV, leading to quinolone resistance. The gyrB gene mediates drug resistance through mutations in acidic residues in the quinolone resistance determining region (QRDR). A report has found that mutations in the QRDRs of these three genes seemed to work by reducing the affinity of quinolones to enzyme-DNA complexes (Hooper and Jacoby, 2015). Luteolin highly downregulated the mRNA expression of these three genes (parC, gyrA, gyrB) by qRT-PCR, which could exert antimicrobial effects by recovering the affinity of quinolones to the enzyme-DNA complex. In addition, the oqxA gene is an efflux pump gene in the RND family. It could encode a membrane fusion efflux pump protein, which can embed in the cell membrane and expel fluoroquinolones from the bacterial cytoplasm to reduce the drug concentration in the body and produce low drug resistance cytoplasm (Yanat, et al., 2017). The downregulation of oqxA mRNA expression level revealed that luteolin could inhibit the expression of efflux pump protein to weaken MDR E. coli resistance.
In the intracellular metabolic pathway, significant changes in certain key metabolites can prevent the normal growth and reproduction of bacteria, leading to bacterial lysis or death. Untargeted metabolomics provides key metabolites and metabolic pathways for the direct death of bacteria. The bacterial cell biochemical network diagram systematically explains how bacteria respond to changes in the external environment and reveals the detailed process of the antibacterial mechanism (Zhu et al., 2018). Luteolin is a polyphenolic compound, which is converted into acidic or alkaline compounds (such as lupenone, crataegolic acid, 10-hydroxycamptothecin) under the action of various digestive enzymes in MDR E. coli cells. It prevents the metabolic process of bacteria from multiple pathways, leading to the increase of amino acids, amides, esters and other substances, and ultimately accelerates the death of bacteria (Gaur and Gazle, 2023; Velderrain-Rodríguez et al., 2014).
The significant changes in vitamins, amino acids, nucleotides, and phospholipids are usually important indicators for determining the cessation of growth and reproduction of bacteria after interference during the metabolic process of bacteria. Among them, the riboflavin metabolic process is the most critical pathway that affects the metabolic level of MDR in vivo induced by luteolin. Riboflavin (also known as vitamin B2) is the precursor of FAD and FMN. Moreover, riboflavin is also a cofactor of flavin protein (García-Angulo, 2017). However, lack or low levels of riboflavin, FAD and FMN could lead to the accumulation and inactivation of flavin proteins (Sebastián et al., 2018). Therefore, the inactivation of flavin protein will not be able to perform flavin-dependent basic functions (such as electron transport in the respiratory chain and photosynthetic chain, β-oxidation of fatty acids, and nucleotide synthesis or signal transduction) to inhibit ATP synthesis and DNA replication in bacterial cells, and ultimately accelerate bacterial death, which is corresponding to the significant downregulation of the MDR E. coli multidrug resistance genes. In addition, lumichrome is a derivative of riboflavin, and the decrease in its metabolic level may inhibit the signal transduction of the bacterial quorum sensing system and lead to the inhibition of bacterial growth (Rajamani et al., 2008). Since 6,7-dimethyl-8-ribityllumazine is a direct precursor of riboflavin synthesis, riboflavin is produced by riboflavin synthase-mediated disproportionation reaction. Therefore, riboflavin synthase may be a potential new target of luteolin against MDR E. coli, that is, to inhibit riboflavin metabolism from the beginning.
Bacterial chemotaxis is considered to be an important cellular process involved in bacterial pathogenicity, symbiosis and biofilm formation, maintaining bacteria in their optimal environmental niche, which is likely to be the cause of bacterial resistance (Wadhams and Armitage, 2004). Interestingly, RbsB is a functional homologue of d-ribose-binding periplasmic proteins in E. coli. The low levels of D-Ribose prevent RbsB from binding to chemoattractant protein III (trg), limiting the movement of bacteria to sites suitable for growth and ultimately leading to growth inhibition (Rico et al., 2016). Therefore, luteolin inhibits bacterial chemotaxis by inhibiting the synthesis of D-Ribose to reverse the MDR E. coli resistance.
It has been reported that Choline can provide glycine as the sole carbon source for bacterial growth through glycine betaine conversion (Wargo, 2013). Bacteria have components similar to the nervous system of mammals, which can secrete neurotransmitters to protect themselves by making an immune response to the external environment, such as O-Acetylcholine (Islas Weinstein et al., 2015). However, O-Acetylcholine biosynthesis is reversible. Luteolin may promote the reverse synthesis of Choline by sn-Glycero-3-phosphocholine and O-Acetylcholine. The inability of Choline to convert leads to the inability of the MDR E. coli to utilize carbon sources and to respond to the external environment, which ultimately leads to the cessation of growth.
Based on these findings, we first sorted out and predicted the preliminary phenotype of the antibacterial effect and the changes of internal metabolites to explain the antibacterial mechanism and target of the natural polyphenol compound luteolin. This study also shows that luteolin is not determined by a specific antibacterial mechanism like other commonly used antibiotics, but achieves antibacterial effects through multiple action targets and modes of action. Therefore, from the perspective of bacteria, compared with clinically used antibiotics, the possibility of drug resistance to luteolin is extremely low or the time leading to drug resistance is very long. Comprehensive analysis, the antibacterial mechanism of luteolin against the tested bacteria is to first significantly destroy the structural integrity of the cell membrane/wall of the tested bacteria, increasing membrane/wall permeability, and thereby accelerating the entry of luteolin into the bacteria. Then, luteolin continued to destroy the structure of bacterial cells to make their inner concave shrinkage, swelling and degeneration, and plasmolysis, resulting in a large leakage of bacterial cytoplasm and the inability to carry out the normal life activities of bacteria. Finally, luteolin significantly affected the normal metabolic process of bacteria, hinders the synthesis of ATP, and made bacteria unable to carry out the next step of cell membrane/wall synthesis, resulting in the normal replication and reproduction of bacteria, to achieve the effect of antibacterial or reducing its drug resistance.
5 CONCLUSION
In summary, L. gracile. is a natural antibacterial product. The EtOAc fraction with strong antibacterial activity was isolated from the ethanol extract of L. gracile. After the quantification of the main antibacterial active compounds by LC-MS/MS, luteolin was proven to exhibit excellent antibacterial activity. The bacterial viability treated with luteolin decreased in a dose-dependent manner. Luteolin could damage the integrity of the cell wall and membrane of bacteria, resulting in significant morphology changes in the bacterial surface. Such changes can increase the permeability of the MDR E. coli and the leakage of intracellular substances, leading to the lysis and death of bacteria cells. More importantly, luteolin significantly downregulated the expression levels of MDR E. coli resistance genes and multiple metabolic pathways, resulting in a decrease in ATP synthesis. This further proves that luteolin could weaken or reverse bacterial resistance by molecular mechanisms. This work will benefit in finding natural antibacterial compounds to prevent and treat multidrug-resistant bacterial infections, and also shows great potential in the development of alternatives to antimicrobial agents.
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Introduction: Plant polysaccharide are widely studied as potential prebiotics because of their potential to protect and enhance the immunity of lambs.
Methods: In this study, the polysaccharide content of Alhagi maurorum Medik from Aksu (AK) and Shanshan (SS) at different cutting periods was determined, and the functions of Alhagi maurorum Medik polysaccharide were investigated to useas an immunomodulator.
Results: Our results indicated that the content of Alhagi maurorum Medik polysaccharide is the highest at the maturity stage, and the polysaccharide content of Alhagi maurorum Medik produced in Shanshan area is higher as compared to the Aksu area. The serum IgG, duodenum IgA, TNF-α, IL-4, IL-10 contents, jejunum IgA, TNF-α, IL-4, IL-17 contents, ileum IgA, IL-17 contents, duodenum villus height, crypt depth and jejunum crypt depth of lambs were significantly adjusted in the SS group as compared to CK control group and AK groups (p < 0.05). Furthemore, the sequencing results showed that SS polysaccharide promoted the release of large amounts of IgA and enhanced the immunal function of intestine by regulating the IgA production pathway and B-cell receptor signaling to activate B cells in the T-dependent pathway.
Discussion: Altogether, Alhagi maurorum Medik polysaccharide from SS group holds a promising potential to be used as a valuable immunopotentiator for optimizing the immune system of intestine in lambs.
Keywords: Ficus carica L. polysaccharides, growth performance, intestinal immunity, intestinal microbiota, chickens
1 INTRODUCTION
The intestine is a vital immune organ for animals to defend against pathogens (Ying et al., 2020; Cai et al., 2022b). The mucous of intestinal is an immune barrier which plays an important role in maintaining the diverse physiological functions and homeostasis within the intestine (Burgueño and Abreu, 2020; Wu et al., 2022), which consists of mechanical, biochemical and biological components (Beumer and Clevers, 2021). The biochemical barrier includes digestive juices, immunoglobulin A (sIgA) secreted by the cells of immune system and other substances that inhibit the adherence of pathogenic microorganisms (Garcia et al., 2018; Kumar et al., 2020). Among the biochemical barriers, IgA is a main defense antibody of the intestinal mucosal surface, which protects the delicate intestinal lining by forming a protective layer on the surface of the intestinal mucosa, neutralizing from potential pathogens (Li et al., 2020; Huus et al., 2021; Conrey et al., 2023). Intestinal IgA production is regulated by many factors, such as intestinal immune cells and cytokines. After that stimulation factor interacts with DCs, it induces the expression of BAFF and the April ligand, or MHCII. BAFF and April interact with TACI to induce IgA secretion on B1 cells, or/and MHCII act on CD4 T cells to transmit signals to B2 cells to induce IgA secretion, respectively (Huus et al., 2021).
Polysaccharide derived from natural plants have gained considerable attention in recent years as a key bio-active metabolite in traditional Chinese medicine. Their outstanding pharmacological effects made them valuable for various health applications (Xue et al., 2023). Plant-derived polysaccharide act as natural immune modulators by activating immune cells, interacting with the complement system, and releasing cytokines (Wu et al., 2019; Wang et al., 2023). These bio-active metabolites play an important role in supporting overall health and immune functions (Wu et al., 2019; Wang et al., 2023). Plant polysaccharide act as an environmentally-friendly feed additives, helping to reduce stress and improve the immune function in ruminants. Zhao et al., reported that supplementing the diet of calves with Moringa oleifera leaf polysaccharide significantly increased the villus height of calves, which promoted the intestinal IgA secretion (Zhao et al., 2023). Cai et al., reported that gavage of Alhagi maurorum Medik fruit polysaccharide significantly increased mouse villus length, decreased crypt depth, increased the proportion of IgA + cells and sIgA antibody in the intestine, and increased the TNF-α, INF-γ, IL-4, IL-17, and IL-10 contents and mRNA expression levels in the intestine (Cai et al., 2021b; Cai et al., 2022c). These polysaccharide boost the body’s defens against infection and disease by activating immune cells. Therefore, this study is planned for dietary supplementation with plant polysaccharide to improves disease resistance in ruminants. The plant-based polysaccharide can robust up the immune systems to defend the pathogens (Bai et al., 2023).
Alhagi maurorum Medik is mainly distributed in Central Asia and Northwest East Asia, and it is widely distributed in Northwest China, especially in Shanshan and Aksu in Xinjiang (Nabeela Ahmad et al., 2015; Yin et al., 2022). Alhagi maurorum Medik polysaccharide is rich in metabolites such as polysaccharide, alkaloids, flavonoids, anthraquinones and glycosides. Alhagi maurorum Medik has been widely used in folk medicine to treat mild diarrhea, abdominal pain, tongue ulcers and edema, and it has anti-inflammatory and diuretic effects (Marashdah et al., 2006; Marashdah and Al-Hazimi, 2010). Alhagi maurorum Medik thorn is used in veterinary medicine to treat gastrointestinal diseases in cattle, sheep, goats and camels (Khan, 2009). Previous studies have reported that A. maurorum Medik polysaccharide can stimulate the release of TNF-α in RAW264.7 macrophages and enhance IL-10 in immunosuppressed mice (Long et al., 2020). It is studied that A. maurorum Medik polysaccharide can improve the intestinal health and growth in mice and broilers by regulating the abundance of beneficial bacteria and reducing the number of harmful bacteria (Cai et al., 2022a). The intestinal immunity of mice and broilers was enhanced by the releasing of intestinal cytokines, height of facial features and depth of crypts, activation of intestinal immune cells, and increasing secretion of IgA in the intestine (Cai et al., 2022a). But currently there is limited research on the immune-enhancing effects of AP in different regions and the mechanism by which AP enhances intestinal immunity in lambs.
Therefore, in this study, AP was orally administered to lambs derived from the Shanshan (SS) and Aksu (AK) regions. The effects of SS and AK on the intestinal immune function of lambs were compared by the level of antibodies and cytokines secretion in the intestine. Finally, the effects of the polysaccharide on intestinal immune-related pathways and gene expression in lambs were analyzed by genome sequencing and Q-PCR was verified.
2 MATERIALS AND METHODS
2.1 Materials
Aksu and Shanshan are located in Xinjiang Province, which is rich in A. maurorum Medik resources (Table 1). The whole A. maurorum Medik grasses including stems, leaves and flowers were collected at the vegetative stage (May), flowering stage (August), maturity stage (September) and withered stage (October). The collected samples were dried in shady area for further use. All the A. maurorum Medik samples were morphological identified by Ma Shengjun (associate professor) from Xinjiang Agricultural University, and the mature stage A. maurorum Medik samples were used for further fingerprinting identification (S 1).
TABLE 1 | Alhagi maurorum Medik sampling location information.
[image: Table 1]2.2 Preparation of Alhagi maurorum Medik polysaccharide
The preparation steps for A. maurorum Medik polysaccharide are as follows: the dried A. maurorum Medik sample is crushed, then put into distilled water with 12 times the weight of the sample and extracted by boiling 2 times. The extracted liquid is collected, filtered and concentrated, and anhydrous ethanol is added to the concentrate liquid until the ethanol concentration reaches 80%. Then the solution was kept at 4°C overnight, and the crude polysaccharide was obtained after precipitation and drying. Crude polysaccharide was obtained from Aksu District (AK) and from Shanshan District (SS). The phenol sulfuric acid method used to estimate the polysaccharide contents in A. maurorum Medik in different regions and at different cutting periods (Cai et al., 2022c).
2.3 Animal experiments
The experiment was conducted at Puhui Township farm in Korla City. A total of thirty (n = 30) 5-day-old male Hu lambs with a body weight ranging from 2.6 to 2.9 kg were randomly divided into 3 groups, having 10 sheep lambs in each group (Figure 1A). In the control group (CK, administration of 20 mL of normal saline daily), gavage A. maurorum Medik polysaccharide produced in the Aksu group (AK, 20 mL of 1.5 g/kg AK aqueous solution daily), and gavage A. maurorum Medik polysaccharide produced in the Shanshan group (SS, 20 mL of 1.5 g/kg SS aqueous solution daily). The experiment duration was for 28 days, and on day 28, five lambs were randomly selected from each group. After taking the blood from vein, the lamb was euthanized by neck bleeding, and the following experiments were performed (Figure 1B). Animal experiments were performed in accordance with the approval of the experimental Animal Welfare Ethics Committee of Xinjiang Agricultural University (approval number: 2022016).
[image: Figure 1]FIGURE 1 | (A) Group of sheep lambs and (B) the process of animal testing.
2.4 Detection of the sheep lamb organ index
On the 28th day of the experiment, the lamb’s liver, kidney, and spleen were collected and weighed to calculate the organ index.
[image: image]
2.5 Detection of total IgG, total IgA and cytokines by ELISA
For quantification of total IgG and serum cytokines, 1 mL of whole blood collected from lambs was put at the room-temperature for an hour, and then serum was separated by centrifugation (2000 rpm, 15 min). To measure total intestinal sIgA and intestinal cytokines, a 1-cm section of the jejunum was obtained and mixed with 2 mL of PBS. The resulting supernatant was collected after centrifugation (3,000 rpm, 15 min). Serum lgG, serum IL-4, IL-10, IL-17, TNF-α, and INF-γ content, total jejunum IgA, jejunum IL-4, IL-10, IL-17, TNF-α, and INF-γ contents were measured using ELISA kits as per manufactures instruction (FANKEW, Shanghai Kexing Trading Co., Ltd, China).
2.6 Hematoxylin and eosin (H&E) staining detection
On day 28, the duodenum, jejunum, and spleen were immersed in a 4% paraformaldehyde fixative for fixation purposes. Then, the tissues were undergoing histological processing to obtain stained sections using a Nikon digital camera under a standard optical microscope at ×40 and ×200 magnifications, respectively. The villous height and intestinal crypt depth were measured using the ImageJ analysis system (NIH, United States).
2.7 Jejunal mRNA transcriptome sequencing and Q-PCR validation
On 28th day, lamb jejunum (2 cm) was collected into a tube containing Trizol, and the samples were put in the dry ice and sent to the laboratory. Total RNA was extracted by the Trizol reagent method, and the RNA concentration was detected by nanodrop method. All the RNA concentrations were greater than 30 ng/μL, the 260/280 ratio was between 1.8 and 2.2, and the extracted RNA was detected. It satisfies the detection requirements. Most of the total RNA was sent to Shanghai Majorbio Co., Ltd. (Shanghai, China) for mRNA transcriptome sequencing, and the remaining samples were subjected to cDNA for Q-PCR conformation of key pathway genes was replicated (Qi et al., 2024).
According to the operation instructions of the SYBR (R) Premix Ex Taq TMⅡ fluorescence quantitative PCR kit, the mRNA expression levels of key genes CD40, MHC II, CCL28, TCFβ1, Integrinα4, BAFFR, pIgR, CD19, CD72, Igα (CD79α), and Igβ (CD79b) were determined by Q-PCR method. The sheep lamb’s mRNA sequences were attained from NCBI, and primer was conducted using Primer 5 software as shown in Table 2.
TABLE 2 | Primer’s sequence of qPCR.
[image: Table 2]2.8 Statistics analysis
Experimental data were analyzed using IBM SPSS Statistics 24 software by one-way ANOVA-Duncan multiple comparisons and reported the results as “X ± SE.” The statistical significance was determined at the p < 0.05 level.
3 RESULTS AND ANALYSIS
3.1 Changes of polysaccharide content in Alhagi maurorum Medik at different growth stages in different regions
As shown in Table 3, with the passage of the growth period, the polysaccharide content of A. maurorum Medik produced in Aksu area and Shanshan area first showed an increase and then a decrease trend, and the polysaccharide content reached the highest level at the maturity stage. The polysaccharide content of SS was significantly (p < 0.05) higher than AK at the flowering stage, maturity stage, and withered stage.
TABLE 3 | Dynamic change of AP content in different regions (%).
[image: Table 3]3.2 Effects of SS and AK on organ index of lambs
Figure 2 showed that there was non-significant difference in liver index, kidney index and spleen index among CK, AK, and SS groups (p > 0.05). Our results indicate that AP in different regions has non-significant role in the development of immune organs of lambs.
[image: Figure 2]FIGURE 2 | Effects of SS and AK on organ index of lambs. (A) Organ index, (B) picture of sheep lamb’s organs.
3.3 Effects of SS and AK on the immunoglobulin content of lambs
Serum lgG and lgA contents were detected in different parts of intestine, respectively. As shown in Figure 3A, serum IgG in the AK and SS groups was significantly (p < 0.05) increased in contrast to CK group. As shown in Figures 3B–D compared with CK and AK groups, the contents of IgA in the duodenum, jejunum, and ileum in the SS group were significantly higher (p < 0.05).
[image: Figure 3]FIGURE 3 | Effects of SS and AK on antibody levels of lambs. (A) serum IgG, (B) duodenum IgA, (C) jejunum IgA, and (D) ileum IgA. Note: Different lowercase letters indicate significant differences (p < 0.05), the same applies below.
3.4 Effects of SS and AK on serum cytokine levels in lambs
Effects of AP on Th0, Th1, Th2, Th17, and Treg-associated cytokines TNF-α, INF-γ, IL-4, IL-17, and IL-10 were detected. As shown in Figures 4A, C, E the contents of TNF-α, IL-4, and IL-10 in AK and SS groups were significantly enhanced than those in CK group (p < 0.05), while the INF-γ (Figure 4B) in CK group was no difference in AK and SS groups (p > 0.05). As shown in Figure 4D, the content of IL-17 in the SS group was meaningfully higher (p < 0.05) than that of the CK group, while no prominent difference was noticed in the CK and AK groups (p > 0.05).
[image: Figure 4]FIGURE 4 | Effects of SS and AK on serum cytokine content of lambs. (A) serum TNF-α, (B) serum INF-γ, (C) serum IL-4, (D) serum IL-17, (E) serum IL-10.
3.5 Effects of SS and AK on intestinal cytokine levels in lambs
The contents of cytokines were detected in duodenum, jejunum, and ileum of lambs, respectively. The contents of TNF-α, INF-γ, IL-4, IL-17 and IL-10 in the duodenum (Figures 5A–E), the contents of TNF-α, INF-γ, IL-4, and IL-17 in the jejunum (Figures 5F–I), and the contents of IL-17 in the ileum (Figure 5N) in the SS group were significantly (p < 0.05) increased than those in CK group. Whereas, the contents of TNF-α, IL-4, and IL-10 in the duodenum (Figures 5A–E), TNF-α, IL-4, and IL-17 in the jejunum (Figures 5F, H, I), and IL-17 (Figure 5N) in the ileum in SS group were more significantly (p < 0.05) than AK and CK groups.
[image: Figure 5]FIGURE 5 | Effects of SS and AK on intestinal cytokine content of lambs. (A–E) duodenum cytokine content, (F–J) jejunum cytokine content, (K–O) ileum cytokine content.
3.6 Effects of SS and AK on intestinal and spleen morphology of lambs
The results of H&E-stained sections of different segments of small intestine and spleen of lambs are as follows. As shown in Figures 6A–C, there is no abnormality in the pathological structures of the duodenum, jejunum, and spleen in all groups. The intestinal villi of the duodenum and jejunum were organized in all groups, and there were no inflammatory cell infiltrates or other lesions in intestinal and spleen cells. As shown in Figures 6A,D, the duodenal villus height in the SS group was significantly higher than the CK and AK groups (p < 0.05), and the crypt depth was significantly lower than CK and AK groups (p < 0.05). The villus height of the jejunum in the SS and AK groups was increased significantly (p < 0.05) than CK group, and the crypt depth in the SS group was decreased significantly (p < 0.05) than CK and AK groups. Compared with the CK group, the volume of spleen corpuscles in the SS and AK groups increased, and the boundary between the red pulp and the white pulp was cleared.
[image: Figure 6]FIGURE 6 | Effects of SS and AK on intestinal and spleen morphology of sheep lambs. (A) HE stained section of duodenum, (B) HE stained section of duodenum jejunum, (C) HE stained section of spleen, (D) Villus length and crypt depth of duodenum and jejunum.
3.7 Results of general intestinal gene change and KEGG enrichment analysis in lambs
As shown in Figure 7A, there was 1641 different genes in SS and CK groups, while significantly upregulated 473 genes and downregulated 1168 genes in SS group compared with CK group. The KEGG enrichment shown in Figure 7B, the SS group activated and regulated intestinal immune function through 10 pathways, such as intestinal immune network for IgA production pathway (p < 0.001), interaction of cytokines and cytokine receptors with viral protein (p < 0.001), hematopoietic cell lineage (p < 0.001), aldosterone synthesis and secretion (p < 0.05), autoimmune thyroid disease (p < 0.01), allograft rejection (p < 0.01), B cell receptor signaling pathway (p < 0.05), NF-kappa B signaling pathway (p < 0.01), cytokine-cytokine receptor interaction (p < 0.01), and T cell receptor signaling pathway (p = 0.4016).
[image: Figure 7]FIGURE 7 | (A) The change of gene expression and (B) KEGG enrichment analysis.
3.8 Differential gene expression cluster analysis and related pathways in lamb intestinal
KEGG enrichment analysis showed that the SS group enhance intestinal immune function of sheep lambs through IgA production pathway. Therefore, gene expression cluster analysis and pathway simulation analysis were performed for differential expressed genes in the intestinal immune network related to IgA production pathway and B cell receptor signaling pathway related to IgA production. As shown in Figures 8A,B, in the IgA production pathway and pathway simulation map, the SS group significantly upregulated 13 genes and 14 genes compared with the CK group, respectively. The functional genes co-up-regulated in both pathways were CD40, CD28, ICOS, CCL28, and PIGR. The Figures 8C,D showed that in the B cell receptor signaling pathway and pathway simulation map, the SS group significantly upregulated 5 genes and 8 genes compared with the CK group, respectively. The functional genes co-up-regulated in both pathways were BTK, RASGRP3, and CD19.
[image: Figure 8]FIGURE 8 | The gene expression cluster analysis and pathway simulation map. (A) gene expression cluster analysis of intestinal immune network for IgA production pathway, (B) simulation map of intestinal immune network for IgA production pathway, (C) gene expression cluster analysis of B cell receptor signaling pathway, (D) simulation map of B cell receptor signaling pathway.
3.9 Q-PCR detection results of key genes in the pathway
The key regulatory genes in the above differential gene expression cluster analysis and corresponding pathway maps were confirmed by q-PCR. As shown in Figure 9A, the expressions of CD40, MHC II, CCL28, TCFβ1, BAFFR, pIgR, and Integrin α4 genes in the SS group were significantly increased (p < 0.05) than CK group. Among them, BAFFR, pIgR, CD40, CCL28 and Integrin α4 genes were significantly enhanced by differential gene expression cluster analysis, pathway simulation map, and q-PCR validation of the intestinal immune network for IgA production pathway. As shown in Figure 9B, the expressions of CD19, CD72, Igα (CD79α) and Igβ (CD79b), genes in the SS group were significantly higher than those in the CK group (p < 0.05). Among them, differential gene expression cluster analysis, pathway simulation map, and q-PCR validation of the B cell receptor signaling pathway have significantly enhanced in Igα、lgβand CD19 genes.
[image: Figure 9]FIGURE 9 | mRNA expression level of key in the Intestinal immune network for IgA production pathwayand B cell receptor signaling pathway. (A) detection of key genes in intestinal immune network for IgA production pathway, (B) detection of key genes in B cell receptor signaling pathway.
4 DISCUSSION
The intestine is the largest part of digestive system and immune organ in the animal body. The intestine is barrier in preventing the invasion of pathogens and maintaining the homeostasis of the host environment (Hachimura et al., 2018). The IgA is secreted into the intestinal cavity to form protective layer in the intestinal mucosa to neutralize invading pathogens for damaging the intestinal tissue (Pietrzak et al., 2020). Serum IgG plays a significant role in humoral immunity and inhibits the invasion of pathogens to protect the intestine from infection through regulating the mucosal immune system (Roomruangwong et al., 2017). The effect of SS and AK on the intestinal immune function of lambs is shown in Figure 3. The serum IgG content in the AK and SS groups were significantly higher as compared to CK group, and IgA content in the duodenum, jejunum, and ileum in the SS group were significantly (p < 0.05) higher than AK and CK groups. The results indicated that SS has better effect on enhancing intestinal immunity, and SS enhanced the immune function by increasing the immunoglobulin in serum and intestinal tissue.
Cytokine is a significant parameter to evaluate the immune capacity of the body and plays an important role in the activation, proliferation, and differentiation of dendritic cells (DCs), T cells, and B cells, which are key factors in regulating serum IgG and intestinal IgA secretion (Wang et al., 2021). The Th0-associated cytokines TNF-α and Th1-related cytokines INF-γ can promote the activation and proliferation of DCs, T cells and B cells. Thereby it is protecting the mucosal barrier integrity and enhancing intestinal immune responses (Pesce et al., 2022). The Th2-related cytokines IL-4 can promote the differentiation of B cells in intestinal Peyer’s patch lymph nodes to produce IgA antibodies, and also the differentiation of B cells to produce IgG antibodies (Zhao et al., 2022). The interplay of Th17-associated cytokines IL-17 and Treg-associated cytokines IL-10 helps to maintain the homeostasis of intestinal immunity (Sawant et al., 2019; Gribonika et al., 2022). The cytokines IL-17, and IL-10 can promote the proliferation of intestinal epithelial cells, production of mucus and antimicrobial peptides in intestinal epithelial cells, enhance the integrity of intestinal mucosal barrier, and prevent the pathogen invasion and infection (Gribonika et al., 2022). Our results indicated that both SS and AK have good intestinal immuno-enhancing effects, while the intestinal immune-enhancing activity of SS group is stronger than CK. SS promotes the secretion of TNF-α, IL-4, IL-17, and IL-10 in the intestine and serum (Figure 4; Figure 5), increases the activation and proliferation of intestinal DCs, T cells, and B cells, and increases the IgA antibody content in the intestinal mucosal layer, thereby increasing the intestinal mucosal barrier and intestinal immune function.
Intestinal function can be reflected by the morphology of the intestine. Intestinal villi greatly reflect the ability of the intestine to absorb nutrients, and intestinal villi cover the intestinal mucosal layer to prevent the invasion of pathogens. The depth of intestinal crypts represents the rate of cell generation (Zhu et al., 2022). The smaller the crypts, the better the cell maturation, the higher the efficiency of nutrient absorption in the intestine. Meanwhile, the crypts containing a large number of immune cells will beneficial for the immune cells to regulate the intestinal immune response (Xiong et al., 2015). The newborn lambs were fed with bovine colostrum and found that the intestinal villi height increased significantly and crypt depth decreased after feeding bovine colostrum, indicating that bovine colostrum has beneficial effect to promote intestinal growth and maturation in lambs (Zhu et al., 2022). Lambs with early weaning stress can suffer into intestinal morphological damage. Furthermore, compared with normal weaned lambs, early weaned lambs have significantly decreased intestina lgA antibody content, shortened jejuna villi and increased crypt depth. But after yeast peptide treatment, the length of jejuna villi increased and crypt depth was decreased, which showed its good therapeutic effect on intestinal injury and intestinal immune recovery (Li et al., 2023). Cai et al. treated cyclophosphamide immunosuppressant model mice with A. maurorum Medik Fruit polysaccharide (AH) and found that AH could significantly increase the height of villi and reduce the crypt depth of duodenum, jejunum and ileum of mice, which is good for immune system (Cai et al., 2021a). Our results showed that the villus height of the duodenum in the SS group was significantly higher than that of CK and AK groups (p < 0.05), and the crypt depth of the duodenum and jejunum in the SS group was significantly (p < 0.05) lower than that in CK and AK groups (Figure 6). The results showed that SS was more potent for promoting intestinal growth and maturation, intestinal nutrient absorption capacity, and enhancing intestinal barrier function and immune function in lambs. The overall immunity of an animal may be reflected to some extent by the immune status of the spleen (Aliyu et al., 2021). Both the spleen and the intestine contain a large number of immune cells, which communicate with each other through the lymphatic circulation to jointly deal with external pathogens. So, the immune function of the spleen is stronger than the immune function of intestine (Bronte and Pittet, 2013; Aliyu et al., 2021). The results of this study showed that, compared with the CK group, the number and volume of spleen cells in the AK and SS groups were increased, and the boundary between the red pulp and white pulp was prominent (Figure 6C), which indicates that the AK and SS could effectively enhance the immune function of the spleen in lambs. Compared with AK group, SS can effectively promote the expression of intestinal IgA and various cytokines, and promote intestinal development and immune function. The difference in activity between SS and AK may be due to the difference in composition or structure of A. maurorum Medik polysaccharide produced in different regions.
The intestinal immune network for the IgA production is the most important pathway regulating the production of intestinal IgA antibodies (Doron et al., 2023). This pathway mainly regulates intestinal IgA production by activating one or both of B cell activation pathways with T cell-independent pathways or T cell-dependent pathways (Conrey et al., 2023). The intestinal IgA antibodies are secreted by activated B cells; thus, IgA secretion is influenced by B cell activation and B cell number (Biswas et al., 2021). Our results showed (Figure 7B) that compared with the CK group, the SS group significantly upregulated the intestinal immune network for IgA production pathway (p < 0.001) and B cell receptor signaling pathway (p < 0.05), which indicates that SS has a beneficial effect of activation on both pathways regulating IgA secretion. Further exploration of the expression of key genes in the above pathways showed that, compared to CK, BAFFR, pIgR, CD40, CCL28, Integrin α4, Igα, Igβ and CD19 genes were significantly higher in the SS group (Figures 8, 9). It is known that BAFFR is a key gene in the T cell-independent pathway, and CD40, CCL28, and Integrin α4 are key genes in the T cell-dependent pathway. The pIgR is a key gene that regulates IgA to become secretory sIgA, so that IgA can be effectively secreted into the intestinal mucosa. Igα, Igβ, and CD19 are key genes that regulate the development, activation, and proliferation of B cells. According to the results of KEGG enrichment, pathway simulation, and Q-PCR, SS activated T cell-independent pathways, T cell-dependent pathways, and B cell proliferation and activation of lgA in lamb’s intestine. Which secrete a large amount of IgA in the intestinal mucosal layer by highly expressing of pIgR.
5 CONCLUSION
In conclusion, SS can effectively increase the serum IgG, IgA, and cytokine contents of the duodenum, jejunum, and ileum, which improves the villus height and crypt depth of the duodenum and jejunum, and increase the spleen volume. SS can induce intestinal secretion of IgA by activating T cell-dependent pathways, T cell-independent pathways, and activation and proliferation of B-cells to protect the intestine. The difference in the activity of SS and AK may be due to the difference in polysaccharide composition. In conclusion, among the polysaccharide produced in the two regions, SS can be used as a natural feed with good immune-enhancing effects in the intestines of lambs.
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CE_L Huanglian Coptis chinensis Franch Ranunculaceae 220701 Dried root Chongging,
China
CFH Huanglian Coptis chinensis Franch Ranunculaceae 220701 Dried root Chongging,
China
CTiL. Huanglian Coptis chinensis Franch Ranunculaceae 220701 Dried root Chongging,
China
Wuzhuyu Tetradium ruticarpum (A. Jussieu) Rutaceae 220416008 Dried and ripe seed | Guizhou, China
T. G. Hartley
CT.H Huanglian Coptis chinensis Franch Ranunculaceae 220701 Dried root Chongging,
China
Wuzhuyu Tetradium ruticarpum (A. Jussiew) Rutaceae 220416008 Dried and ripe seed | Guizhou, China
T. G. Hartley

*The plant name was verified using http://www.theplantlist.org.
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Experimental treatment Components received by pigeons

C. albicans infection 1% C. martini EO 2% C. martini EO

NC-Negative control group - - =
PC-Positive control group + - .
LPA-low dose C. martini EO + + -

HPA-high dose C. martini EO + - +
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Plant
metabolites
Resveratrol Smilax glabra Roxb.
{Smilacaceae; Smilacs glabrae:

thizomal,

Veratrum alburn L.
[Melanthiaceae; Veratrum
album]

Quercein Giehnia ltoralis (A.Gray)
FSchmidt ex Mig, [Apiacea
glehnie radix), Eucomimia
umoides Olv.
(Eucommiaceac; Eacommise
cortex), Panax notoginseng
(Burkil) .H.Chen [Aralisceac
notoginseng radi et thizoma)

Scutelaria baicalensis Georgi.
[Lamiaceae; Sutellariae radix]

Naringin

Pericarpium Citr Retculatae
[Rutaceae; Citrus reticulata
blancol, Paconia atifora Pal
[Paconiaceae; Paconiae radix
rubra)

Naringenin | Pericarpium Citr Reticulatae
[Rutaceae; Citrus reticulata
blancol, Paconia actifora Pal
[Paconiaceae; Paconiae radix

rubra)

Notoginsenoside RI | Panax notoginseng (Burkil)
EH.Chen [Arliaceae;
Notoginsen radi et rhizomal,
Panax ginseng C.A Mey.
[Araliaceae; Ginseng radix et

hizoma]

Ginsenoside Re | Panax ginseng CAMey,
[Arliaceae; Ginseng radix et

shizoma)

Berberine Copts chinensis Franch.
{Ranunculacea; Copi
shizomal, Phellodendron

amurense Rupr [Rutacese
phellodendsi chinensis corte,

Uncara hynchoplyls (Miq)
Mig. (Rubiaceac Uncariae

ramulus cum uncis]

Leonurine Leonurus japonicus Houtt.

(Lamiaceae; Leonuri herbal

Optional
dose

high fed diet
with
RSV (04%)

50 mglL

100 pg/day.

100 mgkg

100 mgkg

souM

100 pM

100 gM

25 mykg:
25pM

100 pg/ml;
e

10mgkg

0 mykg

0 mykg

somyie

05gbid

25,50, and

75 myfkg

10 mgkg, and
D mykg

Somg, 150mg,
and 300 mg

Animal/cells

CSTBLIG) mices ApoE-/

NG-nitro-Larginine-
methyl ester (L-NAME)
and high-fat treatment.
induced programmed
hypertension

HED-fed mice

SHRs

female mice

RIMVECS injury
induced by TNF-a

RIMVECs injury
induced by TNF-a

SMCs

rat tail artery myocytes:
endothelium-denuded
Rt aortc rings

MIUR mice mode CMs
injury induced by HIR

Ips-induced HUVECs
and THP-1 cels injurys
LPS-induced septic
shock mice model

intestinal R rat model

HED-induced ApoE-/-

deoxynivalenol Induced
Intestinal barier
dysfunction

AS patients

NSAID-Induced
Intestinal barrer
dysfunction

ang Il-induced cardiac
remodeling in mice and
cardiomyocyte cel line
Hoe2

participants in the
leonurine phase ] diical
wil

Targets on
cardiovascular system

It inhibited FXR/FGFIS axis and
increased CYP7AL, exerting an
anti-atherosclerotic effect.

It attenuated L-NAME treatment-
induced programmed
hypertension.

It prevented the oxidative stress
and actived AMP-activated
protein kinase (AMPK)/
peroxisome prolifertor-activated
receptor y co-activator la (PGC-
1a) pathway.

It attenuated weight gain and
mitigated the extent of
atherosclerotc lesions n the aortic

It reduced malondialdehyde levels
and elevated IL-6 levels to against
immune/inflammatory and
oxidative stress.

It resuled in 3 partial decresse in
blood pressure and reduce in
serum hs-CRP, IL-1, and 1L-6

It enhanced bile acid synthesis
through the FXRIFGFIS.
CYPZAL pathway, resultng in
reduced cholesterol levels and
alleviation of atherosclerosis

It activates BKCa channel currents
in rat tail artery myocytes.

1t had  elaxing effct on
endothelium.-denuded rat aortic
rings that were precontracted with
20 mM KCl or norepinephrine.

It alleviates MI/R injury by
nhibiting the TAKI/JNK/
P38 signalng and atenuating
cardiomyocyte apoptosi.

It inhibited the LPS-induced 1
Kappa Balpha and TNF-alpha and
prevented the upregalation o PAL-
1 antigen, exerting anti-
inflammatory and antithrombotic
effcts.

It decreased TC, TG, and LDL-C
levels and increased HDL-C levels,
and reduced inflammatory.

eytokines TNF-a, 1L-6, and IL-1.

Itreduced AS e snd i vl
decrenied po-nfammtory
tokins TN, 11, 1.6, and
incesd ant iy 110
and poclin vl

Patients fecal and stoo levls of
both TMA and TMAO were

significantly reduced along with a
notable decrease i plaque score.

It alleviated cardiac hypertrophy,
fbrosi, and inflammation in both
mice and cultured cardiomyocytes.
Echocardiography revealed that

Teonurine preserved cardiac
function in mice.

It afected homocysteine-
‘methionine metabolism and
increases methionine levels.

Targets on intestinal barrier

It decreased TMAO levels and increase the abundance of BSH-actve bacteria
such as Lactobacillus and Bifidobacterium,

Itincreased the abundance of the abundnces of phylum Verrucomicrobia and
genus Akkermansia Muciniphila

It decreased intestinal cholestral lysophosphatidi acids, and atherogenic:
Iysophosphatidylcholine (LPC 18:1) levels while promoting an increased level of
coprostanol.

It enhanced Actinobacteria and Bacteroidetes populatons, whereas markedly
reduced Firmicutes sbundance

1t decreased the fleal expression of Tls2, HMGBI, RAGE, IL-1, and IL-23.
It mitigated intestinal hyperpermeability and systemic inflamimatory response.

It increased the abundance of SCFA-producing fecal flora such s Streptococcus,
Akkermansia, Allobaculum, Bifidobacterium, Lachnospiraceae. NK4B4_group,
and Roseboria, as wel a increased levels of SCFA.

It could promote the growth of 7a-dehydroxylse-producing bacteia and
Eubacterium brachy and inhibit bil salt hydrolase-producing bacteria

Ttincreased Z0-1, occludin, and caudin-1 of GVB.

I restored occludin and claudin-1 expression leves,

It nhibited NF-xB-medisted activation of the MLCK/p-MLC and TLR4/NF-xB/
NLRP3 pathsiays to repir the GV,

It hyperpolarized SMCs through selctive activation of BKCa channel, thercby
reducing Ca2:+ influx via VDCC and promoting SMCs relaation for treating
dyskinesia in rat colon.

It atenuated intestinal I/R-induced microvascular hyperpermeabilty.

1 reduced inflammatory cytokine, actvated the NF-xB pathway and increased
tight junction proteins, and improved energy metabolism n jejunum of.

It reduced the relative sbundance
of Faccalibaculum, Oscillbacter, Eubacterium_coprostanoligenes group,
‘and Blautia, while increased the reltive abundance of

Muribaculaceae, Lactobacilus,eibacterium, and Bifidobacterium.

I changed the purine metabolism pathway, the TCA cycl, and the primary bile
acid biosynthesis pathway.

Ttincreased the expression of serum antioxidant enzymes and T-cel surface.
antigens and by decreasing the release of pro-nflammatory cylokinesin the small
intestine.

Itincreased ieal and jejunal mucosal Z0-1 by decreasing the expression of ERK,
JNK, and NF.B, occludin and claudin-1 protein expresson levels in the jjunum
‘and ileun, and improved jejunal morphology.

It altered the abundance of Roseburia, Blautia, Allobaculum, Alstpes,
Turicibacter, and Bilophia.

It decreased Eubacterium_halli_group, Anaerostpes, Faccalibacterium, Dialiser,
Eubacterium_coprostanoligenes_group, Coprococcus 3, Butyrcicoccus and

Clostridium_sensu_siito_1.

It upregulated the expression of PGP9.S, GFAP, and GDNF with repar of the
enteric nervous system.

Itincreased the sbundance of Ruminococcus, Streptococcaceae and decreased the
‘abundance of Myobacterium, Veillonll, Lachnospiraceae, and Weissella

References
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Chinese
medicine
formula

Shen-Fu decoction

Fuzi decoction

Buyang Huanwu
Decoction

Taohong Siwu
Decoction

Composition

Panax ginseng C.AMey. [Araliaceae;
Ginseng radix ct thizomal,
Aconitum carmichacli Debeauix
[Ranunculaceacs Aconit laterals
radix pracparata)

Aconitum carmichacli Debeau
[Ranunculaceae; Aconit laterals
radix pracparata, Panax ginseng.
CAMey. [Aralisceae; Ginseng radix
et thizomal, Atractylodes.
macrocephala Koidz. [Asteraceaes
Atractylodis macrocephalae
thizomal, Poria cocos (Sch
[Polyporaceae; Porial, Paco
lactifora Pal. [Paconiaceae;
Paconiae radix alta]

wolt

Asragaus monghlicus Bunge
Fabacea; Astragaradis], Angelica
snensis (Olv) Dicls [Apiacac:
Angelcae sinensis radi, Radix
Paconialcilora Pall. [Paconacese:
Paconiae radix b, Phercima
Aspergillum (5 Prricr)
[Megascolecidacs Pheretimal,
Rhizoma Ligustici Chuansion
(Apiacea; Chansion hizomal,
Canlhams tinctorius L [ Aseracecs
Carthami Fos], Prunus persca (L)
Batsch [Rosaceae Persica semen]

Rehmannia gutinosa (Gaertn) DC.
[Orobanchaceae, Rehmanniae radix
pracparatal, Angelica sinensis (Oliv)
Diels [Apiaceae; Angelicae sinensis
radix), Radix Paconia lactiflora Pll
[Paconiaceae; Paconiae radix
rubral, Rhizoma Ligustici
‘Chuanxiong [Apiaceac; Chuaniong.
ehizomal, Carthamus tinctorus 1.
[Asteraceae; Carthami Fos], Prunus
persica (L) Batch [Rosaceaes
Persicac semen]

Extraction

Mix in 2 ratio of 30: 15 g in
sequence.

SED formulation, with 3 total
weight of 45 g, were dissolved
in 45 mL distlld water to 3

final concentration of 1 /L.
for experimental use

Mixin a ratio of 10: 10 g in
sequence.

Extraction process wasn't
provided.

Mixina ratio of 15:6:12:9:9 g
in sequence

“The mixture was extracted
twice by heating and reflux.
with 10 volumes of 70%
ethanol for 2 h cachtme. The
drug solution was fiteed and
evaporated to near dyncss ina
water bath at 60°C with
otation.

Mixin a ratioof 20:15: 15: 15
12:10: 10 g in sequence.

AN botanical drugs were
soaked in cold water for

30 min, decoct twice, extract
the juice and mix well
concentrate to 200 .

Mixin a atio of 60: 10: 10: 10
10:5: 5 g in sequence.

All botanical drugs were
soaked for 2 h, boiled or 05 h
over a miltary fire, slowly
decocted for 1 on a civilan
fire, and then ftered. The
above steps were repeated
once. Al fitate was combined
and concentrated using
otary evaporator to achieve &
fnal raw drug mass
concentration of 2 gl

Mixin a ratio of 120: 6 45: 3
3:3:3 g in sequence.

All botanical drugs were
soaked in delonized water for
30 min, then decocted twice in
disilled water (10 times the
weight of the botanical drugs)
for 30 min and filtered. The
extracton solution was further
mied and concentrated to
obain the BYHWD solution at
a concentration of 2.14 giml.
(raw botanical drugs).

Mix in a rato of 1119: 1492
56373 373 378 g in
sequence.

soaked in 8 times the amount
of waterfor 30 min, decocted
for L for the first ime,
decocted for 15 h for the
Sccond time, combined the two
decoctions, concentrated
under reduced pressure, the
concentrated liquid was fixed
to 43 mL (1 g crude drug
amount/m) to obtain
THSWD.

Optimal dose

6 myhkg

267 gy

5.1 and 204 ghg

100 mL. bid

10% pharmaceatical

serum extracted from

rats ed with 1 mL/kg.
BYHWD

1502 gkg

510,20 ghkg

sepsis model
induced by CLP

heart filure rat
model ef induced
by coronary artery
ligation

heart falure rat
model induced by
abdominal aortic
coarcation

patients with stable
coronary arery
disease

cardiac fbroblasts
fat model

ft anterior
descending
coronary arery

ligation induced HE

fat model

rat model with
blood deficency
and blood stasis
syndrome

Targets on
cardiovascular system

Tt could regulate the proteins Fas,
Fas-L, Bel-2, and Bax as well as
‘microRNAS i the apoptotc pathvay
to enhance cardiac function.

It improved cardiae function and
reduced the effects of pyrvate and
lctate

It reduced levels of hs-CRP, TNF-a,
IL-18, and TMAO.

It reduced the expression of L6, 1L
1B, and matrix MMP9, inhibited cell
division and prolferation to inhibit
‘myocardial fbrosis,

It improved heart function and
reieved histological injury in the
‘myocardium, of ras with HE,

It increased the expression of bFGE,
IGF-1, reduced collagen deposition,
promoted angiogenesis, reduced
apoptosis, and actvated PISK/AKT
signaling pathway.

It reduced mitochondrial ROS
production and inhibited excessive
‘mitochondrial fission.

Targets on intestinal  References

barrier

Italleviated LPS, FITC-dextran,
D-actate, TNF-a and IL-6 by
regulating the expression of ZO-
1, occludin, laudin-1, and
pVASP.

Liu et al. (2021)

Yan et al. (2018)

Iincreased the Firmicutes-
Bacteroidetes ratio and
Lactobacills abundance and
affcted the p-diversity of the
intestnal microbiota in rats
with CHE.

Gao etal. (2022
Gao et al. 2023)

Tt affeced the biosynthesis of
valine, leucine, and isoleucine.
And it increased the levels of
acetc acid, propionic acid,

butyric acid and isopentanoic
acid i the feces of CHF rats.

Itincreased the abundance of
Lactobacills and
Bifdobacterium, and reduced
theabundance of Esherichia coi
and fungi,

Liang et al. (2023)

Wang et l. 2022)

1t reduced serum d-Jactate and
TMAO leves and increased
occludin and claudin-1
expresson to repair the
intestinal mucosal barrcr

Weng et al. 2023)

Iincreased Lactobacilus and

reduced Romboutsia

increased F/B value and the
abundance of Lactobacilus.

He etal, 203
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Chinese
patent

medicine

Composition

Optimal
dose

Targets on
cardiovascular
system

Targets on References

intestinal barrier

Tongxinluo | Panax ginseng C.A.Mey. 06 g/kg rabbit with | It enhanced atherosclerotic It increased the relative Qi etal. (2022)
[Araliaceae; Ginseng radix et balloon-induced | plaque stability, suppress | abundance of Firmicutes/
thizomal, Hirudo aortic NLRP3, caspase-1, IL-1f,  Bacteroidetes (F/B) ratio,
nipponica Whitman endothelium | and IL-18 inflammatory  Alipipes, Campylobacter,
[Hirudinidae; injury and | pathways expression. Rikenella, indistinctus,
Hirudo}, Scolopendra HED-fed viscericola, nordi,
subspinipes mutilans L. Koch subantarcticus, and other
[Scolopendridae; bacteria.
Scolopendral, Eupolyphaga
sinensis Walker [Corydidae; It increased metabolites such
Eupolyphaga as trans-ferulic acid, which
steleophagal, Buthus inhibited
martensii Karsch [Buthidae; NLRP3 inflammatory
Scorpiol, Cryptotympana pathways expression
pustulata Fabricius [Cicadidae;
Cicadae periostracum], Paconia | 04 08, and obstructing It attenuated intestinal I/ Zhang et al.
lactflora Pall, [Paconiaceae; 16g/kg superior Reinduced mast cell (2018);
Paconiae radix rubral, Camphora ‘mesenteric activation, restrained
officinarum Nees [Lauraceae; artery induced overexpression of TLR4, NF- | Zhang et al.
Borneolum], Santalum album L intestinal I/R rat KB, TNF-a, PECAM-1, (2020b)
[Santalaceae; Santali albi model HMGBI expression, and
lignum, Boswellia protected VE-cadherinand
carterii Birdw. [Burseraceae, ANGPTLA proteins to repair
Olibanum], Dalbergia microvascular
odorifera T.C.Chen [Fabaceae; dysfunctionand endothelial
Dalberglae odoriferae injury.
lignum}, Ziziphus jujuba Mill
[Rhamnaceae, Ziziphi spinosae
semen]
Qiligiangxin | Astragalus mongholicus Bunge 100 mghkg | TAC induced | It reduced protein 1t resulted in increased Lu et al. (2022)
[Fabaceae, Astragali radix], HF rat model | expression levels of Lactobacillus, improved
Panax ginseng C.A.Mey. myocardial NF-kB, NLRP3,  intestinal villus edema,
[Araliaceae; Ginseng radix et ASC, caspase-1, and breakage or absence, and gaps
rhizomal, Aconitum cleaved-IL-1§, preserved  between epithelial cells.
carmichaelii Debeaux cardiac function, and
[Ranunculaceag; Aconiti lateralis improved LV remodeling.
radix praeparatal, Salvia
miltiorrhiza Bunge [Lamiaceae; It protected the heart from Lu et al. (2022)
Salvia miltiorrhizae radix et ventricular remodeling and
rhizoma], Descurainia sophia (L) HE by modulating the flora of
Webb ex Prantl [Brassicaceae, Paraprevotella,
Descurainiae semen lepidii Phascolarctobacterium, and
semen], Alisma plantago- Intestinimonas and repairing
aquatica subsp. orientale (Sam.) the intestinal mucosal barrier.
Sam. [Alismataceae;
Alismatis thizomal, Neolitsea
cassia (L) Kosterm. [Lauraceae;
Cinnamomi ramulus], Periplocac
cortex, Periploca sepium Bunge
[Apocynaceae; Periplocae
cortex], Polygonatum sibiricum
Redouté [Asparagaceae;
Polygonati rhizomal, Carthamus
tinctorius L. [Asteraceac;
Carthami Flos], Polygonatum
odoratum (Mill.) Druce
[Asparagaceae; Polygonati
odorati rhizomal, Citrus
reticulata Blanco [Rutaceae; Citri
reticulatae pericarpium]
Xuesaitong | Panax notoginseng saponin 40mgkg | coronary artery It enhanced myocardial Liao et al. (2023)
ligation induced  angiogenesis and mitigated
MIR rat model | myocardial fibrosis by
specifically targeting
Nur77 to suppress miR-
3158-3p.
400 mgkg | coronary artery | It upregulated VEGF Wang et al.
ligation induced | signaling pathway to (2012)
MI rat model | promoting angiogenesis.
80 mg/kg; | coronary artery It induced alterations in Zhao et al.
ligation induced | protein levels of myocardial (2017)
MI/R rat model; = PDHAI, HADHA, PRX3,
H9c2 cells with | gamma-enolase, ACAA2.
H/R injury
100, 200, It promoted the activity of
400 pg/mL PDH and enhancing
intracellular levels of acetyl
coenzyme A and ATP,
effectively mitigated MDA
release in cardiomyocytes.
658 mg/kg obstructing 1t alleviated 1/R-induced Xu et al. (2015)
superior intestinal barrier dysfunction
mesenteric by decreasing TNF-
artery induced aexpression, upregulating
intestinal I/R rat Bel-2, downregulating
model caspase-3, and promoting
intestinal peristalsis.
Tongguan | Astragalus mongholicus Bunge 45gtid acute ST- It improved the ventricular | It adjusted the abundance of | Zheng et al.
Capsules [Fabaceae; Astragali radix], Salvia segment remodeling of patients. relevant genera of intestinal (2023)
miltiorrhiza Bunge [Lamiaceae; elevation Prevotella, Agaricus,
Salvia miltiorrhizae radix et myocardial Microbacterium, and
rhizoma], Gardenia jasminoides infarction Enterococci.
var. grandiflora [Hirudo, after PCI
Paconiae radix rubra), Camphora
officinarum Nees (Lauraceae;
Bomeolum]
Shen-Fu 0.9 mg ginsenosides and 0.1 mg 5,10, coronary artery | It enhanced hemodynamics. | It sustained intragastric pHin | Zhang et al.
injection aconite alkaloid per millliter 20mi/kg | ligation induced a myocardial /R model to (2006)
MI rat model prevent inadequate perfusion
of the gastrointestinal
microcirculation.
1.5 ml/kg cardio- It reduced the decrease in | Xia et al. (2005)
pulmonary gastric mucosal pH during
bypass in surgery.
patients
undergoing It also decreased plasma

cardiac surgery

levels of DAO, MDA, LPS,
1L-6 and creatine kinase
isoenzyme MB.






OPS/images/fphar-15-1372766/fphar-15-1372766-t004.jpg
metabolites

Optional dose

Animal/
cells

Targets on cardiovascular system

Targets on intestinal barrier  References

Quercetin

Neohesperidin

Ginsenoside Rb1

Chinese
medicine
formula

Buyang Huanwu
Decoction

Lingguizhugan
decoction

Smilax glabra Roxb. [Smilacaceac; Smilacis
‘abrac hizomal, Veratrum allum L
[Meanthiscse, Veratrum album]

high-fauhigh-sugar
diet with RSV (0.4%)

Glehwia litorals (AGray) FSchmide ex Mig. fed die with 005% (wi
[Apiacese lehnia radix], Eucommia uimaides W alycone quercetin
Oli. [Fucommisceac Evcommiae corex],
Panax notoginseng (Burkil) F.H Chen
(Avalicese; notoginseng radix et hizoma]

Citrus aurantium F. aurantiom (Rutacese;
Fructus auranti, Citrus reticlata Blanco
[Rutaceaes Citrus reticulata pericarpium,
Magnolia Offcinals Rehd Et Wils.
[Magnoliaceae; Mangnolia offiinalis cortex]

50 mgkg

Panax ginseng C.AMey. [Ariliscese; Ginseng
radix et rhizoma)

200 mgkg

Composition Extraction

same as TABEL 2 Mixina raio of 120:6:4.5: 33 3

3 in sequence.

10 doses botanical drugs were.
mixed and soaked i distilled water
for 1 and then bailed twice. The
boiling time was set o 1.5 h and
1 b respectively. After two bils or
extractions,the water mixture was
iltred and frecze-dried.

Mixina ratio of 60:9:9:9:6:9: g in
sequence.

All botanical drugs were immersed.
and extracted two times. The two
extracts were mixed concentrated
and dried under reduced pressure

The gycosides were extracted and
separated by on exchange resin
chromatography and miceoporous
resin and then dried.

2160 g BYHWD cxtractand 128
sycosdeswereextracted from 100
dose of BYHWD, and the

extaction rtes were 1946% and

L15%, respectively.

Mixin a ratio of 129:66 in
sequence.

Poria cocos (Schw) Wolf
Polyporaceae; Porial, Neolitsea
casa (L) Kosterm. [Lauraceae
Cinnamomi ramulus), Atactylodes
macrocephala Koid. [Aseraceas
Atractylodis macrocephalae
shizomal, Gyeyrhiza urlensis
Fisch.ex DC. [Fabacese;
Giyeyrehiac radix e ehizomal

Extration process wasn't
provided.

HEHS-fed

HED-fed

HED-fed

HED-fed

It improved glucose clearance.

1t regulated LXRa, SREBP-1c, FAS, FABPI and
EAT/CD36, and lipid metabolism gene expression,
‘CYP2ELdependent lipid peroxidation and related
lipotoxiciy to reduce inrahepatic lipid
accumulation.

It inhibited TLR-4 pathy to inhibit
inflammasome response and retculr stress
pathway actvation and blacked lpid metabolism
gene.

1t decreased TNF-a, MCP-1, and IL-1f.

It increased SREBP-Ic and FAS in the.

Tt ameliorated dyslpidemia, improved insulin
sensitity, and reversed the expression of UCP2,
NrIHd, and Fiaf

I increased the abundance of Bacterides and | Wang et al.
Parabacteroides, and decreased theabundance of | (2018)
Turicibacteraceae, Moryel, Lachnospiraceae

and Akkermansi.

1t reduced Desulfovibrio and Helicobacter, and | Porras et .
restored SCFAs, occludin, claudin 1, and. o)
intestinal alkaline phosphatase expression.

Tincressed Z0-1 and Occludin, and reduced IL- | Lu et al. (2020)
1f and TNF-a in colon.

Tt reduced the lvels of serum endotoin.

It decreased Faccalibaculum and increase Blautia,

Mucisirillum, Lachnospiraceae.. UCG-006,

Streptococcus, Enterorhabeus, and Bacteroides.

I increased Akkermansia spp. sbundance and | Yang et al
maintains amino acid metabalic homeostasis, oan)

particularly Leu, isoleucine, 150, Trp, and Ala.

Optimal dose  Model  Targets on cardiovascular ~ Targets on intestinal References
system barrier
783 ghe obese Tt inhibited body fat accumulation and | It increased Bacteroidetes and Liuetal. (20220)
T2DM | blood triglyceride levels in HFD rats. | dramatically decreased Firmicutes at
model the phyla level and incressed the
abundance of Lactobacilus and Blautia
at the genus leve,
BYHWD 2772gkg | HEDfed | It reduced pro-inflammatory factors Fuetal (2022)
ycosides of BYHWD | mice and adhesion molecules, decrease the
0167 ghg and number of foam cell and intracellular
0084 ghg lipid content, and prevent macrophage
inflammation, ll by inhibiting the
activation of the JAK/STAT pathway
164 gy HEDfed | It reduced plasma insulin It restored small itestnal villus Ning et al
mice concentration, glucose tolerance, and | morphology and upregulated occludin | (2022)

lpids.

lels by upregulating the relative
abundance of Akkermansia,
Faccalibacterium and
Phascolarctobacterium.
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sequence (

GTACCAGTCACACCTGCGAA

TGATACAGGCAGATACCAACAGG

ACCCCTACATCAGAGCTGACA

23

21

AATGAAGACTTTCCTCTCCTTCC

GACGTGTCGCATCCAGAGAG

ACACAGACTCTTCTGCGCTT

CTGGACACGCAGTACAGCAA

ACAGGAAAGACTTGTGTCGC

CCCAACAAACACATATTCATGGCAG

GAGTGGCCTGCTAGATGTGA

CCATGTCTTTGGGGACGAACTG

TGCCTGGAAGGGAATGATTGG

ATCAACTGCCCCTTCACGAG

GGTATAGCTGCCGCTCACAT

TAGTGGAGGCTAAAGAGGGAGG

CCAGGCCAGTTGTTCAGGG

GTGCTCCTCCCCAGATTCCT

ATGGATGAGAACTGTTGCTGGT

CGGAAACGATGGCAGAACAT

TCTAGGTTCAGGCCCTCATAGA

CCAGGCAGTTACACGTTTTCC

CCGGGAACAAGTGTTTCCTTT

GTCACCAACTGGGACGACAT

AGGTCTCAAACATGATCTGGGT
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Sampling site Longitude Altitude(m)

Sanhe Town, Awati County, Aksu City 80'13' 43.79" 40'16' 59.52" 1035.88

Dikan Town, Shanshan County, Turpan City 89'47' 20.82" 4235 431" 1282
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Sampling point Vegetative period Flowering stage Maturity stage Withered stage

AK 4.07 £ 004" 7.75 % 037" 11.28 + 0.62° ‘ 952 + 024"

By 441 £ 0.05" 869 £ 0.14° 1237 £ 0.09° ‘ 7.86 £ 0.15"

Note: Different lowercase letters indicate significant differences (p < 0.05), the same or no letter indicates no significant difference (p > 0.05), the same below.
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Compound

type

Alkaloid

Compound name

Berberine

© Upregulation of intestinal gene expression of fasting-induced adipokine
(Fiaf) in mice

© Increases the ability of short-chain fatty acids (SCFAS) to produce
bacteria

® Reduces intestinal endotoxin entering the bloodstream

® Reduces inflammation, insulin resistance

© Inhibition of the phylum Thick-walled Bacteria and Bacteroidetes

Diseases

NAFLD

References

Zhang et al. (2015)

Berberine

© Promoting expansion of immunosuppressive cell populations

® Reduces slime molds

ALD

Li et al. (2020b)

Saponin

Ginsenoside Rh4

o Improvement of hepatic steatosis

® Improvement of lobular inflammation levels

® Increased levels of intestinal SCFAs and BAs

NAFLD

Yang et al. (2023)

Ginsenoside Rk3

© Improved the composition of intestinal flora in mice

® Decrease the abundance of harmful bacteria such as Phylum
Thickettsiae

® Increase beneficial bacteria

NAFLD

Guo et al. (2023a)

Astragaloside

® Decrease the abundance of harmful bacteria

© Increase the abundance of beneficial bacteria with anti-inflammatory
effects (e.g. Clostridia, Lactobacillaceae, and Buttercupaceac)

NAFLD

Zhou et al. (2021)

Panax ginseng saponin

© Slow down the rate of SCFAs from the intestine to the liver

o Inhibit TLR4 to promote AMPKa activation to reduce lipogenesis in
hepatocytes

© Alleviate intestinal leakage phenomenon (intestinal permeability) by
enhancing the expression of the tight junction proteins Claudin-1 and
Z0-1

NAFLD

Xu et al. (2021)

Phenol

Eugenol

Paeonol

© Increase the expression of GLP-1 receptor (GLP-1R) in the duodenum,
liver, arcuate (ARC) and paraventricular nucleus (PVN) and c-fos in
the nucleus tractus solitarius (NTS) by modulating the gut-brain-
hepatic axis of glucagon-like peptide-1 (GLP-1)

© Decrease fungal abundance

® Block glucan translocation to the liver

NAFLD

NAFLD

Li et al. (2022a)

Wu et al. (2020)

Sorbiferin

o Improve abnormal lipid metabolism

© Regulates the composition of gut microbiota

© Reverses FXR deficiency

NASH

Qu et al. (2022)

Baicalein

© Improved MCD diet-induced knot length

© Restored mucosal barrier integrity by upregulating tight junction
protein intestine in mice

NAFLD

Guo et al. (2023b)

Lignans

o Improve intestinal mucosal permeability to high-fat diet-induced
increase in fluorescein isothiocyanate-dextran (FD4) by modulating the
expression of tight junction proteins in the intestinal tract, restoring
intestinal barrier function

© Decreasing relative abundance ratios of the phylum Thickwell/
anaplasmid phylum

NAFLD

Liu etal. (2021)

Polysaccharide

Salvia miltiorrhiza
polysaccharide

Echinacea polysaccharide

Astragalus
polysaccharides

® Regulate the homeostasis of the intestinal microbiota

© Upregulate the expression of integral membrane proteins (Claudin and
Occludin) and the junction complex protein ZO-1 in the jejunum and
colon

© Increase the abundance of Serratia marcescens, Lactobacillus, and
Synechococeus, and decreasing the abundance of Escherichia coli and
[Enterococcus

© Increase production of n-butyric acid

@ Improve the ratio of intestinal flora, and the abundance of harmful flora
decreased significantly

NAFLD

ALD

ALD

Li et al. (2022b)

Jiang et al. (2022)

Zhou et al. (2021)

Comfrey polysaccharide

© Upregulate the expression of ileocecal tight junction proteins

® Decrease the entry of enteric endotoxin into the portal circulation

© Attenuate hepatic inflammation and injury

NASH

Jiang et al. (2021)

Cordyceps Sinensis
polysaccharide

MDG-1

® Reduce the number of enterococci in the cecum

® Regulate the metabolism of bile acids in the intestine

© Increase the proportion of actinomycetes
© Increase the degree of intestinal flora disruption

© Regulate the balance of the gut microbiota

® Increase the relative abundance of beneficial bacteria

NASH

NASH

Chen et al. (2020 Wu
et al. (2022)

Wang et al. (2019)

Glycosides

Terpenoids

Cornelianoid glycoside

Glycyrrhizic acid

© Reverse alcohol-induced changes in the tight junction proteins ZO-1
and occludin

© Reduce serum levels of LPS, and blocks the hepatic inflammatory
response caused by LPS stimulation

® Modulate the relative abundance of Trichoderma, Trichoderma,
Helicobacter and Enterobacter

ALD

NAFLD

Han et al. (2021)

Wang et al. (2022a)
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Group/Indicator

ADG (g/d)

‘ Control 6.32 012" 9.90 + 025 85.32 + 4.10 3.19 £0.13° 27190 + 7.67°
‘ CusO, 627 +0.12° 11.88 + 0.42° 13294 £ 8.44° | 225 +0.09% 299.13 + 10.09°
‘ RJP-Cu-H 628 £ 0.10° 1235 +0.55* 14444 = 14.88° 212£0.16° 30429 £ 9.37*
‘ RIP-Cu-M 632+ 008" 1162 +0.37° 125.40 £ 9.36° 235+ 0.16° 29317 + 378
| RJP-Cu-L 635 +0.10° 1078 + 0.18° 10556 + 5.36° 267 +0.1° 28175 + 3.46°

Note: a, b, ¢, d letters indicate a significant difference (p < 0.05).
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Indicator/cm

Initial body height 4133 £ 0.82° 42.17 £ 075 4233 £ 052" 42.17 £ 075" 4183 % 117
Under height 53.67 + 1.03" 64.83 £ 1.33" 63.50 + 1.38" 61.17 £ 0.75" 5733 + 197

Initial body diagonal length 41.67 £ 1.03* 4183 £ 117 42.17 £ 075" 4233 £ 0.82" 41,67 + 103
Unbody oblique length 56.50 + 1.05" 67.33 £ 121 67.00 +1.26 64.33 £ 0.82° 60.67 £ 1.97°
Initial bust circumference 46.67 £ 0.52° 46.67 + 0.52 47.00 + 0.63" 47.00 £ 0.63" 46.83  0.75"
Low chest circumference 60.83 + 1.17¢ 71.00 + 0.89" 7133 £ 121° 67.67 % 1.03" 64.17 £ 1.17°
Initial pipe circumference 7.92 £0.20° 7.83 £ 026" 7.83 £ 026" 808 + 020" 8.00 + 000"
Open girth 883 + 0.26° 1042 + 0.49 10.75 +0.42° 9.67 £ 041° 9.00 +0.32°

Note: a, b, ¢, d letters indicate a significant difference (p < 0.05).
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‘ T-AOC/(U/mL) 0.68 = 0.05° | 0.77 + 002 081 +0.04° 076 003 | 075 £ 001°
‘ CAT(U/mL) 241 +0.93° | 486 + 222" 5.60 + 256" | 697 £ 091 ‘ 614 £ 204
‘ GSH-Px (U/mL) 656.25 + 88.42" ‘ 523.13 + 89.66™ 343.13 + 181.70" 384.38 + 154.96" ‘ 541.88 + 98,05
‘ T-SOD (U/mL) 1739 £ 225 | 27.56 + 407 25.68 + 6.70° 2640 = 3.64° ‘ 2949 + 365
\ MDA (nmol/mL) 021 +0.05 ‘ 031 011 037 + 017 041 +0.12* ‘ 0.26 + 0.05™

Note: a, b letters indicate a significant difference (p < 0.05).
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Test number

Measured value

Cu2* pmol/L

Predicted value

1 025 50 72832 71.578
2 025 50 80231 79.479
3 1 60 64.001 64.873
4 05 50 132423 130076
5 05 40 82.101 84.725
6 025 60 75875 80.627
7 1 50 67.506 68.382
8 05 50 125418 130076
9 05 50 130235 130076
10 1 40 62256 59.378
1 05 60 97.542 94.917
12 025 40 65203 62.455
13 1 50 62716 63.844
14 05 50 132387 1 130076
] 05 50 129918 130.076
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Quadratic sum Free party Mean square P Significance
Model 12343.67 9 137152 89.10 <00001 significant
AA 17730 1 177.30 1152 00115
B-B 266.09 1 266.09 1729 0.0043
cc 537 1 537 03489 05733
AB 4241 1 4241 276 0.1409
AC 4084 1 4084 265 0.1474
7 BC 48.99 1 48.99 318 0.1176
A 5684.45 1 5684.45 369.30 <00001
B 2399.26 1 2399.26 15587 <0001
c 166464 1 1664.64 10815 <0001
Residual 107.75 7 15.39
Lack of Fit 75.15 3 2505 307 0.1532 not significant
Pure Error 3260 4 815
Cor Total 12451.42 16






OPS/images/fphar-14-1347817/fphar-14-1347817-t004.jpg
Indicator Total polysaccharides Protein Uronic acid

‘ RJP 724 * 0.12%" 28 +0.1%" ‘ 142 £ 0.13%" 0.4 pmol/L/g"

‘ RJP-Cu 735 + 0.16%" 25+ 0.18%" ’ 50 % 0.11%" 132.423 pmol/L*

Note: a, b letters indicate a significant difference (p < 0.05).
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Group/mg/kg  WBC/1 /10°/! MON/10°/1 NEU/10° PLT/10°/1

Control 1851 * 5.55% 13.33 £ 409" ‘ 0.09 +0.03" 5.72 + 253" 4.34 £ 1.08 ‘ 9.78 + 137 ‘ 406.50 + 57.27*
CusO; 1542 + 3.54° 1044 + 362" ‘ 007s00r  aoeeiit | s2ssisr ‘ 1113 £ 102 ‘ 466.67 + 185.36"
‘ RJP-Cu-H 19.98 + 9.54% 16.12 + 7.94* ‘ 0.10 + 0.05" 3.76 + 258" 5.27 £ 2.81 ‘ 1040 £ 1.75" ‘ 486.33 + 37.04"
‘ RJP-Cu-M 13.95 + 430" s esie ‘ 007 £ 0.02° spear | emezw ‘ 1115 £ 1.39* ‘ 479.66 + 53.53"
‘7 RIP-Cu-L 23.65 + 7.25° 1599 + 4,63 ‘ 012 +0.04* 7.54 £ 3300 651 +2.10° ‘ 1137 £ 137 ‘ 45447 £ 61.36"

Note: a, b letters indicate a significant difference (p < 0.05).
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A: sodium citrate content (g) B: reaction temperature ("C) C: PH value

-1 025 40 7

0 05 50 8
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Starting (i.p.) inject

Starting intragastric administration (g)

D-gal (9)

od 7d 14d 21d PLY
CcG 28.07 + 1.33 3114 + 138 33.05 + 1.40 35.74 + 0.74 36.90 £ 1.54 3801 + 1.05 38.78 + 1.08
MG 28.63 + 1.34 29.76 + 1.56 3142+ 1.76 3215% 132% | 33.17 £ 257 33.78 £ 2.54* 34.30 £ 2.05*
PG 29.05 + 1.35 30.89 + 145 32.46 + 244 34.66 + 2.02 36.08 £ 1.91* 37.38 + 117 38.53 + 130"
VRPSG-L 28.23 +1.23 2993 % 1.75 31.78 + 1.85 33.31 £ 2.06 34.95 + 1.86* 3574 + 196" 36.11 + 1.63™
RPSG-M 27.89 + 143 29.50 + 2.21 31.85 + 2.26 33.63 + 1.94 34.30 + 240" 34.98 + 2.63* | 36.17 + 1.85™
RPSG-H 28.37 + 1.80 29.70 + 2.05 31.55 + 1.90 32.74 £ 2.04* 3455 £ 2.13* 3512 £ 2.18* 35.69 + 2.06**
WPSG-L 2777 £ 137 29.63 £ 272 32.36 + 1.87 33.84 + 1.89 35.29 + 206" 36.37 + 2.35" 37.62 + 2.02"
WPSG-M 28.21 +2.80 29.66 £ 2.69 32.21 £ 2.09 34.17 £ 299 35.83 + 2.63" 37.3 £ 247" 38.14 + 2,04
WPSG-H 28.58 + 1.35 30.20 + 1.58 32,65+ 1.72 34.87 £ 254 3542 + 1.60° | 36.16 + 1.81° 37.23 + 228"

Notes: CG, healthy controls; MG, only D-gal; PG, D-gal + VitE (200 mg/kg/day); RPSG-L, D-gal + RPS (5 g/kg/day); RPSG-M, D-gal + RPS (10 g/kg/day); RPSG-H, D-gal + RPS (15 g/kg/
day); WPSG-L, D-gal + WPS (5 g/kg/day); WPSG-M, D-gal + WPS (10 g/kg/day); WPSG-H, D-gal + WPS (15 g/kg/day). *p < 0.05,**p < 001, compared with the CG. p < 0.05, "p < 0.01,
compared with the MG. *p < 0.05, % < 0.01, compared with the same dose of RPSG. p < 0.05, *"**p < 0.01, compared with the different dose of RPSG, or WPSG.
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Chemical name Error(8)/ Detected Mass MS fragments
ppm (m/z) ion type
1 Sucrose CioHx:01 -2.64 34110898 [M-H]" 0476 89.02345, 71.01282, -0.27
5001281
2 DL-Arginine ~0.01 175.11879 [M + H]* 049 11607079, 70.06573, ~0.46
6005629
3 Choline CsHiNO 0.02 10410725 M + HI* | 0492 87.04451, 60.08141 001
4 4-AMINOBUTANOATE C,HNO, 352 10410721 M + H|* | 0497 6008141 -0.55
5 D-(-)-Fructose CgH,,04 -0.03 179.05556 [M-H]~ 0.498 89.02342, 71.01282, 387
5901279
6 Adenosine CioHi3N04 0 268.1041 [M + H]* 0.506 136.0618 065
7 Adenine CsHsNs 0 136.06171 [M + H]" 0512 119.03548 028
8 L-Homoserine C,HNO, 001 12006563 M + H|* | 0516 7406061, 5605016 139
9 D-(+)-Proline CsHoNO, 0.01 116.07075 [M + H]* 052 70.06571 -0.28
10 DL-Malic acid CiHOs ~0.06 13301343 [M-H]" 0521 11500276, 7101279 -
1 2-Hydroxyphenylalanine CoH;NOs 0 18208119 [M + H]* 053 136.07561, 12304416 074
2 5-Hydroxymethyl-2- CHO; 001 127.0391 [M + HJ* 0.584 109.02828, 8103403, -
furaldehyde 69.03411
13 Citric acid CeH0; -0.02 191.01926 [M-H]" 0.679 111.00788, 87.00788, 265
85.02851
14 4-Oxoproline CsHNOs -0.06 12803452 [M-H]~ 0.683 8202883 -0.07
15 L-Pyroglutamic acid C5HNO, 0.02 13005009 [M + HI* | 0685 84.04488 008
16 DEOXYRIBOSE CHy,0; -0.06 133.04982 [M-H]- 0.686 11500275, 7101279 -
17 2-Furoic acid CsH,05 -0.08 11100792 [M-H]" 0.691 67.01788 -
18 Succinic acid CiHOy -0.06 117.01862 [M-H]~ 0749 11692767, 99.92487, =
73.02848
19 DL-Norleucine CeH,5NO, 001 13210201 [M + H]* | 0766 8609688 -0.16
20 8-Gluconic acid &-lactone CeHioOg -0.02 177.04015 [M-H]~ 0947 129.01849, 99.00777, -
7101278
21 L-Phenylalanine C,H, NO, 0 16608632 [M + HI* | 1072 12008093 038
2 Maltol CHOs 0.02 12703922 M+ H]* | 1149 109.02870, 81.03404 3731
23 5'-5-Methyl-5'- CiHiN;O58 0 208.09686 M + H | 1842 136.06171 -
thioadenosine
2 Indole-3-acrylic acid C, HNO, 0 18807062 [M + H]* | 2054 14605997, 11806531 -
25 Acetanilide CsHNO 001 13607585 M + H|* | 3404 69.0341 077
26 Dibenzylamine CHisN 0.01 198.12787 [M + H]" 523 91.0547 033
27 N-Feruloyloctopamine CisHisNOs 0 33013354 M+ HI | 6028 310.10880, 161.02376 028
28 Azelaic acid CoHigOs -0.02 187.0972 [[M-H]~ 683 12509634 -
29 Sakuranetin Cie1405 0 287.09137 [M + H | 6906 167.03377 -
30 Luteolin CysH,00, 001 285.04071 [M-H]~ 9.117 133.02869 -
31 9-Ox0-ODE CigHs03 0 29522687 [M + H]* | 15598 277.21628, 8107051, -0.13
67.05489
3 Nobiletin CaiHa:04 0 40313889 [M + H]' | 18022 373.09167 -
33 3-n-Butylphathlide CiHu0; 0 191.10666 [M + HI* | 19.333 17309607, 145.10110 -
34 ‘Tangeritin CaoHu0; 0 37312830 [M+ H]* | 20041 343.08096 028
35 Bis(d-ethylbenzylidene) CaiHi 05 0 41521161 [M + H]* | 22746 11908575 165
sorbitol
36 (+/-)12 (13)-DIHOME CygH30, 001 31323883 [M-H]" | 22801 18313852, 129.09145, 054
99.08057
37 Nootkatone CysH:0 0 21917438 [M+ H] | 23674 | 11108067, 109.10144 496
38 Dodecyl sulfate Ci2H1048 0.01 26514804 [M-H]~ | 25965 9695911 128
39 Linoleoyl ethanolamide CyHyNO, 0 324.28964 [M + H]* 30213 62.06072 ~0.06
40 4-Dodecylbenzenesulfonic | CisH30058 001 32518448 [M-H]" | 30251 18301152 241
acid
a Myristyl sulfate CyHy0,8 0.01 293.1796 [M-H]- 30546 9695915 115
2 Oleanolic acid CaoHis05 0 4573679 M+ H]* | 32042 20317940, 19117934, 065
95.08601
43 Ursolic acid CioHis03 0 4573678 [M+ H]* | 32046 41136203, 163.14288, -
95.08600
44 16-Hydroxyhexadecanoic CieH03 001 27122824 [M-H]" | 32175 22222221 -
acid
45 Hexadecanamide Cy6HuNO 0 2562634 M+ H' | 32486 102.09168, 88.07610, 014
57.07059
46 4-Methoxycinnamic acid CioH 1003 0 179.07028 [M + HI* | 32736 16105968, 133.06483 005
47 Oleamide CysHy:NO 0 28227921 [M + H | 3298 72.08139 01
48 Stearamide CysHyNO 0 28429477 M+ H]' | 33765 116.10732 -0.95
49 Stearoyl Ethanolamide CaoHyNO, -001 328.3208 [M + HJ" 3383 62,0607 -0.28
50 Tridemorph CigH3uNO -001 29831024 [M + H]* | 34906 10209168 -0.30
51 1-Stearoylglycerol CiH,0, ~0.01 35931525 M+ H] | 35019 9508588, 71.08614, -
57.07056
52 Docosanamide C2HisNO 0 34035739 [M + HI* | 3616 28429462 -0.65

Notes: RT, retention time; R, RPS; W, WPS; +, present; —, absent.
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Compositions Retntion time(mi Identificati
Rhus chinensis Mill. 2.99 Gallic acid CH05 170.02
Rhodiola crenulata (Hookf. et Thoms.) H.Ohba 417 Salidroside CiHx07 300.12
Codonapsis pilosula(Franch.) Nannf. 1242 Lobetyolin CaoHax0y 39618
Salvia plebeia R. Br 1266 Homoplantanginin CooHis04 46212
Pulsatilla Chinensis (Bunge) Regel 1572 Hydroxybetulinic acid or Hederagenin CaoHiO4 47212
Atractylodes macrocephala Koidz. 2857 Atractylenolides IIT CisHnOs 248.14
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Chinese name Latin name Dosage Part of durg used
Salvia plebeia RBr. 30g Whole plant

Rhodiola crenulata (Hook et Thoms) H. Ohba 308 Rhizome
Zicao Lithospermum erythrorhizon siebold & Zuce 158 Root

Wabeizi Rhus chinensis Mill £ Inset galla
Baitouweng Pulsatilla chinensis (Bunge)Regel 10g Root
Dangshen Codonophsis pilosula (Franch.)Nannf. 15g Root

Baizhu Atractylodes macrocephala Koidz 158 Rhizome
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Description Score

Degree of weight reduction normal 0
19%-5% 1

5%-10% 2

[ 10%-20% 3

>20% [ 4

Hardness or softness of stool normal 0
soft stool 1

meager stool 2

diarrhea 3

severe diarrhea 4

Degree of fecal occult blood normal 0
oceult blood [ 1

weak positive 3

positive 3

strong positive 4
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Species Changes in Diversity of Inflammatory ~ Regulation Intestinal ~ Reference
the microbiota response of mucosal
composition immunity barrier
of microbiota
flora
C. albicans  female C57BL/6 mice Probiotics the intestinal flora exacerbates (Hu etal,
(strain (Lactobacillus, abundance was changes in 2021)
5C5314) butyrateproducing reduced colon
bacteria, including histopathology
Roseburia, and increases
Lachnospiraceae, and intestinal
Clostridia) were permeability;
depleted; pathogenic the reduced
expression of
Bacteria the intestinal
(Escherichia-Shigella tight junction
and Proteus, proteins ZO-1,
belonging to the Z0-2, Claudin-
Proteobacteria 1, and Occludin
phylum, and the in the model
inflammation group also
‘mediators proved the
Ruminococcus and damage to the
Parabacteroides) intestinal
were enriched integrity
C albicans 8-week-old male enhance the increased serum IL-6 (Panpetch
ATCC90028 C57BL/6 mice fermentation of some and TNF-a (pro- et al, 2020)
specific fecal bacteria inflammation) and
decreased serum IL-
10 (anti-
inflammation)
C. albicans male and female lead to an increased (Gutierrez
SCs314 C57BL/G ) mice relative abundance of et al,, 2020)
strain Proteobacteria (75%)
and Cyanobacteria
(20%) members,
higher relative
abundance in
Verrucomicrobiaceae,
Rickettsiales and
Proteobacteria
members were
observed with C.
albicans infection
Candida Male 8-week-old increased Bacteroides enhanced the (Panpetch
albicans C57BL/6 mice with decreased worsening of et al., 2021)
ATCC 90028 Firmicutes and gut leakage and
reduced bacterial microbiota
diversity alterations
C. albicans  female C57BL/6 (B6) a significant increase (Pan et al,,
strain mice and in circulating 2021)
SCs314 immunocompromised proinflammatory
randomized male and cytokines, including
female Rag2-/ IL-6, TNF-a, and IL-
-IL2yc-/- (Rag2yc) 10, lower levels of
mice 1L-22
C. albicans Six to nine-week-old the most dominant increase in bacterial (Bertolini
SC5314,C. | female C57BL/G mice taxa were diversity in the etal, 2019)
albicans Stenotrophomonas, jejunum
strain 5291, Alphaproteobacteria
C. albicans and to a lesser extent
tuplA/A Enterococcus in the
homozygous jejunum
deletion
mutant
C. albicans | C3H/HeN mice (6108 | cause the reduction | induce the decrease of YOT cell (Wang et al,,
(SC5314 weeks) of Ralstonia, alpha diversity of neutralisation 2023)
strain) Alistipes, Clostridia | bacteria and fungi in boosted the
UCG-014, the gut microbiome overgrowth of C.
Ruminococcus, and albicans.
Lachnospiraceae Additionally, IL-
NK4A136 group 174
neutralisation
aggravated the
‘microbial
dysbiosis of
bacteria and fungi
caused by C.
albicans infection
C. albicans | Female C57BL/6 mice proteins (Hu etal,
(strain aged 8 weeks Claudin-1 and 2022)
SC5314) Occludin in the
colon were
significantly
depleted
C. albicans  wild-type NMRI mice stably cohabited with (Eckstein et al.,
individual bacterial 2020)
commensals, such as B.
thetaiotaomicron and
L. reuteri,in the murine
intestine
Candida Six to eight week-old the mucosal layer was ulcers in the | (Wang etal,,
albicans male and female with inflammatory superficial layer 2022)
(strain C57BL/6 mice cell infiltration of the colonic
5C5314) ‘mucosa, entire
tissue structure
of the mucosal
layer was
destroyed
Candida C57BL/6 female mice, | a positive correlation | significant increase in affect the (Yan etal,
albicanswild- | 6-to8week-oldRag2-/- | between the B. the abundance of differentiation 2024)
type SC5314 | IL2ge-/- (Rag2ge) male | vulgatus abundance Firmicutes, of intestinal
and its yeast- and female mice and fungal load was particularly Thi7 cells
restricted found, and the Lachnospiraceae and
mutant negative correlation | Ruminococcaceae, as
HLCS4 between the well as a significant
(cphi/cph1 Candidatus decrease in the
efgl/efgl) Arthromitus abundance of
abundance Candidatus
Arthromitus
C. albicans | Female C57BL/6 mice the Proteobacteria serum IL-6, IL-10, | IL-17A, IFN-y, (Lietal,
strains (610 8 weeks old) were enriched while TNF-a were 1L-12, and IL-22 2020b)
sCs314 the other phyla were | significantly higher | were significantly
markedly reduced decreased
C. albicans | Female C57BL/6 mice predominantly changes the diversity (Mason et al,,

strain CHN1

Lactobacillus spp

of the cecal bacterial
populations

2012)
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Essential oil

Main active

components

Species

References

Machilus cicatricosa
SK. Lee

Zingiber densissimum
rhizome essential oil

EO extracted from the
discarded pecls of Citrus
depressa Hayata

Ocimum Basilicum L.
Essential Oil

EO obtained from dried
flowers of Coridothymus
capitatus (L) Reichenb

Cinnamomum verum
J:Pres] Essential Oil

Eryngium campestre L.
Essential Ol

Myrtus communis L.
Essential Oil

Salvia rosmarinus Spenn.
Essential Oil

Elattaria cardamomum
(L) Maton Essential Oil

EOs from the seeds of

Nigella sativa L. the peels
of Cinnamonmum verum

J-Presl

Cinnamomum verum
J.Pres| Essential Oil

Chinese herbal plant
Pogostemon cablin
(Blanco) Benth

Origanum majorana L.
Essential Oil

Cinnamomum verum
]Presl essential oil

Cymbopogon citratus (DC.)
Stapf Essential oil

Cymbopogon Proximus
Essential oil

Cymbopogon flexuosus
(Nees ex Steud.)
Will Watson Essential oil

Atriplex halimus L.
Essential oil

Centaurium erythraca
Rafn Essential oil

P. amboinicus Essential oil

Origanum vulgare L.
essential oil

Essential Oil from the
Leaves of Tapirira
guianensis Aubl

Mentha suaveolens Ehrh.
Essential Oils

Ferula macrecolea
essential oil

Rosmarinus officinalis
Spenn. Essential Oils

Cinnamomum verum
J-Presl Leaf and Syzygium

aromaticum (L.) Merr. and
LM.Perry Essential Oils

Cinnamomum verum
J.Pres! leaf essential oil

Zataria Multifiora Boiss,

Mentha Longifolia (L. L.

and Origanum Vulgare L.
Plant Essential Oils

Syzygium aromaticum (L.)
Merr. and L.M.Perry
essential il

Cinnamomum verum
J.Presl leaf essential oil

Grapefruit Pecls
Essential Oil

EOs from Pentadiplandra
brazzeana Baillon (PB)
root and Drypetes
gossweileri S. Moore (DG)
stem bark

Cinnamomum verum

J.Presl bark and leaf
essential oils

a-pinene (20.6%),
bicyclogermacrene (15.2%),
linalool (149%) and p-
pinene (8.4%)

pB-pinene (38.36%), p-
phellandrene (26.85%) and a-

pinene (13.31%)

(R)-(+)-limonene (38.97%), y-
terpinene (24.39%) and
linalool (6.22%)

linalool 48.62%, eugenol 5.44%,
bergamotene 5.65%,
a-guaiene 5.65%

trans-

phenols, carvacrol (67.58%) and
thymol (0.16%)

phenylpropanoid
cinnamaldehyde (82.09%),
‘monoterpene oxide 1,8-cineole
(3.1%), sesquiterpene a-
copaene (3.06%)

alpha-pinene (16.32%),
Caryophyllene (16.65%), 2-
oxabicyclo [9.1.0] dodeca-3, 7-
diene (14.21%)

1, 8-Cineol (23.56%), alpha-
pinene (17.70%)

alpha-pinene (18.72%)

Patchouli alcohol

carvacrol (75.3% and 84%)

geranial (48.2%), neral (37.49%)

piperitone (66.99%), a-
terpinolene (15.7%)

29.4% geranial (transcitral,
acitral) and 30.4% neral (cis-
citral, b-citral)

viridiflorol (40.23%), phytol
(18.24%), germacrene
D (6.94%)

B-copaen-da-ol (38.41%),
‘manool (8.2%),
carvacrol (6.43%)

thymol (0.13%-0.16%),
carvacrol (68.92%-75.21%)

cis-sabinene hydrate (16.72%),
4-terpineol (13.57%), thymol
(14.20%) and y-terpinene
(11.66%)

eugenol (59.00%), a-copaene
(0.40%), p-caryophyllene
(29.91%), a-humulene

PO, piperitenone (PIP),
nepetalactone (NPL), p-cymen-
8-ol (PCY), limonene (LIM),
and cis-piperitone
epoxide (CPO)

terpinolene (71.25%),

n-nonanal (6.32%), and
linalool (3.95%)

1,8-cineole (4.81%-37.83%), a-
pinene (13.07%-51.36%), and
camphor (11.95%-24.30%)

eugenol (>70%)

eugenol (77.22%)

eugenol (84.64%), B-
caryophyllene (12.76%)

eugenol (77.22%)

DL-limonene (79.85%), by p-
myrcene (3.13%) and
noontkatone (2.04%)

CLEO: eugenol (62.57%)

CBEO: trans-cinnamaldehyde
(66.43%)

Candida albicans ATCC
10231

Candida albicans

Candida albicans

Candida albicans ATCC
10261

Candida albicans ATCC
90028, C. albicans ATCC
10231, C. glabrata ATCC

90030; clinical isolates of C.

albicans 183, C. krusei 398,

C. glabrata 32-09, C.
norvegensis 112, C.

lusitaniae 103, C. valida 287,

C. guilliermondii 209, C.
parapsilosis 198, and C.
tropicalis 16-09

Candida albicans

C. albicans (A90029)

Candida albicans ATCC
10231 (A14), Candida
albicans ATCC 20402

(A15), Thirteen C. albicans
strains isolated from
different medical services
(C1, €2, C3, C4, C5, 104,
104W, 108, 109, 113, 124,
126, and 118)

C. albicans (ATCC 10231)

C. albicans ATCC 10261

C. albicans SC5314 and
ATCC 10231, C. glabrata
ATCC 2001, C. parapsilosis
ATCC22019, C. krusei
ATCC6258, C. tropicalis
ATCC7349

C. albicans ATCC 90028, C.
albicans MFBF 10778, C.
albicans MFBF 11100, C.
tropicalis ATCC 750, C.
krusei ATCC 14243, C.
dubliniensis MFBF 11098

C. albicans ATCC 10231

Candida tropicalis, Candida
catenulate, Candida
albicans, Candida
parapsilosis ATCC 22019,
Candida krusei ATCC 6258

C. albicans SC5314, C.
tropicalis ATCC1369

Candida albicans

Candida rugosa (1Z-12), C.
Kruseii (ATCC 6258), C.
tropicalis (CBS 94), C.
dubliniensis (CBS7987), C.
albicans (ATCC 90028), C.
utilis (CBS 5609), C. kruseii
(CBS 572), C. lusitanea (1Z-
06), C. gablata (1Z-07), C.
gablata (ATCC 5207), C.
albicans (CBS 562)

C. albicans ATCC 90029, C.
albicans ATCC 10231, C.
krusei ATCC 6258

Candida albicans fungal
strains 0131,0128, 0102, and
0104

Candida albicans (ATCC
10231)

C. albicans ATCC 5027, C.
albicans ATCC 76616

Candida albicans (ATCC
90028)

C. albicans RSY150, C.
albicans clinical strains
(ATCC 10231 dlinical
reference, blood, genital, and
fluconazole resistant
isolates)

C. albicans (ATCC MYA-
2876), C. tropicalis (ATCC
750) and C. dubliniensis
(ATCC MYA-646)

Candida albicans

C. albicans (ATCC 10231)
and 15 clinical C. albicans
isolates

C. albicans (ATCC
MYA2876), C. tropicalis
(ATCC 750), C. dubliniensis
(ATCC MYA-646)

Candida albicans ATCC
(10231)

Candida albicans ATCC
P37037 and Candida
parapsilopsis ATCC 22,019

C. albicans ATCC 10231, C.
albicans ATCC 2091, C.
auris: NCPF 8971

microdilution assay

broth microdilution
method

broth microdilution
method

disk diffusion method

agar-well diffusion
method and
microdilution
method

microdilution
method

broth microdilution
method

Microdilution Assay

Kirby-Bauer method
(disk diffusion)

broth microdilution
method

serial microdilutions

Disc Diffusion
Method

disc-diffusion
technique

broth microdilution
assay

broth microdilution
MIC tests

microbroth dilution
method (microsterile
plate)

broth-microdilution
approach

broth microdilution
method

broth microdilution
method

broth microdilution

micro dilution
method

broth microdilution
technique

CLSI microdilution
assay

2,5-diphenyl-
2Htetrazolium
bromide (MTT) assay

broth microdilution
technique

disc diffusion (direct
and vapour) and
broth microdilution
method

MIC 320 pg/mL

MIC 2 g/mL

CD-EO exhibited inhibitory
effects on the growth of
Candida albicans

MIC 1.25%, MFC 5%

MIC 0.5-8 pg/mL

MIC 625 pg/mL

MIC 175 mg/L, MFC 37.5 mg/L

MIC 1375 mg/L, MFC
28.12 mg/L

MIC 150 mg/L, MFC
3125 mg/L

MICs 0.097-0.78 mg/mL,
MEFCs 12.5-100 mg/mL

MIC 125 mg/mL, MEC
25 mg/mL

MIC 93.75 pg/mL

MICs 64 pg/mL, MECs
64-128 pg/mL

1C50 < 0.0156-0.25 pg/mL, ICo
05 pg/mL

100% EOC 24-h group 22.1 +
11 mm, 48-h group 312 +
32 mm

MIC 1.25-5 pL/mL

MIC 2.5-20 pl/mL

MIC 0.0781%, 0.039%

resistant

inhibition diameter of 185 +
353 mm

C. albicans ATCC 90028 and C.
dubliniensis inhibition zone
(42.0364 + 0.0023 and
400553 + 00049 mm), C.
kruseii (28.0125 £ 0.0007 mm),
The other selected Candida
spp. 310976 +
0,0051-38.0905 + 00031 mm

MIC 001 g/mL, 0.97 pg/mL.
and 533 pg/mL

MIC 156-312 pg/mL and MFC
312-625 pg/mL.

MIC 0.39-0.78 mg/mL (0.039%

and 0.078% p/v)

MIC and MFC on C. albicans
sensitive to nystatin:1.6 and
2.0 pg/mL. MIC and MFC on
nystatinresistant strains:3.3 and
4 pg/mL

MICs 0.781, 0.781, and
1.56 pg/mL

MICs of 600 and 500 pg/mL

against RSY150 and 1000 and

750 pg/mL for ATCC 10231.

Combined oils are additive
(FICI 0.72 £ 0.16) and
synergistic (0.5) against
RSY150 and the clinical
reference strain

MIC 1.0 mg/mL

the highest resistance rates in
0.625 mg/mlLof O. vulgare, M.
longifolia, and Z. multiflora EOs
were 31(77.5%), 15(37.5%), and
13 (32.5%), the lowest MIC of Z.
Multiflora EO was
0625 mg/mL

MIC 6251250 pg/mL

MIC 1.0 mg/mL, MFC
2.0 mg/mL

EO was observed to be toxic to
pathogenic C. albicans at
aconcentration range of
3200-400 pg/mL at 8h

MICs of D. gossweileri EO were
obtained at 62.50 pg/m for C.
albicans and 125 pg/mL for C.
parapsilopsis. MICs of P.
brazzeana EO were 62.50 g/
mL for C. albicans and 250 g/
mL for C. parapsilopsis

MICs and MECs of bark CEO
for all tested strains were below
0.03% (v/v), MICs of leaf CEO
were 0.06%-0.13% (v/v) and
MECs at 0.25% (v/v)

Huong et al.
(2024)

Nguyen-Ngoc
et al. (2024)

Weng et al.
(2024)

Rajali et al. (2023)

Marino et al.
(2020)

Essid et al. (2023)

Khoshbakhtt
et al. (2023)

Noumi et al.
(2022)

Mirzaii et al.
(2021)

‘Tomicic et al.
(2022)

Zhang et al.
(2024)

Kaskatepe et al.
(2022)

Hurtado et al.
(2020)

Rhimi et al.
(2022)

Gao et al. (2020)

Soltani et al.
(2023)

Mendonga et al.
(2023)

Cid-Chevecich
et al. (2022)

Oliveira et al.
(2024)

Tadi¢ et al. (2023)

Sadeghi ct al.
(2023)

Al-Maharik et al.
(2022)

Shahina et al.
(2022)

Wijesinghe et al.
(2020)

Hossrini et al
(2022)

Hekmatpanah
et al. (2022)

Wijesinghe et al.
(2021)

Yaldiz et al.
(2022)

Tchinang et al.
(2023)

Tran etal. (2020)
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AB23A Alisol B 23-acetate

ACAA2 acetyl-coenzyme A acyltransferase 2
ACE Angiotensin I Converting Enzyme
AF atrial fibrillation

AKT protein kinase B

ANGPTL4 Angiopoietin Like protein 4
ApoE—/— Apolipoprotein E-deficient

ARK Arkadia

AS atherosclerosis

BAs bile acids

Bax Bcl-2 Associated X Protein

BBR Berberine

Bel-2 B-cell lymphoma-2

BKCa large-conductance calcium-activated K+
BSEP bile salt export pump

BSH bile salt hydrolysis

BYHWD Buyang Huanwu Decoction

CA cholic acid

CCl4 Carbon tetrachloride

CDCA chenodeoxycholic acid

CHF chronic heart failure

CLP cecal ligation and puncture

CMs murine neonatal cardiomyocytes
COX-2 cyclooxygenase 2

CPM Chinese patent medicine

CutC choline trimethylamine cleavage enzyme
CVD Cardiovascular disease

cYp Cytochrome P450

DAO diamine oxidase

DHTS Dihydrotanshinone 1

DON deoxynivalenol

DOX Doxorubicin

FABP fatty acid binding protein

FAS fatty acid synthase

F/B Firmicutes/Bacteroidetes

FGF15 Fibroblast growth factor 15

FMO flavin-containing monooxygenase
FMT fecal microbiota transplantation

FXR farnesoid X receptor

FZD Fuzi decoction

GDNF Glial-cell-line-derived neurotrophic factor
GFAP glial fibrillary acidic protein

GPCR G protein-coupled receptor

GSK3p Glycosynthase kinase 3p

GVB gastrointestinal vascular barrier
HADHA hydroxyacyl-coenzyme A dehydrogenase
HFD high fat diet

HFHS high-fat/high-sugar

HIF-1la Hypoxia-inducible factor la

Hmox1 hemeoxygenase

4-HPA 4-hydroxyphenylacetic acid

3-HPP 3-hydroxyphenylpropionic acid

H/R hypoxia/reoxygenation

IFN-y interferon-gamma

IgA immunoglobulin A

IGF-1 insulin-like growth factor-1

IKKa/B IxB kinases

IxB-a inhibitor of NF-kB

IL interleukin

IR ischemia-reperfusion

isoLCA isolithocholic acid

JAK Janus Kinase

JNK c-Jun amino-terminal kinase

P2 junctophilin-2

LGZGD Lingguizhugan decoction

LPC Iysophosphatidylcholine

LPS lipopolysaccharide

LXR liver X receptor

MAPK mitogen-activated protein kinase
MCP-1 Monocyte chemoattractant protein-1
MDA mitigated malondialdehyde

MI myocardial infarction

MMP9 matrix metalloproteinase 9

mTOR ‘mammalian target of rapamycin

Neo Neohesperidin

NE-kB nuclear factor kappa-B

NGR1 Notoginsenoside R1

NLRP-3 NOD-like receptor protein-3

NOX1 NADPH oxidases 1

Nrihd Nuclear receptor subfamily one group H member 4
NSAIDs nonsteroidal anti-inflammatory drugs
Nur77 Nuclear hormone receptor77

0GD oxygen-glucose deprivation

ox-LDL oxidized low-density lipoprotein
PAMPs pathogen-associated molecular patterns
PAL-1 plasminogen activator inhibitor-1
PCI percutaneous coronary intervention
PDH pyruvate dehydrogenase

Pdk1 pyruvate dehydrogenase kinase
PGP9.5, Protein gene product 9.5

PKK pyruvate kinase

PKM2 pyruvate kinase isoform M2

PNS Panax notoginseng saponin

PPARS Peroxisome Proliferator Activated Receptord
PRX3 peroxiredoxin 3

PXR pregnancy X receptor

QL Qiliqiangxin

RIMVEC rat intestinal microvascular endothelial cells
ROS reactive oxygen species

RSV Resveratrol

SCFA short-chain fatty acids

SHR spontaneous hypertension

SIBO small intestinal bacterial overgrowth
SMCs smooth muscle cells

SREBP sterol regulatory element binding protein
STAT signal transducer and activator of transcription
STEMI st-elevated myocardial infarction
TAK1 transforming growth factor p-activated protein kinase 1
TCA tricarboxylic acid

TCDCCA taurochenodeoxycholic acid

TCM Traditional Chinese Medicine

TFEB transcription factor EB

TGF-B1 transforming growth factor

THSWD Taohong Siwu Decoction

Thi7 T-helper 17

TLR Toll-like receptor

TMA trimethylamine

TMAO trimethylamine-N-oxide

TNF-a tumor necrosis factor alpha

TT-SR T-tubule-sarcoplasmic reticulum
TXL Tongxinluo

ucP2 uncoupling protein 2

VASP Vasodilator Stimulated Phosphoprotein
Vegfa vascular endothelial growth factor A
VSMCs vascular smooth muscle cells

XST Xuesaitong

70-1 Zonula Occludens-1
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Categories

Therapeutic
schedule

anti-GA analge-sic colchicine

drugs(G)

febuxostat

TCM(H) Simiao decoction

Qu-Zhuo-Tong-Bi
Decoction

Modified Baihu
decoction

Inulin

Chicory

EMT(I) the fecal microbiota from

anserine-treated mice

Washed Microbiota
Transplantation

Lactobacillus brevis
DM9218

Probiotics(])

Lactobacillus
paracasei X11

Limosilactobacillus
fermentum JL-3 strain

Note: DAO, diamine oxidase; BUA, blood uric acid; IL-6, interleukin-6; ASC, apoptosis-associated speck-|

Male Kunming
mice with GA

AGA patients

Male C57BL/
6 mice with GA

C57BL/6 Mice
with GA

Male SD rats
with AGA

Uox-knockout
C57BL/6] mice

quails

diet-induced
hyperuricemic
mouse

patients with gout
HUA BALB/c
male mice
HUA Balb/c

mouse

HUA mice

XOD, xanthine oxidase; BUN, blood urea nitrogen; CRE, creatinine.

Alteration of gut microbiota

Firmicutes, Lactobacillus and
Alloprevotellaf; Bacteroidetes,
Bacteroides, Candidatus Saccharimonas,
Rikenella, Lachnoclostridium,
Lachnospiraceae spp and Clostridiales
sppls

Firmicutes, Fusobacteria, Firmicutes,
Lachnospiraceae Clostridium,
Fecalibacterium, Cytophaga, Dorea,
Roseburia, Ruminococcaceae
Clostridium, Clostridiaceae Clostridium,
Alistipes, Succinispira, Sporobacter,
Campylobacter, Lachnospira,
Robinsoniella, Lactonifactor,
Butyrivibrio, Rothia, Pseudomonas, and
PediococcusT; Actinobacteria, Millisia,
Leifsonia, Paracoccus, and Eggerthella ;

phylum Proteobacteria and genus
Helicobacter

butyrate-producing bacteria

Lachnospiraceae, Muribaculaceae,
Bifidobacteriaceae, Lactobacillaceae,
Erysipelotrichacea, Ruminococcaceae,
Prevotellaceae and Enterobacteriaceae;

Verrucomicrobia, Bacteroides,
Parasutterella and BifidobacteriumT;
Bacteroides, Akkermansia and
Ruminococcus;

Bifidobacterium, ErysipelotrichaceaeT;

Helicobacteraceae |;

Porphyromonas|; Lactobacillus and
Clostridium;

not test

Bacteroidetes| Proteobacteria,
Akkermansia and Verrrucomicrobia]

Lactobacillus, Faecalibaculum,
Muribaculaceae and FirmicutesT;
Bacteroidetes ;

Bacteroidetes[; Firmicutes and
Proteobacteria|

Targets and mechanisms

DAO, LPS and intestinal permeabilityT,
impairing intestinal barrier, inflammatory
pathway|;

restoration of gut dysbiosisT; BUA,

inflammatory pathway and oxidative stress|

Pain threshold and repairing intestinal
pathology], TNF-a, IL-6 and gut
inflammation|

Butyrate-producing bacteria, SCFAs and
restored the intestinal barrier;
inflammatory factors|

Restore the disturbance of the intestinal
flora, BUA, IL-1, NLRP3, ASC, and
Caspase-11;

Intestinal barrier function, and SCFAT;
BUA, LPS, inflamma-tory reaction|

LPS, TLR4/NF-kB inflammatory pathway
and BUA|

inflammation phenotypes, BUA,
NLRP3 inflammasome, and and TLR4/
MyD88/NF-xB signaling pathway |; uric
acid excretion]

DAO,LPS, NLRP 3 and pro-IL-1p;
intestinal barrier integrity, BUA and IL-
1p1; XODT

BUA, LPS, IL-1B,TNF-al; SCFAs and the
antioxidant activityT;

NLRP3,IL-1, MDA, CRE, BUN and BUA|

Shi et al.
(2020)

Lin et al.
(2020)

Lin etal.
(2020)

Wen
etal.
(2020)

Wang
etal.
(2022a)

Guo
etal.
(2021)

Bian
etal.
(2020)

Han
etal
(20212)

Xie et al.
(2022)

Anetal
(2014)

Caoetal.
(2022)

Wuet al.
(2021)

e protein containing CARD; Caspase-1: cysteinyl aspartate specific proteinase-1;
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Biochemical parametel

Control Cinnabar CAS CRG Cdl ccc
AST (U/L) 94.50 £ 19.07 11517 + 1624' 80.60 + 13.97 10650 £ 16.22 96.83 + 2624 94,67 + 1612
ALT (U/L) 3400 £ 9.01 39.00 £ 8.72 3240 £ 5.64 4167 £ 2.80° 3550 £ 550 3933 £ 809
7 ALP (U/L) 262.83 + 105.27 29317 £ 47.82° 25380 £ 7434 31417 £ 5639° 28317 £8002 | 267.17 £ 5455
TP (g/L) 61.58 + 11.94 7162 £ 6.74 63.56 + 1143 77.35 £ 7.78 6568 £ 1541 67.68 £ 1576
UREA (Imol/L) 12.88 £ 3.70 10.87 £ 0.86 10.74 £ 1.67 12,05 + 2.05 1047 £ 251" 10.58 + 1.61
CREA (Imol/L) 20,00 + 4.86 1817 £ 343 17.00 £ 2.83* 2083 £ 5.04 1817 + 624" 1783 = 306"
TG (mmol/L) 0.64 £ 0.21 072 022 0.62 + 0.30 0.62 +0.20 052 £0.11 0.45 + 0.13
CHO (mmol/L) 163 £ 0.46 155034 150 £ 034 162 £ 0.15 130 £ 059" 123033
GLU (mmol/L) 1279 £ 244 14.17 £ 147 1397z220 1579 £ 1.57* 13.05 + 3.44 13.64 = 2.06

*p < 0.05 compared to the control.
b < 0,05 compared to cinnabar.
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Endogenous

metabolites

CAS VS
Cinnabar

CRG VS C

Vs ECCWVS

Cinnabar Cinnabar Cinnabar

citrate 272 (d), 2.56 (d) 1 1 1 T
TMAO 326 (s) T T 1 1 1
succinate 242 () & J 1 v 2 T
2-0G 301 (1), 245 (1) L 1 i§ T T
‘hippurate 7.73 (d), 7.64 (1), { 4 T ¥

755 (1)

397 (d)
formate 847 () 1 1 i i i
taurine 343 (1), 3.26 (1) T 1 ) 1 i
creatine 3.94 (), 3.04 (5) T 1 1 1 1
creatinine 405 (5), 3.05 (5) ) 1 T 1 3
phenylalanine 7.37 (m), 7.42 (m) T 1 1 v 1 1
lactate 4.11 (q), 1.33 (d) i 1 1 { 1
glycine 355 () T 1 1 [ 1 i
3-HB 123 (d) T T 1 » 1 )
alanine 148 (d) T T 1 [ 1 1
acetate 192 (s) T 1 ) 1 i

The levels of potential biomarkers are labeled with (]) indicating a decrease and (1) indicating an increase.
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Endogenous Chemical Cinnabar VS CAS VS CRG VS CGU Vs EEE VS

metabolites shifts Control Cinnabar Cinnabar Cinnabar Cinnabar
creatinine 405 (s), 3.05 (s) T T T 1 1
I reatine 394 (9,304 ) T 1 1 ! !
valine 098 (d), 102 (d) T T 1 1 1
anine @ T I 1 L ' 1
™AO s T 1 ! | ! !
pyruvate 238 (s) | 1 1 | T T 1
choline 3.18 (s) | 1 T T T [ T
acate OB @ I ! L ' ' 1
leucine + isoleucine 0.96-1.0 (m) 1 1 1 L [ 1

The levels of potential biomarkers are labeled with (]) indicating a decrease and (1) an increase.
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Activities

Treatment method

Grouping

Mode of action

agents situation
Solanum Rutin Male albino Incorporated into the feed, Control Reversed T-2 toxin-induced lipid
Iycopersicum rats((180-200 g, 12 weeks | 28 days peroxidation in liver homogenate
(tomatoes) of age) 0.1 mg/kg bw T-2 Wu et al. (2017)
toxin/d
0.1 mg/kg bw T-2
toxin +50 mg/kg
rutin/d
2013Lycopene Male broiler chicks Incorporated into the feed, 7 days | Control Protected against reproductive,
(7-28 days of age) inflammatory, hormonal, and
1.5 mg/kg bw T-2 oxidative damage induced by OTA
toxin/d and AFBI in mice, also inhibited T-2
toxin induced oxidative stress
25 mg/kg bw Palabiyik et al. (2013); Wu et al.
Iycopene/d (2017), Hedayati et al. (2019)
1.5 mg/kg bw T-2
toxin +25 mg/kg bw
Iycopene/d
Male Sprague-Dawley rats | Gavaged, 14 days Control
(<200 g)
0.5 mg/kg bw OTA
toxin/d
5 mg/kg bw
Iycopene/d
0.5 mg/kg bw OTA
toxin +5 mg/kg bw
Iycopene/d
Adult male Wistar-Albino | Lycopene gavaged, AFBI toxin | Control
rats (180-220 g, 12 weeks | intraperitoneally injected, 15 days
of age) 25 mg/kg bw
AFBI toxin/d
10 mg/kg bw
Iycopene/d
25 mg/kg bw
AFBI toxin
+10 mg/kg bw
Iycopene/d
Cyanidin 3-O-beta- | In vitro fibroblasts 48h,72h OTAat25and 50 uM | Protected against OTA-induced
D-glucoside(C3G)  oxidative stress Do et al. (2015)
OTA at25 and 50 uM
+C3G at 0.125 and
0250 mM
Thymus vulgaris | Thyme oil Egyptian male sheep Incorporated into the feed, Control Mitigated the liver toxicity caused by
(Thyme) 2 weeks normal treatment AFB and restore the overall
+4 weeks differentiated treatment | 10 mg/kg AFB performance of the
toxin/d sheep. Abdel-Fattah et al. (2015)
250/500 mg thyme
ail/d
10 mg/kg AFB +250/
500 mg thyme oil/d
Curcuma amada | Ginger Male Wistar rats Orally treated with GE daily, with | 100 mg/kg GE/d + | Inhibited AFBI, STE and PAT
(Ginger) the administration of 200 pg/kg AFBI/2d | toxicity Vipin et al. (2017)
AFBI alternative day for 28 days
250 mg/kg GE/d +
200 pg/kg AFB1/2d
6-Gingerol HepG2 cells In vitro Treated with 6-gingerol (10 uM) | 6-gingerol at 10 uM | Reduced PAT induced DNA damage
for 1 h then exposed to different © in HepG2 Yang et al. (2011)
concentrations of PAT 6-gingerol at 10 uM +
PAT at 15 uM
6-gingerol at 10 M +
PAT at 30 uM
6-gingerol at 10 uM +
PAT at 60 uM
Syzygium Clove In vitro Added to the growth media of | concentration at Inhibit the growth of toxin-
aromaticum Aspergillus flavus and Aspergillus | 0.1%, 0.2% and 0.5% | producing Aspergillus flavus and
(Clove) parasiticus separately Aspergillus parasiticus Hussain
(2012)
Quercetin In vitro Added to a reaction system DMSO control Prevented AFBI carcinogenesis
containing 0.1 M Tris-HCI, 3 | Bhattacharya and Firozi (1988)
43 uM AFB1, 5 mM Mg2+, 1% (v/v) quercetin
0.65 mM NADPH, then add
1 mg of microsomal protein
Curcuma longa L. | Curcumin Male Fisher-344 rats Curcumin incorporated into the | Control Hepatoprotective effects against

(Turmeric)

Broiler
chickens(1-21 days post-
hatch)

feed, AFBI gavaged

Incorporated into the feed,
3 weeks

20 pg AFBI/d

20 ug AFBI/ +
0.05% (w/w)

curcumin/d (for last
3 weeks)

0.05% (w/w)
curcumin/d

Control

444 mg/kg

curcumin/d
1 mg/kg AFBI/d

74 mg/kg curcumin
+1 mg/kg AFBI/d

222 mg/kg curcumin
+1 mg/kg AFB1/d

444 mg/kg curcumin
+1 mg/kg AFB1/d

| AFBI toxicity Nayak and Sashidhar

(2010)

Alleviate oxidative stress caused by
AFB1 Nayak and Sashidhar (2010),
Limaye et al. (2018)

EGCG added to cells treated

Camellia sinensis L. | Epigallocatechin-3- | HT-29 cells In vitro 5-20 M EGCG Inhibited the toxic effects and
(green tea) anda | gallate (EGCG) with DON +250-1000 ng/ inflammatory responses induced by
variety of plants mL DON DON Kalaiselvi et al. (2013)
Acacia trees Gum Arabic(GA) | Male Wistar rats GA dissolved in water, Control Reverse the induced inflammation,

AFBI dissolved in saline solution,
28 days

7.5 glkg bw GA/d

200 pg/kg bw AFB1/d

75 g/kg bw GA +
200 pg/kg bw AFBI/d

oxidative damage, and apoptosis in
AF-exposed rats Ahmed et al. (2022)
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Group Control RJ! u

Acetic acid (ug/g)  1090.46 + 14496° | 1260.95 % 138.50°

Butyric acid (ug/g) | 45.63 £ 1955 | 68.95 + 22,93
Isovaleric acid (ng/g) 15.10 319" 2265 + 1.82*

Valeric acid (ug/g) | 1567 + 4.12° 2944 £ 412

CuSO,4

1269.04 +
107.99°

66.12 % 11.03" ‘
16.88 + 296"

23.95 £ 549"

Propionic acid (ug/g) | 148.77 £ 1541° | 269.18 * 4638"

Isobutyricacid (ng/g) | 29.10 £ 6.62° 3785 £ 513

Note: a, b letters indicate a significant difference (p < 0.05).

250,99 2033

32.86 + 333" ‘
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alanine aminotransferase

ApoB48  apolipoprotein B48

AST aspartate aminotransferase
BA bile acid
BCA bicinchoninic acid

CD36 cluster of differentiation 36
CPT-la  carnitine palmitoyltransferase-1e
DZF Dai-Zong-Fang

FASN fatty acid synthase

FATP2 fatty acid transport protein 2
FBG fasting blood glucose

FXR farnesoid X receptor

HDL-C high-density lipoprotein cholesterol

ILC3 intestinal group 3 innate lymphoid cells
ITT insulin tolerance test
LDA linear discriminant analysis

LDL-C  low-density lipoprotein cholesterol
LEfSe LDA Effect Size

LPS lipopolysaccharide

MetS metabolic syndrome

NAFLD  non-alcoholic fatty liver disease
OTUs Operational Taxonomic Units

PICRUSt  Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States

SCD1 stearoyl-CoA desaturase 1

SCFA short-chain fatty acid

IC total cholesterol
TCM Traditional Chinese Medicine
G Triglyceride

70-1 Zonula Occludens-1
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mzmed RT(s) Adduct Peak
area
(2R,35,45,5R,65)-2-(hydroxymethyl)-6-[4-(hydroxymethyl)-1-propan-2-ylcyclohex-3-en-1-yl] H,O;, 3771821005 136447 (M +FAJ- 1070706567
oxyoxane-34,5-triol
((3aR,4S,6E,10Z,11aR)-10-(hydroxymethyl)-6-methyl- 3-methylidene-2-ox0-3a,4,5,89,1 1a- CuHyOy | 419709698 101635  [M-HJ- 1754856049
hexahydrocyclodecalbfuran-4-yl] (Z)-4-acetyloxy-2-(hydroxymethylbut-2-enoate
[(9R,10R)-10-acetyloxy-8,8-dimethyl-2-0x0-9,10-dihydropyrano(2,3-flchromen-9-yl] 2- CyH0; 3871445594 211524 [M-H]- [ 394365745.6
methylbutanoate
8-Geranyloxypsoralen CuH»O, | 337.1438079 59071  [M-HJ- 2200464433
Adenine C5HiNs 1340470878 | 290082 [M-HJ- 6503245467
Arylbenzofuran flavonoid base + 30, 1MeO, 1Prenyl CaHyOs5 | 3391227214 461059  [M-HJ- 227580465.5
Baicalein CisHigOs | 2690453506 242352 [M-HJ- 63461757.69
Confertifoline [ CisH»0, | 2331541122 543354 [M-HJ- 9532757.167
Daidzein CisHiO; | 2530503813 183739 [M-H]- 5814977953
Demethoxycurcumin | CyHisO5 | 3371077325 403169 [M-HJ- 1682021945
Benzaldehyde CHO 1070489833 524789 [M + HJ+ | 1427319656
Biochanin A [ CigHipOs | 2851690661 611399 | [M + Hl+ | 1518437.506
Citric acid CoH,O; 2150160204 326875 [M+ Nal+ | 1468687135
Codeine CisHyNO; | 3001590339 144321 M+ HJ+ | 17457057.14
Dehydroevodiamine CiHisN;O | 3021283775 450671  [M+HJ+ | 37546366.02
Derricidin | CaoHa00s3 309.1460561 = 421.7585 (M + HJ+ | 18883073.18
Epimedokoreanin B CaHyOp | 4231807168 361043 M+ HJ+ | 143404267
NICOTINAMIDE | CHN,O | 1230551277 346752 [M+HJ+ | 4562582671
OBLIQUIN [ CuH0, | 2450809735 201937 [M+HJ+ | 1310152082
Phthalic anhydride CsH,05 1490235937 366293 M+ HJ+ | 2965704824
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N Conditions

Column temperature requirement 100°C (5 min)-5'C/min-150°C (0 min)-30°C/min-240°C (30 min)
Flow rate requirements 1 mL/min
Shunt ratio 75:1
Carrier gas Helium
' Chromatographic column TG WAX 30 m x 025 mm x 025 um
Injector 240C
Mass spectrometry EI source, bombardment voltage 706V
Single ion scan mode Quantitative ion 63, 70
Ion source temperature 200C

Connection line temperature 250C
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Times (min) Flow rate (uL/min)

Mobile phase A (%)

Mobile phase B (%)

4 500 8 15
1 ‘ 500 2 7
12 ‘ 500 2 98
14 ‘ 500 2 98
14.1 500 8 15
16 ‘ 500 s 15

I R —
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Inportunce

Inportance
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control cinnabar AS cinnabartGU

cinnabar
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Name Sequence(5'-3',

Tjpl Forward GAGCGGGCTACCTTACTGAAC
Reverse GTCATCTCTTTCCGAGGCATTAG
Ocln Forward TTGAAAGTCCACCTCCTTACAGA
Reverse CCGGATAAAAAGAGTACGCTGG
i Apob Forward AAGCACCTCCGAAAGTACGTG
Reverse CTCCAGCTCTACCTTACAGTTGA
Cd36 Forward ATGGGCTGTGATCGGAACTG
Reverse GTCTTCCCAATAAGCATGTCTCC
Fasn Forward GGAGGTGGTGATAGCCGGTAT
Reverse TGGGTAATCCATAGAGCCCAG
Scdl Forward | TTCTTGCGATACACTCTGGTGC
Reverse CGGGATTGAATGTTCTTGTCGT
Cptla Forward CTCCGCCTGAGCCATGAAG
Reverse CACCAGTGATGATGCCATTCT
Sle27a2 Forward GATGCCGTGTCCGTCTTTTAC
Reverse GACTTCAGACCTCCACGACTC
Actb Forward CGTTGACATCCGTAAAGACC
Reverse AACAGTCCGCCTAGAAGCAC






