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Gegen Qinlian Decoction (GQD) is a Chinese herbal medicine that has been reported to significantly decrease blood glucose levels, which is suggested to be related to interactions with the gut microbiota. However, the protective effect of GQD on intestinal barrier function with regard to its influence on the gut microbiota has not been explored to date. In this study, we investigated the role of the gut microbiota in mediating the hypoglycemic mechanism of GQD in type 2 diabetes mellitus (T2DM) rats induced by a single intraperitoneal injection of streptozotocin after 4 weeks of high-fat diet feeding. The T2DM rats were randomly allocated to receive GQD, metformin (Met), or saline for 12 consecutive weeks, and changes in metabolic parameters, intestinal barrier function, and inflammation were investigated. Gut microbiota was analyzed using 16S rRNA gene sequencing from fecal samples, and statistical analyses were performed to correlate microbiota composition with phenotypes of the T2DM rats. GQD administration decreased the levels of blood glucose and inflammatory cytokines, and increased the levels of tight junction proteins. Besides, GQD had a protective effect on islet function, restoring intestinal permeability, and inhibiting inflammation, as evidenced by increases in the levels of serum C-peptide, occludin, and claudin-1 in the colon, and also improved the expression of serum inflammatory factors. In addition, GQD regulated the structure of the gut microbiota by increasing the proportions of short-chain fatty acids-producing and anti-inflammatory bacteria, and decreasing the proportions of conditioned pathogenic bacteria associated with the diabetic phenotype. Overall, these findings suggest that GQD could ameliorate hyperglycemia and protect islet function by regulating the structure of the gut microbiota, thereby restoring intestinal permeability and inhibiting inflammation in T2DM rats. Our study thus suggests that the hypoglycemic mechanism of GQD is mediated by its modulation of the gut microbiota.




Keywords: gut microbiota, type 2 diabetes mellitus, Chinese herbal medicine, intestinal barrier function, inflammation



1 Introduction

Gegen Qinlian Decoction (GQD), a classical prescription of traditional Chinese medicine, was first recorded in the book “Treatise on Febrile Diseases” in the Eastern Han Dynasty. The GQD consists four Chinese herbs, namely Radix Puerariae, Radix Scutellariae, Rhizoma Coptidis, and Radix Glycyrrhizae. GQD has been widely used to treat gastrointestinal diseases such as enteritis and bacillary dysentery, demonstrating its treatment principle of relieving the exterior pathogen and clearing the interior heat in TCM theory. Moreover, GQD has been reported to show a potent hypoglycemic effect, and has thus also been used in the clinical treatment of patients with diabetes (Zha et al., 2015; Cao et al., 2021; China Diabetes Society, 2021). These effects have been shown to be achieved by various mechanisms, including ameliorating the insulin signaling pathway, improving circulation, inhibiting inflammation, and regulating metabolomics and immunity (Shan et al., 2017; Zhang et al., 2017; Du et al., 2018; Yuan et al., 2018; Zhou et al., 2018).

The critical role of the gut microbiota in metabolic diseases has been increasingly recognized in recent years (Boulangé et al., 2016; Wu et al., 2017). Gut microbiota mediate the physiological processes involved in the biotransformation and synthesis of biologically active small molecules, and form a dynamic balance between the human body and the environment (Sonnenburg and Bäckhed, 2016; Singh et al., 2017). However, risk factors for metabolic disorders such as lack of exercise and irregular eating habits result in dysfunction of the gut microbiota and turbulence of the internal environment with consequent destruction of the integrity of the intestinal barrier, allowing for the proliferation of opportunistic pathogens and pathogenic bacteria (Forslund et al., 2015). These effects induce chronic inflammatory reactions that disrupt metabolic balance (Cani et al., 2008; Cani and Delzenne, 2009). Indeed, some hypoglycemic drugs have been shown to function by interfering with the structure of the gut microbiota, such as metformin (Met) and acarbose (Gu et al., 2017; Wu et al., 2017).

Similar to these typical drugs, we previously found that GQD could decrease blood glucose levels by enriching the amounts of beneficial bacteria, and changes in the gut microbiota structure were associated with the anti-diabetes effects of GQD (Xu et al., 2015). In addition, berberine, one of the main active components of GQD, was found to modulate the gut microbiota by enriching the short-chain fatty acids (SCFAs)-producing bacteria and reducing the microbial diversity, which contributed to its beneficial effects on host metabolism (Zhang et al., 2015). However, no study has explored the influence of the gut microbiota with respect to the protective effect of GQD on intestinal barrier function, which may provide insight into the mechanism of GQD in alleviating type 2 diabetes mellitus (T2DM) from another perspective.

Therefore, the aim of the present study was to investigate the influence of GQD on the gut microbiota, intestinal barrier function, and inflammation in the common diabetic model induced with injection of streptozotocin (STZ, a toxic glucose analogue which can destroy the beta cells) (Lenzen, 2008) after 4 weeks of high-fat diet (HFD) feeding (Gheibi et al., 2017). We used 16S rRNA sequencing from fecal samples to analyze the gut microbiota of T2DM rats, and conducted correlation analysis between aspects of the diabetic phenotype and gut microbiota toward further elucidating the possible mechanism of islet function protection by GQD.



2 Materials and Methods


2.1 GQD Preparation

GQD consists of four herbs, including Radix Puerariae, Radix Scutellariae, Rhizoma Coptidis, and Radix Glycyrrhizae, which was produced at the Department of Pharmacy of Guang’anmen Hospital (Beijing, China). The raw herbs were provided from Sichuan New Green Pharmaceutical Technology Co. LTD., and the phytochemical profiles of the GQD were confirmed with high-performance liquid chromatography as described previously (Xu et al., 2015). For preparation of GQD, the herbs were first soaked in 10 times of the materials weight of water for 1 hour and then boiled two times, 1.5 h for the first time and 1 h for the second time. After filtration, the decoction was concentrated, and then packaged and stored at 4°C for further use.



2.2 Animals and Experimental Design

The experiment was approved by the Local Ethics Committee for Animal Research Studies at Guang’anmen Hospital. All methods were performed in accordance with relevant guidelines and regulations. Adult male Wistar rats (Beijing Vital River Laboratory Animal Technology Co., Ltd.), weighing 190–210 g, were kept in a specific pathogen-free laboratory with free access to water throughout the experiment. The rats were housed in a restricted-access room with controlled temperature (22–25°C) and light/dark (12 h/12 h) cycle. DM was induced in 18 rats by a single intraperitoneal injection of 30 mg/kg STZ (S0130, Sigma-Aldrich Co. LLC, MO, USA) after high fat diet (HFD) feeding (D12492; Research Diets, Inc., NJ, USA) for 4 weeks, which resulted in a random blood glucose level ≥11.1 mmoL/L 72 h after the injection. These T2DM rats were then randomly subdivided into the following three groups (n = 6 per group): DM group, GQD group, and Met group. Another six Wistar rats of similar age and body weight were used as the normal control group (NC). The rats were administered 25 g/kg GQD [based on previous study and relevant pharmacological data (Wei et al., 2010; Xu et al., 2015)], 250 mg/kg Met (Sino-American Shanghai Squibb Pharmaceuticals Ltd., Shanghai, China), or distilled water in the volume equivalent to GQD (DM and NC groups) once daily by gavage, which passed though the esophagus and directly reached the stomach lumen, for 12 weeks. At the end of the experiment, the rats were fasted overnight and anesthetized with 10% chloral hydrate (3.5 mL/kg, intraperitoneal injection; 30037516, Sinopharm Chemical Reagent Co., Ltd., Beijing, China), and then subjected to glycometabolism examinations, evaluation of intestinal barrier function, and expression of serum inflammatory factors. The timepoints of interventions and examinations were shown in Figure 1A.




Figure 1 | Intervention of GQD decreased blood glucose, and improved oral glucose tolerance and insulin resistance status. (A) Flow diagram of the experimental design. (B) Blood glucose levels over the 12-week experiment. (C) HbA1c levels determined after treatment for 12 weeks. (D) HOMA-IR index was calculated using the following formula: HOMA-IR= FINS × FPG/22.5. (E) Oral glucose tolerance test. (F) AUC calculated from the glucose concentrations versus time for the period of 0-120 min after glucose load by the trapezoidal rule. (G) Serum C-peptide levels determined after treatment for 12 weeks. Values are expressed as means ± SE. Differences were assessed by ANOVA: **p < 0.01, *p < 0.05. HbA1c, glycosylated hemoglobin; HOMA-IR, homeostasis model assessment for insulin resistance; FINS, fasting insulin; FPG, fasting plasma glucose; NC, normal control; DM, diabetes mellitus; GQD, Gegen Qinlian Decoction; Met, metformin.





2.3 Glycometabolism Examinations

The blood glucose levels of the rats were monitored every 2 weeks after initiating the experiment. One drop of blood was obtained from the tail vein, and blood glucose was measured by a OneTouch glucometer (Roche Ltd., Basel, Switzerland). For glycosylated hemoglobin (HbA1c), C-peptide, and insulin measurements, blood was obtained from the abdominal aorta at the end of the experiment, and serum was separated for C-peptide and insulin measurements. HbA1c kit was purchased from Roche Ltd (Tina-quant Hemoglobin A1c Gen.2, Basel, Switzerland). C-peptide kit and insulin kit were purchased from Elabscience Biotechnology Co., Ltd (E-EL-R0032c; E-EL-R2466c, Wuhan, China). HbA1c was measured by immunoturbidimetry (AU480, Japan). Serum C-peptide and insulin were measured by enzyme-linked immunosorbent assay (ELISA; Multiskan MK3, Thermo, USA). All the examinations were conducted according to the manufacturer’s instructions. The oral glucose tolerance test (OGTT) was performed 2–3 days before sacrifice. After 12 h of fasting, the glucose solution (2 g/kg) was administered by oral gavage. Blood glucose levels at time 0 (fasting glucose, taken before glucose gavage) and at 30, 60, 90, and 120 min after glucose gavage were analyzed using the OneTouch glucometer (Roche). The glucose level was then plotted against time, and areas under the glucose curve (AUC) of the glucose concentration versus time for the period of 0-120 min after glucose infusion were calculated by the trapezoidal rule. Homeostasis model assessment for insulin resistance (HOMA-IR) = [Insulin (μmol/l) × Glucose (mmol/l)/22.5] and homeostasis model assessment for β-cell function (HOMA-β) = [20 × Insulin (μmol/l)]/[Glucose (mmol/l) - 3.5] were calculated as described previously (Matthews et al., 1985).



2.4 Intestinal Barrier Function

The jejunum, ileum, and colon were harvested after sacrifice and frozen at −80°C. Total RNA was isolated from the rat intestinal tissues with TRIzol reagent (15596026, Invitrogen, Carlsbad, CA, USA) and subjected to quantitative polymerase chain reaction (qPCR) with SYBR FAST qPCR Kit Master Mix (2×) Universal (KAPA Biosystems, USA). The thermal cycling conditions were as follows: 95°C for 10 min, 45 cycles at 95°C for 10 s and 59°C for 60 s, followed by 95°C for 15 s, 72°C for 15 s, and 95°C for 15 s. The mRNA expression levels of zonula occludens-1 (ZO-1), occludin, and claudin-1 were quantitatively analyzed and normalized to Gapdh levels. The forward and reverse primer sequences were as follows: ZO-1 forward 5′-GAGCAAGCCTCCTGCACATA-3′, reverse 5′- TCAGTTTCGGGTTTCCCCTT-3′; occludin forward 5′-CAACGGCAAAGTGAATGGCA-3′, reverse 5′-CTTTCCCCTTCGTGGGAGTC-3′; claudin-1 forward 5′-TGGGGACAACATCGTGACTG-3′, reverse 5′-CCCCAGCAGGATGCCAATTA-3′; Gapdh forward 5′-TGTGAACGGATTTGGCCGTA-3′, reverse 5′-GATGGTGATGGGTTTCCCGT-3′.



2.5 Serum Cytokine/Protein Levels

For serum cytokine and protein measurements, blood was obtained from the abdominal aorta at the end of the experiment, and serum was separated. C-reactive protein (CRP) kit and adiponectin kit were purchased from Elabscience Biotechnology Co., Ltd (E-CL-R0021c, Wuhan, China). Interleukin-1β (IL) -1β kit, tumor necrosis factor-α (TNF)-α kit and monocyte chemoattractant protein-1 (MCP-1) kit were purchased from Neobioscience Biotechnology Co., Ltd (ERC007; ERC102a; ERC113, Shenzhen, China), and the endotoxins were obtained from BG Biotechnology Co., Ltd (Shanghai, China). The CRP, IL-1β, TNF-α, MCP-1, endotoxins, and adiponectin were measured by ELISA (Multiskan MK3, Thermo, USA). All the test followed the manufacturer’s instructions.



2.6 16S rRNA Gene Analysis

Stool samples from each rat were collected before and after the intervention. The 16S rRNA metagenomic sequencing libraries were prepared according to the manufacturer’s instructions (Illumina). The data was randomly subsampled to 10000 reads. The gene-specific sequences used in our study targeted the 16S V3 and V4 regions. Each 16S library was sequenced in a separate 250-bp, paired-end run on the Illumina Hiseq 2500 platform. Sequence analysis was performed using HiSeq SBS Kit V4 following the detailed methods described in our previous study (Falony et al., 2016). Fast Length Adjustment of Short reads (FLASH) was used to merge paired-end reads from next-generation sequencing (Magoč and Salzberg, 2011). Low-quality reads were filtered by fastq_quality_filter in FASTX Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Chimeras were removed using the USEARCH program’s UCHIME command and the ‘GOLD’ database. We only chose the genera with average abundance more than 1% into analysis. The taxonomical classification of reads was determined using the RDP classifier to generate composition matrices at the genus to phylum levels (Wang et al., 2007). A bootstrap value > 0.8 was considered as high-confidence taxonomy assignment, while low-confidence sequences were labeled as unclassified assignment. All the 16 rRNA gene sequencing data were deposited in the Genome Sequence Archive database (see “Data Availability” part).



2.7 Statistical Analysis

Data are presented as mean ± standard errors of the mean. One-way analysis of variance (ANOVA) or Wilcoxon rank-sum test was used for comparisons among groups in SPSS19 software (SPSS Inc., Chicago, IL, USA). Alpha and beta diversities were analyzed. The number of genera and Shannon index were calculated to identify community richness and diversity. For beta diversity, principal coordinates analysis (PCoA) was applied to examine dissimilarities in community composition and microbiota abundances. In addition, linear discriminant analysis of effect size (LEfSe) (Segata et al., 2011) was performed to calculate taxon abundance and to determine the differences among groups (linear discriminant analysis score > 2 and P < 0.05 were considered significant). The correlation between diabetic phenotype and gut microbiota composition was assessed using Pearson correlation coefficients. P < 0.05 was considered statistically significant.




3 Results


3.1 GQD Improves Metabolic Disorder and Inflammation


3.1.1 Metabolic Parameters

There were no significant differences in baseline variables among the four groups of rats prior to the intervention. After 12 weeks of treatment, both Gegen Qinlian Decoction (GQD) and metformin improved blood glucose, HbA1c, and HOMA-IR levels. However, only GQD significantly decreased fasting plasma glucose at 8 and 10 weeks, and HbA1c at 12 weeks (Figures 1B, C, P < 0.01, P < 0.05), although no significant difference was observed between the GQD and Met groups based on the ANOVA results. There were no significant differences among treatment groups and DM groups (Figure 1D). Compared with the DM group, both GQD and Met improved the glucose level and AUC of the OGTT, with no significant differences between the two treatment groups, except for a significant decrease in the fasting plasma glucose level at 120 min in the GQD group (Figures 1E, F, P < 0.01). GQD also resulted in a slight increase of C-peptide level compared with the DM and Met groups, although the differences were not statistically significant according to ANOVA (Figure 1G).



3.1.2 Intestinal Barrier Function

Zonula occludens-1 (ZO-1), occludin, and claudin-1 are important integral membrane proteins which participate in tight junctions structural integrity to form the intestinal mucosal barrier (Furuse et al., 1994; Chen et al., 2020). The mRNA levels of ZO-1, occludin, and claudin-1 expressed in the intestine decreased in the DM group, indicating that diabetes induction with STZ destroyed the intestinal barrier function. After 12 weeks of treatment, both GQD and Met slightly elevated the expression levels of ZO-1 in the whole intestine (Figure 2A) and significantly increased the expression level claudin-1 in the colon (Figure 2C, P < 0.01). Compared with the DM and Met groups, GQD significantly increased the occludin expression level in the colon (Figure 2B, P < 0.05). These results indicated that GQD has superior effects at alleviating the DM-disrupted intestinal barrier function than Met.




Figure 2 | GQD alleviated the intestinal barrier function of T2DM rats. Expression levels of (A) ZO-1, (B) occludin, and (C) claudin-1 in the jejunum, ileum, and colon after treatment for 12 weeks. Values are expressed as means ± SE. Differences were assessed by ANOVA: **p < 0.01, *p < 0.05. ZO-1: zonula occludens-1. The fold over control means the fold change differences relative to DM based on 2(-delta delta CT) score.





3.1.3 Inflammation

GQD treatment reduced the elevated expression levels of CRP, IL-1β, TNF-α, MCP-1, and endotoxins of T2DM rats (Figures 3A–E). These parameters were also ameliorated by Met treatment, except for IL-1β and TNF-α levels (Figures 3B, C). However, only GQD significantly decreased both CRP and endotoxins (Figures 3A, E, P < 0.01, P < 0.05). We also found that metformin decreased the expression of endotoxins (Figure 3E, P < 0.05). GQD also showed improved alleviation of inflammation compared with the DM and Met groups. Compared with the NC group, DM, GQD, and Met all showed decreased level of adiponectin, however, both GQD and Met minorly improved the adiponectin level with no significant differences between the two treatment groups (Figure 3F).




Figure 3 | GQD inhibited inflammation of T2DM rats by regulating the levels of serum inflammatory factors. The serum levels of (A) CRP, (B) IL-1β, (C) TNF-α, (D) MCP-1, (E) endotoxins, and (F) adiponectin after treatment for 12 weeks. Values are expressed as means ± SE. Differences were assessed by ANOVA: **p < 0.01, *p < 0.05. CRP, C-reactive protein; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α; MCP-1, monocyte chemoattractant protein-1.






3.2 GQD Alters the Gut Microbiota Structure

The median coverage was 217680.5 reads in NC (range 108074-288659), 182302.5 reads of DM (range 43516-334672), 170758.5 reads of GQD (range 72308-213682), and 217035.5 reads of Met (range 104794-285379). Analysis of the diversity of the gut microbiota community based on 16S rRNA sequencing of the V3 and V4 regions at 0 and 12 weeks showed that both GQD and Met decreased the number of genera, although no significant difference was obtained (Figure S1A in the supplemental material). However, both GQD and Met significantly increased the Shannon index (P < 0.01), indicating that the diversity of the gut microbiota increased after treatment (Figure S1B in the supplemental material). PCoA of the microbiota composition showed that the four groups were clustered together before treatment and were clearly separated after 12 weeks of treatment. Thus, both GQD and Met changed the gut microbiota structure of T2DM rats (Figure 4).




Figure 4 | Comparison of the gut microbiota structure among different groups. Bray-Curtis distance PCoA of the rat fecal microbiota before and after different treatments.



To further investigate specific differences in the microbiota among groups, we used LEfSe to identify the altered bacterial phenotypes. The cladogram in Figure 5 shows the dominant bacteria identified in each group. A total of 187 bacteria changed significantly among the GQD, Met, and DM groups, with a linear discriminant analysis score (log 10) > 3 (Figure S2). Constitutions of gut bacterial showed apparent variation at genus level among groups. After 12 weeks of treatment, the main differential microbial lineages of the T2DM model rats included increased abundances of Peptostreptococaceae, Romboutsia, Ruminococcus, and ClostridiumIV, and decreased abundances of Faecalibacterium, unclassified_Lachnospiraceae, Ruminococcus2, Roseburia, and Gemmiger. The abundance of unclassified_Christensenellaceae increased in all groups except for the NC group, and the abundances of Blautia and Romboutsia increased in all groups except for the DM group.




Figure 5 | Taxonomic differences of gut microbiota among different groups. Taxonomic cladogram obtained by LEfSe before and after treatments. Differences are represented by the color of the most abundant class. The diameter of each circle is proportional to the taxon’s abundance.



The changes in the composition of functional microbiota also clearly differed among groups after treatment (Figure S2). Compared with the NC, the DM grouped showed a decreased level of beneficial bacteria such as Lactobacillales (including Lactobacillaceae and Lactobacillus) and bacilli. At the same time, opportunistic pathogens such as ClostridumXI and ClostridiumXIV were enriched in the DM group, reflecting a state of gut microbiota dysbiosis. Compared with the DM group, the levels of beneficial bacteria such as Flavonifractor and Acetatifactor increased, whereas those of opportunistic pathogens such as Butyricimonas, Anaerofustis, Butyricicoccus, and Gammaproteobacteria decreased in the GQD group. Similarly, in the Met treatment group, Oscillibacter, Flavonifractor, Alphaproteobacteria, and Anaerotruncus increased, while the abundances of Sutterellaceae, Parasutterella, Terrisporobacter, and Coprococcus decreased compared with those of the DM group. Comparison of the key altered bacterial phenotypes that responded to GQD and Met showed that ClostridiumXI, Anaerostipes, and Gammaproteobacteria were enriched by Met. In addition, Flavonifractor increased in both the GQD and Met groups, indicating a common bacterial phenotype, which might be related to their mechanism of action in alleviating diabetes rather than simply a direct effect of the drug.



3.3 Correlation of Gut Microbiota With Biochemical Parameters

To identify key phylotypes correlated with the therapeutic efficacy of GQD and Met, correlation heatmap analysis was performed between the identified genera of the gut microbiota and T2DM-related biochemical parameters (insulin, adiponectin, CRP, IL-6, occludin, and claudin-1 in the ileum). As shown in Figure 6, unclassified Planctomycetaceae was positively correlated with insulin, while unclassified Bdellovibrionaceae was positively associated with adiponectin. Moreover, Clostridium XI was positively correlated with the inflammation marker CRP, while Odoribacter and unclassified Porphyromonadaceae were positively associated with intestinal barrier function markers (occludin and claudin-1 in the ileum). Thus, the change in gut microbiota dysbiosis may be associated with biochemical parameters.




Figure 6 | Correlation analysis between the gut microbiota and T2DM-related phenotype in rats. Heatmap of correlation between the alterations in the gut microbial population and changes in host parameters related to insulin, inflammatory factors, and intestinal barrier function. Pearson correlation values were used for generation of the matrix.






4 Discussion

Our previous study demonstrated that GQD could decrease the blood glucose level and enrich the amounts of beneficial bacteria, and these structural changes of gut microbiota were associated with the anti-diabetes effects of GQD (Xu et al., 2015). Consistently, in the present study, GQD lowered the blood glucose level in T2DM model rats, and improved the status of insulin resistance. We further confirmed that GQD has a stronger hypoglycemic effect than Met, and increased the levels of C-peptide, demonstrating a protective role in islet function.

Intestinal barrier function and the expression of tight junction protein both significantly decrease in a condition of metabolic disturbance (Cani et al., 2009). Oliveira et al. (2019) found that exposure to the small intestine luminal content isolated from HFD-fed mice induced a more significant decrease in transepithelial electrical resistance, accompanied by a significant decrease in the levels of the tight junction proteins claudins, occludin, and ZO-1. In addition, Genser et al. (2018) found tight junction impairments in the jejunal epithelium of obese patients. Serum levels of zonulin and lipopolysaccharide (LPS)-binding protein, two markers of intestinal barrier alterations, were also increased in the obese patients. Our present results showed decreased levels or decreased tendency of ZO-1, occludin, and claudin-1 in the DM group, indicative of disruption of the tight junction barrier under diabetes. Although both GQD and Met increased the levels of these tight junction proteins, GQD showed better potential at restoring intestinal permeability owing to the greater increases in occludin and claudin-1 levels in the colon.

This loss of control of intestinal permeability is accompanied by increased serum levels of endotoxins (Creely et al., 2007; de Kort et al., 2011; Genser et al., 2018). Moreover, high-fat and high-caloric diets can favor the intestinal colonization of gram-negative microbiota, leading to increased plasma LPS levels (metabolic endotoxemia) (Wang J. et al., 2017). This combination of increases in intestinal permeability and plasma LPS levels induce the production of pro-inflammatory cytokines (ILs, TNF-α) and CRP that can in turn induce the serine phosphorylation of insulin receptor substrate-1, leading to insulin resistance (Hotamisligil, 2006; Hotamisligil and Erbay, 2008). Since GQD significantly decreased the levels of inflammatory factors, especially endotoxin and CRP, and showed more effective reduction of IL-1β, TNF-α, and MCP-1 than Met, it has good potential to protect against the progress of DM. Moreover, both GQD and Met increased the levels of adiponectin. Yamauchi et al. (2001) suggested that adiponectin supplementation could modify the insulin resistance. Thus, GQD appears to alleviate insulin resistance by inhibiting inflammation and strengthening intestinal barrier function.

Moreover, the ability of GQD to restore intestinal permeability via increasing occludin and claudin-1 was found to be closely related to changes in the gut microbiota. Indeed, the gut microbiota was shown to be crucial for the efficient development and maintenance of the intestinal barrier (Alam and Neish, 2018). Thus, destabilized equilibrium between the gut microbiota and the host could lead to a wide range of diseases characterized by the disrupted intestinal barrier (Hamilton et al., 2015). Conversely, the microenvironmental changes in the injured mucosa favor a pro-regenerating consortium of bacteria that promote mucosal wound repair and restoration of barrier functions (Wang et al., 2018).

Consistent with previous studies (Chen et al., 2018; Tong et al., 2018), the richness of gut microbiota decreased after GQD administration, which could be related to the antibacterial effect of berberine, an effective component of GQD (Zou et al., 2017). Moreover, the DM group had lower levels of beneficial bacteria compared with the NC group, such as Lactobacillales, which could significantly delay the onset of hyperglycemia and dyslipidemia (Yadav et al., 2007; Andreasen et al., 2010; Ejtahed et al., 2011). Along with the loss of these beneficial bacteria, opportunistic pathogens such as ClostridumXI and ClostridiumXIV were enriched in the DM group. An in vitro study suggested that flagellated Clostridium XIV bacteria contribute to the development of obesity through distorted adipose tissue metabolism and inflammation (Pekkala et al., 2015). Moreover, the abundance of Clostridium XI was positively correlated with the inflammation index. At the same time, Odoribacter was positively correlated with intestinal barrier function indexes (occluding and claudin-1 in the tissue of ileum) and declined in Met-exposed offspring of HFD-fed mice (Salomäki-Myftari et al., 2016). Although the relationship between the gut microbiota and intestinal barrier function requires further investigation, these previous studies and our results suggest that the decrease of SCFAs-producing bacteria and an increase of conditioned pathogens in DM could be modified by GQD treatment to restore balance.

Although both GQD and Met changed the structure of the gut microbiota in T2DM rats, the specific taxonomic groups affected were distinct. GQD largely increased the levels of beneficial bacteria such as Flavonifractor and Acetatifactor, and decreased opportunistic pathogenic bacteria such as Anaerofustis and Gammaproteobacteria. The abundance of Flavonifractor was correlated with high levels of SCFAs (Borrelli et al., 2017) and negatively correlated with body mass index in previous studies (Kasai et al., 2015; Borgo et al., 2018). Acetatifactor, identified as a bile acid-induced anaerobic bacterium (Pfeiffer et al., 2012), produces SCFAs such as acetate and butyrate (Pathak et al., 2018). SCFAs could improve the clinical features of T2DM (Puddu et al., 2014), including decreasing the serum levels of glucose, insulin resistance, and inflammation (den Besten et al., 2013; Morrison and Preston, 2016). Patrone et al. found increased abundance of Anaerofustis in high-saturated-fat diet-fed mice, which was positively correlated with cholesterol and triglycerides levels (Patrone et al., 2018). However, Anaerofustis was also found to be positively correlated with the fecal concentration of dimethylamine, which reduced in rats fed a lard-based high-fat diet (Lin et al., 2016). Pindjakova et al. showed that Gammaproteobacteria was more abundant in obese mice (Pindjakova et al., 2017), while the Roux-en-Y gastric bypass (RYGB) could also result in increases in Gammaproteobacteria (Guo et al., 2017).

The normal feed for the normal group was consistent with the feed used for breeding the rats. Though there was a small change in the structure of the gut microbiota in the normal group in this study and there may be some effect correlated with time or feed; but our study adhered to the same feed to minimize the effect of the intervention and the basic flora structure has not change.

In conclusion, our study demonstrates that GQD could improve the hyperglycemia, intestinal barrier function, and inflammation, while restoring the dysregulated gut microbiota in T2DM rats to reach a normal condition. Moreover, GQD treatment specifically increased the abundance of SCFAs-producing and anti-inflammatory bacteria such as Flavonifractor and Acetatifactor, and decreased the levels of opportunistic pathogenic bacteria (e.g., Anaerofustis and Gammaproteobacteria). This study demonstrates the utility of HFD and STZ induced rat models to analyze changes in the gut microbiota. Importantly, these findings highlight the potential importance of the gut microbiota on the hypoglycemic activities of GQD, presenting a new perspective on the mechanism of this traditional medicine, laying a foundation for further development in clinical application. Further work should focus on determining the best intervention time and most effective ingredients of treatment. Moreover, fecal microbiome transplantation can be performed to analyze the key pathways triggered by the treatment.
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Pulsatilla chinensis (Bunge) Regel is a commonly used Chinese medicine for clearing away heat and detoxification, cooling blood, stopping dysentery, and anti-inflammatory effects. Pulsatilla chinensis saponins (PRS) have been identified to be responsible for producing these pharmacological activities. Studies have shown that Pulsatilla decoction has a good therapeutic effect on ulcerative colitis (UC), however, the therapeutic effect of PRS on UC has not been reported. Therefore, the purpose of this study was to investigate the possible anti-UC activity of PRS using a dextran sulfate sodium (DSS)-induced rat model, and further study the mechanism of PRS in the treatment of UC. The fecal and colon samples were collected from rats to monitor the changes in the composition and diversity of the intestinal flora, and pathological colon sections were also made to examine the mesenteric hemorheological characteristics. The results showed that PRS significantly reduced the mesenteric blood flow in UC rats and significantly alleviated the inflammatory response, which indicates that saponins are involved in the anti-UC effects of PRS. At the same time, it is also suggested that the regulation of intestinal flora by Pulsatilla chinensis saponins is an important pathway for its anti-UC activity, which may be ascribed to the increase in beneficial bacteria like norank_F_Muribaculaceae and norank_F_norank_O_Clostridia_UCG-014, and decrease in the harmful Bacteroides.




Keywords: Pulsatilla chinensis saponins (PRS), 16S rRNA, gut microbiome, ulcerative colitis (UC), dextran sulfate sodium (DSS)



Introduction

Pulsatilla chinensis (Bunge) Regel, an antipyretic traditional Chinese medicine (TCM), has a rich history dating back centuries for medicinal practices in China and some oriental countries (State Pharmacopoeia Commission, 2020). It has been officially listed in the Chinese Pharmacopoeia for a long time and has the effect of clearing away heat and toxin, cooling blood, and stopping dysentery (Xu et al., 2011). Pulsatilla chinensis (P.chinensis) is widely used to treat schistosomiasis, inflammatory bacterial infections (Liu et al., 2014; Tong et al., 2017). Currently, it has gained extensive popularity in the Chinese medicine system due to its excellent anti-inflammatory properties. Pulsatilla Decoction has been widely reported being used for the treatment of UC (Guisen, 2015; Wang et al., 2016). Triterpenoid saponins are the main medicinal components of Pulsatilla chinensis (Bunge) Regel (Song et al., 2021). Pulsatilla triterpenoid saponins have many pharmacological activities, including anti-tumor, anti-inflammatory, anti-oxidation, anti-virus, anti-schistosome, immune enhancement, and other pharmacological activities (Su et al., 2020). However, the therapeutic effect of PRS on UC has not been reported (Wang et al., 2016).

UC is a chronic and repeatedly occurring colorectal inflammatory disease (Ungaro et al., 2016). Although the specific etiology is still unclear, but immune dysfunction, individual genetic diversity, intestinal flora disorders, and other factors are closely linked to the pathogenesis of UC (Shen et al., 2018). In recent years, gut flora dysbiosis has received increasing attention for inducing UC (Wirtz and Neurath, 2017). The intestinal microflora is characterized by a higher species diversity (Feng et al., 2019), which gradually colonizes the gastrointestinal tract from the moment an individual is born and stays with an individual for a whole life. Because of its significant involvement in the human body’s physiological functions and pathologies, the intestinal flora is, to some extent, the largest “organ” in the body (Jiang et al., 2018).

Recently, it has been believed the intestinal flora is involved in the occurrence and development of UC because the imbalance of intestinal flora (beneficial and harmful bacteria) leads to the increase in intrinsic epithelial permeability, which results in the occurrence of intestinal inflammatory diseases (Oshitani et al., 2003; Huang et al., 2017). The number of bacteria present in the colon is significantly higher than in other parts of the gastrointestinal tract, with a concentration of about 109—1012 CFU/mL, mainly including anaerobic bacteria, Bacteroides, and other dominant groups (Borody et al., 2003). They maintain a symbiotic or antagonistic relationship and are closely related to the host health and disease state. For example, if abnormal changes occur in the species and quantity of normal intestinal flora will result in an imbalance of intestinal flora, leading to UC (Venturi et al., 1999). In recent years, studies have found that saponins have a good regulatory effect on the flora (Frank and Pace, 2008; Himmel et al., 2012; Shan et al., 2020). Therefore, we speculate that it may be of great significance to explore the pharmacological effect of PRS on UC. This study was aimed to explore the anti-inflammatory efficacy of PRS on DSS-induced UC, to understand its mechanism by monitoring the changes in the composition and diversity of intestinal flora in rats.



Materials and Methods


Animals

Animal care was as per the Guidelines for Animal Experiments of Jiangxi University of Chinese Medicine (Nanchang), and the experimental protocol was approved by the University’s Animal Ethics Committee. Male Sprague-Dawley rats (n=6, 180-220 g) were housed in a sterile environment and were fed autoclaved chow and clean water with a 12 h light/12 h dark cycle, constant temperature (21°C-22°C), and controlled humidity (55 ± 5%).



Reagents and Instruments

Dried Radix of P. chinensis was purchased from a Chinese herbal medicine store in Suzhou and identified by Prof. Xiaoran Li of the School of pharmacy of Suzhou University. The voucher specimen (No. 08-02-15-18) has been deposited at Soochow University. The other materials used in the study were bought from different companies as follows; Salicylazosulfapyridine (SASP) from (Shanghai Xinyi Tianping Pharmaceutical Co., Ltd., gyzz H31020557); CMC-Na (Carboxymethylcellulose sodium) (Xilong Chemical Co., Ltd.), Dextran sulfate sodium (DSS) from (MP Biomedical, LLC); chloral hydrate, and paraformaldehyde from (Shanghai Aladdin Biochemical Technology Co., Ltd.); KQ-250DB numerical control ultrasonic cleaner from (Gongyi Yuhua Instrument Co., Ltd.); Milli-Q ultrapure water machine from (Millipore company); 4°C refrigerator from (Haier company); –80°C ultra-low temperature refrigerator from (Thermo Fisher company); KDM type temperature control electric heating set from (juancheng Hualu electric heating instrument Co., Ltd.); SY-2000 rotary evaporator from (Shanghai Yarong biochemical instrument factory); SHB-III circulating water multi-purpose vacuum pump from (Zhengzhou Great Wall Technology Industry and Trade Co., Ltd.); and Doppler infrared imager from (Model: MOORLDI2-HIR, Moor Instruments Ltd Millwey Rise, AXMINSTER DEVON, EX13 5HU UK).



Preparation of PRS Extract

The dried and crushed raw materials of the Pulsatilla chinensis (Bunge) Regel were processed as follows: 2500 g of P. chinensis was extracted with 70% ethanol for 3 times successively, macerated for 4 h, and then dried under reduced pressure conditions. The 280 g residue was chromatographically separated using a D101 resin column with water-ethanol gradient elution. The fractions eluted using 60% ethanol were lyophilized to obtain a powder (PRS, 125 g). The ethanolic extracts of PRS were redissolved in an aqueous solution with 0.5% sodium carboxymethylcellulose (CMC-Na) to obtain a uniformly dispersed suspension of 18.75 mg/mL for oral dosage (Liu et al., 2013; Song et al., 2019).



Grouping and Establishment of UC Rat Model

SD rats were randomly divided into 6 groups after adaptive feeding for 7 days, and each group had 6 animals: control group, model group, PRSH (Pulsatilla chinensis saponins high dose group) (400 mg/kg), PRSM (Pulsatilla chinensis saponins middle dose group) (300 mg/kg), PRSL (Pulsatilla chinensis saponins low dose group) (200 mg/kg), and positive control SASP group (400 mg/kg) (Wang et al., 2020).

The UC treatment methods were as follows: the rats in the model group drank 4% DSS freely and were given 0.5% CMC-Na by gavage every day; the rats in the control group drank freely and were given 0.5% CMC-Na by gavage every day, and the rats in the SASP group drank 4% DSS freely. The three PRS dose groups of rats were free to drank 4% DSS, and according to the actual consumption, 4% DSS was freshly constituted every day during the experiments. The rats in each group were weighed regularly every day, and the stool characteristics, occult blood or bloody stool, hair, activity, and deaths were closely observed. The rats were fasted for 12 hours before sacrificing on the 9th day of treatment.



Sample Collection and Macroscopic Score of Colonic Tissues

The fresh faecal samples of rats were collected on an aseptic operation platform before sacrificing the animals on the 9th day of the treatment. Colonic tissues were taken out immediately after sacrificing the animals, and the length and pathological changes were recorded and then washed with phosphate buffered saline (PBS) buffer solution, dried with filter paper, and fixed in 10% paraformaldehyde. The freshly collected feces and fixed colonic tissues were stored in the refrigerator at –80°C until further analysis. For tissue sectioning, the colonic tissue was processed by following steps of repair, washing, dehydration, transparency, wax soaking, embedding, sectioning, staining, and transparency, and sealing to make the tissue section (4 μm thickness) with routine hematoxylin staining (HE) staining, and then the histological changes were observed using a light microscope.



HE Staining to Detect the Pathological Changes of Colon

The colonic tissues were fixed in 4% paraformaldehyde for more than 24 hours before analysis. After being dehydrated with gradient ethanol and cleared with xylene, the tissues were embedded in wax, sectioned (thickness 4 μm), followed by dewaxing, hematoxylin staining for 5 min, PBS washing, differentiation in 1% hydrochloric acid ethanol, eosin staining for 30 s, gradient ethanol dehydration, transparent treatment, neutral glue sealing, and then finally examined under a microscope to record the pathological changes in the tissues.



Processing of 16S rRNA Gene Sequences

The Illumina MiSeq platform was paired-sequenced equimolar and depurated amplicons (2×300). Demultiplexing original fastq files, quality-filtering in Trimmomatic and combining on FLASH, and following regulations like: (i) Over a 50 bp sliding window were cut off the reads at any position where medial quality scores are more than 20 bp. (ii) Primers were matched exactly with two nucleotides mismatching and removing ambiguous bases in reads. (iii) Overlapping sequences, more than 10 bp, were combined based on their own sequences by UPARSE (version 7.1 http://drive5.com/uparse/) and were grouped with 97% similarity cutoff Operational taxonomic units (OTUs) and by UCHIME were separated and undocked chimeric sequences. Moreover, analyzed by the RDP Classifier algorithm (http://rdp.cme.msu.edu/), each 16S rRNA gene sequence taxonomy which was used to build digests of the taxonomic distributions of OTUs to compute relative abundances of microbiota at several diverse ranks was against the Silva (128) 16S rRNA database and with a confidence threshold of 70%. These taxonomies were used to construct summaries of the taxonomic distributions of OTUs, which can then be applied to calculate microbiota’s relative abundances at different levels. Distance matrices (Beta diversity) between samples were generated on the basis of weighted (Bray-Curtis similarity) reported according to principal coordinate analysis (PCoA).



Statistical Methods

The data were analyzed with GraphPad Prism 8 statistical software package, and the data were expressed as mean ± SEM. The data between the two groups were compared by student’s t-test, and one-way ANOVA was employed to analyze the differences between the two groups. The intestinal microflora data were statistically analyzed using the bio cloud platform of Shanghai Meiji Biomedical Technology Co., Ltd. And P < 0.05 indicates that the differences are statistically significant.




Results


Effects of PRS on the Morphology of UC Rats


Changes in Behavior and Body Weight in Rats

The changes in the behavior and weight of rats were regularly monitored throughout the experimental study duration. The rats in the control group had bright hair color, a normal diet, a good mental state, and no bloody stool. On the sixth day, the rats in the model group, SASP group, and PRS groups appeared hematochezia successively; however, no rats had died during the administration. The model group’s body weight showed a downward trend, and the control group showed an upward trend. In the first four days, the SASP group’s bodyweight and PRSH, PRSM, and PRSL groups showed a downward trend and increased from the fourth day. And the rats were sacrificed on the 9th day, and the results are shown in Figure 1.




Figure 1 | Change of body weight of mice from different groups during modeling period.






Effect of PRS on Pathological Tissue of UC Rats

The effect of PRS on the DSS-induced UC rat model was monitored by noticing the changes in the mucosa and other changes in the surrounding cells of the colonic tissues. In the control group, the structure of colonic mucosa was normal, the large intestine glands were closely arranged, the epithelial cells were normal without ulcer, and there were more goblet cells. In the model group, ulcers were found in the superficial layer of colonic mucosa, and the tissue structure of the mucosal layer disappeared, and inflammatory cell infiltration was observed. In the SASP group, the colonic mucosa structure was improved, no obvious ulcer was found, no obvious injury of epithelial cells, and no obvious infiltration of inflammatory cells. Similarly, the structure of colonic mucosa was improved in the high-dose PRSH group, and no obvious ulcer was found. In the PRSM group, the structure of colonic mucosa was also improved, with no obvious ulcers, and the epithelial cells were not significantly damaged, and goblet cells were reduced. In the low-dose PRSL group, the structure of colonic mucosa was improved, no obvious ulcer was found, but the local glandular epithelial cells were damaged, and goblet cells were reduced, and the results are shown in Figure 2. Furthermore, there was no significant difference in colon length between the high-dose PRSH group and the control group, but there were significant differences between the other groups and the control group; there were significant differences in colonic weight between the low-dose PRSL group and the model group, but there was no significant difference between the other groups and the control group. The results are shown in Figures 3, 4.




Figure 2 | Histopathological changes were improved by PRS saponins. The colons of each group were processed for histological evaluation (H&E staining 100×). The scale bar is 25 μm.






Figure 3 | Lengths of colons from each group of rat. Data are presented as means ± SD (n = 6 per group). #p < 0.05 and ##p < 0.01 vs the model group on the same day; *p < 0.05 and **p < 0.01 vs the control group.






Figure 4 | Weight of colons from each group of rat. Data are presented as means ± SD (n= 6 per group). #p < 0.05 and ##p < 0.01 vs the model group on the same day; *p < 0.05 and **p < 0.01 vs the control group.





Effect of PRS on Mesenteric Blood Flux in UC Rats

UC is a chronic infectious gastrointestinal disease, and severely affected patients can develop hypokalemia, shock, intestinal perforation, and the clinical manifestations are both active and inactive. It has been reported that the severity of UC can be reflected by observing the mesentery. Therefore, the effect of PRS was also studied by examining the changes in the mesentery, and the results of hemorheology showed that compared with the control group, the mesenteric blood flow in the model group was significantly increased, the mesenteric blood flow in the PRSL group was significantly decreased, and there was no significant difference in the mesenteric blood flow among SASP group, PRSH group, and PRSM group. Compared with the model group, the other five groups’ mesenteric blood flow decreased significantly (Bloemendaal et al., 2020). The hemorheology results showed that both PRSH and PRSM groups could significantly reduce mesenteric blood flow in rats with DSS-induced UC. It can be seen that PRS can improve the mesenteric ulcer induced by DSS and reduce the inflammatory reaction in UC rats, as shown in Figures 5, 6.




Figure 5 | Blood flow volume of each group of rat. Data are presented as means ± SD (n= 6 per group). ##p < 0.01 vs the model group on the same day; *p < 0.05 and **p < 0.01 vs the control group.






Figure 6 | Mesenteric blood flow volume of each group of rat. Data are presented as means ± SD (n= 6 per group).





Effect of PRS on Intestinal Flora of UC Rats

In this study, the OTU Venn diagram was used to analyze the OTU number and the cross of OTU species among groups. Principal component analysis (PCA) was used to detect the overall differences in bacterial abundance among the samples. The total specific OTUs in each group were as follows: 42/525 in the control group, 5/379 in the model group, 3/404 in the SASP group, 3/452 in the PRSH group, 4/455 in the PRSM group, and 4/462 in the PRSL group. This indicates that compared with the control group, the species richness of intestinal flora in the model group decreased; compared with the model group, the species richness of intestinal flora in the SASP group, PRSH group, PRSM group, and the PRSL groups increased. The results of PCA analysis of OTU abundance in each group showed that the control group and model group were significantly different from the SASP group, PRSH, PRSM, and PRSL, which indicated that compared with the model group, SASP group, and PRSH, PRSM, and PRSL groups gathered downward and tended to return to the control group, which indicated that SASP and PRS could promote the recovery of intestinal flora abundance and structure. There was a higher similarity between SASP and PRS, and the results are shown in Figures 7, 8.




Figure 7 | OTU analysis of intestinal microbes in UC rats.






Figure 8 | PCoA analysis of intestinal microbes in UC rats.



Alpha diversity is the analysis of species diversity in a single sample, including ACE, Chao1, Shannon, and Simpson indexes. These first three larger indexes and the last smaller one indicates that the species in the samples are more abundant. Ace and Chao1 index reflect the community richness of species in a single sample, while Shannon and Simpson index represents microbial diversity. The corresponding dilution curve is made by calculating the alpha diversity value of each group of samples, and the results of ACE, Chao1, and Shannon index showed that compared with the model group, ACE, Chao1, Shannon in the control group, SASP group, PRSH group, PRSM group, and PRSL group group were significantly higher than those in the model group, and there were no significant differences among the four groups (P > 0.05); Simpson index results: compared with the model group, the Simpson index of the control group, SASP group, PRSH group, PRSM group, and PRSL group were significantly lower than those in the model group (P < 0.05, P < 0.01). The above results showed that compared with the model group, the diversity of intestinal flora in SASP group, PRSH group, PRSM group, and PRSL group group increased, and the diversity of intestinal flora progressed to the control group. The results are shown in Figures 9, 10.




Figure 9 | Shannon curves analysis of intestinal microbes in UC rats.






Figure 10 | Simpson curves analysis of intestinal microbes in UC rats.



Pulsatilla chinensis (Bunge) Regel can treat schistosomiasis, amoebiasis, and inflammatory bacterial infections, and its biologically active ingredients are PRS, belonging to the pentacyclic triterpenes, oleanane type (Sparg et al., 2004; Zheng et al., 2010; Ip et al., 2015; Kang et al., 2018). The results of species analysis at the phylum classification level showed that Six phyla were detected at the phyla classification level, among which Firmicutes and Bacteroidetes accounted for the largest proportion; compared with the control group, the abundance of Verrucomicrobiota, Bacteroidetes, and Desulfobacteria in the model group decreased, while the abundance of Proteobacteria increased; Compared with the model group, the abundance of Firmicutes and Proteobacteria in SASP group was significantly decreased, and the abundance of Bacteroidetes was increased. The abundance of Bacteroidetes and verrucomicrobiota increased, and the abundance of Proteobacteria was decreased in the SASP group compared with the model group. The results of species analysis at genus classification level showed that compared with the control group, the bacterial flora of the model group changed significantly, the number of bacteria increased significantly, mainly containing Bacteroides, Lactobacillus, lachnospiraceae_NK4A136_group, romboutsia; and the number of bacteria decreased significantly, mainly containing norank_F_Muribaculaceae, norank_F_norank_O_Clostridia_UCG-014, Turicibacter, Monoglobus; Compared with the control group, the bacterial flora of SASP group changed significantly, and the number of bacteria decreased significantly, mainly containing Lactobacillus, lachnospiraceae_NK4A136_group, romboutsia, and Escherichia-Shigella. Furthermore, compared with the model group, the PRSH group, PRSM group, and PRSL group changed significantly, and the number of bacteria decreased significantly, mainly containing such as Bacteroides, Lactobacillus, lachnospiraceae_NK4A136_group, and romboutsia, and the number of bacteria increased significantly, mainly containing norank_F_muribaculaceae increased, as shown in Figures 11, 12.




Figure 11 | Community barplot analysis on phylum level.






Figure 12 | Community barplot analysis on genus level.






Discussion

UC is a chronic disease characterized by local tissue damage, imbalance in intestinal flora, inflammation in the colon. In addition, untreated UC poses a serious risk of colon cancer development. The conventional treatment of UC is quite expensive except for corticosteroids; therefore, herbal medicines are mostly preferred due to their lower costs and good efficacy. In the present study, the DSS- induced UC animal model was used to determine the effects of PRS in managing UC by comparing it with the positive control SASP treatment, which is an antimicrobial agent widely used for the management of inflammatory bowel diseases (IBD). The normal intestinal flora acts as a barrier to protect the intestinal tract, and the changes in the intestinal flora composition may affect the intestinal microecology, thus affecting the immune and metabolic functions, which can lead to a variety of autoimmune and intestinal diseases, including UC (Sánchez-Fidalgo et al., 2010). The present study showed that both PRS and SASP groups had significantly higher colonic length and weight than the model group, and both could significantly improve the colonic ulcer and significantly reduce the mesenteric blood flow in UC rats. These results suggest that PRS had a significant therapeutic effect on DSS-induced UC. The standard treatment methods for UC, including anti-inflammatory and immunosuppressive drugs, mainly aim at downregulation of inflammation as well as suppression of immune response. Unfortunately, these drugs are associated with undesirable side effects and complications. Therefore, new molecules with high efficacy and safety, preferably of natural origin, are needed in UC treatment (Ko and Auyeung, 2014). In view of the excellent performance of pharmacodynamics, PRS and its monomer compounds in colitis treatment have great development potential.

The inferior mesenteric artery originates from the abdominal aorta’s anterior wall and supplies descending colon, sigmoid colon, rectum, and most transverse colon (Shirahama et al., 2001). It is worth noting that the intestinal blood supply is affected by various factors, including myogenic and local metabolic factors, autonomic nervous system, and vasoactive substances. The hemodynamic changes of mesentery may be caused by various intestinal diseases. The blood flow volume in the model group was significantly higher than that in the control group, SASP group, PRSH group, PRSM group, and PRSL group. The hemorheology results showed that the PRSH and PRSM could significantly reduce mesenteric blood flow and improve inflammatory reaction.

Intestinal flora plays an important role in the occurrence and development of UC. The severity of intestinal flora imbalance directly affects the progress rate of inflammation (Coqueiro et al., 2019). The results (Figures 11, 12) of high-throughput sequencing showed that the dominant flora in each group was Bacteroides and Firmicutes at the phylum level. The abundance of Proteobacteria in the model group was significantly higher than that in the other groups. The abundance of verruco microbiota in the PRSH, PRSM, and PRSL groups was close to that of the control group and higher than that of the SASP group. At the genus level, the dominant bacteria in each group were norank_F_Muribaculaceae and Bacteroides. Compared with the model group, the three-dose groups of PRS can significantly improve the number of norank_F_Muribaculaceae, norank_F_norank_O_Clostridia_UCG-014 and decrease the number of Bacteroides. The norank_F_Muribaculaceae has been shown to improve intestinal mucositis in mice (Wang et al., 2016); norank_F_norank_O_Clostridia_ UCG-014 can tolerate gastric acid entering the intestine, promote the growth of beneficial bacteria, inhibit the harmful growth of the intestinal tract, restore intestinal flora, improve immunity, and promote the absorption, digestion, and absorption of nutrients. Bacteroides are an important clinical pathogen, which has been found in most anaerobic infections, with a mortality rate of more than 19%. When bacteria stay in the intestinal tract, they maintain a complex and beneficial relationship with the host, but when they escape this environment, they can cause serious pathological changes, including bacteremia and abscess formation in multiple body parts, and this bacteria is also related to the formation of UC (Wexler, 2007; Cui et al., 2018; Zhao et al., 2019). PRSH group and PRSM group can significantly increase the length of the colon and reduce colon weight. The results of the pathological sections of the colon showed that the three-dose groups of PRS could significantly improve the structure of colonic mucosa without obvious ulcer; PRS can improve DSS-induced UC and reduce the inflammatory response in a dose-dependent manner by reducing the abundance of Proteobacteria and increasing the abundance of Verrucomicrobiota. Our results suggest that PRS regulate intestinal flora, such as a significantly increasing beneficial bacteria norank_F_Muribaculaceae and norank_ F_norank_O_Clostridia_UCG-014 and decreasing the harmful bacteria Bacteroides, which may be the possible pathway for the excellent anti-UC effects of PRS.



Conclusion

In conclusion, our study shows that PRS can significantly improve DSS-induced UC and reduce inflammation by regulating the composition and biodiversity of intestinal flora. The potential mechanism for the anti-UC activity of PRS may be related to the significant increase in beneficial bacteria norank_F_Muribaculaceae and norank_F_norank_O_Clostridia_UCG-014 and decrease in the harmful bacteria Bacteroides. The results showed that PRS and their monomer compounds had great potential in the treatment of UC and provides a certain basis for futuristic clinical studies on microboitic manipulation as a therapeutic approach for the treatment of various other intestinal diseases. In view of the excellent therapeutic effect of PRS on UC, we will consider PRS saponins as a possible prebiotic for UC treatment.
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Pi-Dan-Jian-Qing decoction (PDJQ) can been used in the treatment of type 2 diabetes mellitus (T2DM) in clinic. However, the protective mechanisms of PDJQ on T2DM remain unknown. Recent studies have shown that the changes in gut microbiota could affect the host metabolism and contribute to progression of T2DM. In this study, we first investigated the therapeutic effects of PDJQ on T2DM rats. 16S rRNA sequencing and untargeted metabolomics analyses were used to investigate the mechanisms of action of PDJQ in the treatment of T2DM. Our results showed that PDJQ treatment could improve the hyperglycemia, hyperlipidemia, insulin resistance (IR) and pathological changes of liver, pancreas, kidney, and colon in T2DM rats. PDJQ could also decrease the levels of pro-inflammatory cytokines and inhibit the oxidative stress. 16S rRNA sequencing showed that PDJQ could decrease the Firmicutes/Bacteroidetes (F to B) ratio at the phylum level. At the genus level, PDJQ could increase the relative abundances of Lactobacillus, Blautia, Bacteroides, Desulfovibrio and Akkermansia and decrease the relative abundance of Prevotella. Serum untargeted metabolomics analysis showed that PDJQ could regulate tryptophan metabolism, histidine metabolism, tricarboxylic acid (TCA) cycle, phenylalanine, tyrosine and tryptophan biosynthesis and tyrosine metabolism pathways. Correlation analysis indicated that the modulatory effects of PDJQ on the tryptophan metabolism, histidine metabolism and TCA cycle pathways were related to alterations in the abundance of Lactobacillus, Bacteroides and Akkermansia. In conclusion, our study revealed the various ameliorative effects of PDJQ on T2DM, including improving the liver and kidney functions and alleviating the hyperglycemia, hyperlipidemia, IR, pathological changes, oxidative stress and inflammatory response. The mechanisms of PDJQ on T2DM are likely linked to an improvement in the dysbiosis of gut microbiota and modulation of tryptophan metabolism, histamine metabolism, and the TCA cycle.




Keywords: type 2 diabetes mellitus, Pi-Dan-Jian-Qing decoction, gut microbiota, tryptophan metabolism, histamine metabolism, TCA cycle



Introduction

Type 2 diabetes mellitus (T2DM) is a complex endocrine disease caused by a combination of environmental and genetic factors, leading to islet failure or insufficient insulin action. According to data from the World Health Organization, 415 million patients were suffering from T2DM in 2015 and this number will increase to 642 million by 2040 (Rivera-Mancía et al., 2015). The etiology of T2DM has unfortunately not been fully elucidated, and the lack of effective treatment is a major health challenge globally.

The human intestine is a complex micro-ecosystem. The bacteria residing in the intestine are large in number and diverse, and have important roles in regulating host metabolism. Under physiological conditions, the intestinal microbiota can maintain the homeostasis of host glucose and lipid metabolism by digesting and absorbing food and producing metabolites (Ortega et al., 2020). Unhealthy dietary habits can destroy certain species of intestinal bacteria and affect the body’s metabolism, which may eventually lead to the occurrence of T2DM. Compared with the status in healthy people, the abundances of many probiotic bacteria including Lactobacillus and Akkermansia are decreased in the intestine of T2DM patients, while some harmful bacteria such as Enterobacteriaceae are increased (Tanase et al., 2020). Furthermore, the abnormal levels of metabolites caused by intestinal microbiota disorder are closely related to inflammatory reactions, insulin resistance (IR), as well as the disorders of glucose and lipid metabolism (Chávez-Carbajal et al., 2020). Probiotic interventions, including with Roseburia, Bacteroides, Akkermansia, and Lactobacillus, can help improve glucose metabolism disorders and restore insulin sensitivity (Huda et al., 2021). Study have demonstrated that metformin could regulate the abundances of Bacteroidetes, Escherichia, and other microbiota, thus maintaining the integrity of the intestinal barrier, promoting the production of short-chain fatty acids (SCFAs), and regulating bile acid metabolism, thereby showing hypoglycemic effects (Zhang and Hu, 2020).

Traditional Chinese medicine (TCM) has been used to treat T2DM for thousands of years. Meta-analysis indicated that TCM could reduce the risk of progression to T2DM and increase the possibility of regression toward normoglycemia (Pang et al., 2017). It is important to investigate the mechanism of action of TCM in the treatment of T2DM, which can help not only to reveal the implications of its action, but also provide a scientific basis for new drug discovery. Regulation of the intestinal microbiota has become an important target of TCM for the treatment of T2DM. Isomaltulose can increase the abundance of Actinobacteria, Faecalibacterium, Blautia, and Phascolarctobacterium, while it decreases the abundance of Patescibacteria in the gastrointestinal (GI) tract of T2DM rats, thereby regulating the metabolism of lipids, carbohydrates, and bile acids (Yang et al., 2021). Oxymatrine has been shown to help reduce the abundances of Phascolarctobacterium, Roseburia, and Prevotella microbiota in the GI tract and increase the abundances of Bacteroidetes, Ruminococcus, and Streptococcus microbiota to regulate glucose metabolism, lipid metabolism, and carbohydrate metabolism, and to improve pathoglycemia and dyslipidemia in T2DM rats (Shao et al., 2020). Ganoderma lucidum polysaccharides could reduce the abundances of harmful bacteria, such as Ruminococcus, Corynebactrium, and Proteus, in the GI tract of T2DM rats, increase the abundances of Blautia, Dehalobacterium, Parabacteroides, and Bacteroides, and restore the disordered metabolism of amino acids and carbohydrates in T2DM rats (Chen et al., 2020). By increasing the abundance of Parabacteroides, Blautia, and Akkermansia microbiota and decreasing the abundance of Aerococcus, Staphylococcus, and Corynebacterium microbiota in the GI tract, Huang-Lian-Jie-Du decoction helped improve lipid metabolism and bile acid metabolism in T2DM rats, and improve IR (Chen et al., 2018).

Pi-Dan-Jian-Qing decoction (PDJQ), composed of Astragalus mongholicus Bunge, Pseudostellaria heterophylla (Miq.) Pax, Atractylodes lancea (Thunb.) DC., Scrophularia ningpoensis Hemsl., Coptis chinensis Franch., Scutellaria baicalensis Georgi, Pueraria montana var. lobata (Willd.) Maesen & S.M.Almeida ex Sanjappa & Predeep, Potentilla discolor Bunge, Litchi chinensis Sonn. and Salvia miltiorrhiza Bunge, has been used to treat T2DM in Yunnan Provincial Hospital of Chinese Medicine, Kunming Municipal Hospital of Traditional Chinese Medicine and Jiaxing Hospital of Traditional Chinese Medicine for more than 10 years. To date, over 1000 T2DM patients have received the treatment of PDJQ. According to our clinical study, treatment with PDJQ in combination with metformin significantly decreased the fasting blood glucose (FBG) and postprandial blood glucose levels and improved the clinical outcomes such as polydipsia and fatigue in T2DM patients compared with metformin treatment (Xie et al., in-press). However, the mechanism of PDJQ on T2DM remains unclear. In this study, we first investigated the therapeutic effect of PDJQ on T2DM rats. Then, we used 16S rRNA sequencing and untargeted metabolomics analysis to investigate the mechanism of action of PDJQ in the treatment of T2DM.



Materials And Methods


Reagents

High-fat high-carbohydrate (HFHC) diet (65.75% basal chow, 20% sucrose, 10% lard, 3% egg yolk powder, 1% cholesterol, 0.25% pig bile salt) was obtained from Beijing Sibeifu Bioscience Co., Ltd. (Beijing, China). Streptozotocin (STZ) and metformin were purchased from Solarbio Biotechnology Co., Ltd. (Beijing, China). Triglyceride (TG), total cholesterol (TC), low density lipoprotein (LDL), high density lipoprotein (HDL), aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatinine (Cr), blood urea nitrogen (BUN), superoxide dismutase (SOD), methane dicarboxylic aldehyde (MDA), and glutathione peroxidase (GSH-Px) assay kits test kits were obtained from Nanjing Jiancheng Biological Engineering Institute (Nanjing, China). Rat insulin, interleukin (IL)-1β, IL-6, tumor necrosis factor alpha (TNF-α) enzyme-linked immunosorbent assay (ELISA) kit was obtained from Multi Science Biotechnology Co., Ltd. (Hangzhou, China). Reference standards of astragaloside, heterophyllin B, atractylodin, harpagide, berberine, baicalin, puerarin, quercetin, protocatechuic acid and tanshinone II A were obtained from Sichuan Weikeqi Biological Technology Co., Ltd. (Sichuan, China).



Preparation of PDJQ

For the preparation of PDJQ, the following components were used:12 g of Astragalus mongholicus Bunge, 12 g of Peudostellaria heterophylla (Miq.) Pax, 6 g of Atractylodes lancea (Thunb.) DC., 12 g of Scrophularia ningpoensis Hemsl., 12 g of Coptis chinensis Franch., 12 g of Scutellaria baicalensis Georgi, 12 g of Pueraria montana var. lobata (Willd.) Maesen & S.M.Almeida ex Sanjappa & Predeep, 12 g of Potentilla discolor Bunge, 12 g of Litchi chinensis Sonn., and 12 g of Salvia miltiorrhiza Bunge. Eight volumes of water were added to this mixture, followed by decocting for 30 min and concentrating it to 6 g of crude drug/mL.

Quality control of PDJQ was performed using ultra performance liquid chromatography (UPLC; ACQUITY UPLC®, United States) coupled with Xevo G2 quadrupole time-of-flight (Q-TOF) mass spectrometer (MS; Waters Corp., Milford, United States) systems. Briefly, the test solution was injected onto an ACQUITY UPLC BEH C18 column (2.1mm×100mm, 1.7μm) held at 50°C. The flow rate was 0.3 mL/min and the injection volumn was 2 μL. Mobile phase A was 0.1% formic acid aqueous solution and mobile phase B was acetonitrile contained 0.1% formic acid. The mobile phase conditions were: 0 min, 5% B; 1 min, 10% B; 6 min 60% B; 6.5 min 100% B; 10 min 100% B; 10.1 min 5% B; 13 min 5% B.

A Q-TOF MS equipped with an electrospray ionization (ESI) source was used for both positive and negative ionization scan modes (m/z ranges from 50 to 1,200 Da). The scan time was 0.2 s. The capillary voltages were 3,000 V (positive mode) and 2,200 V (negative mode) respectively. The desolvation temperature was 350°C and the source temperature was 100°C. The sample cone voltage was 40 V and the extraction cone voltage was 4V. The cone gas flow was 40 L/h and the desolvation gas flow was 800 L/h (both positive and negative modes).



Grouping and Dosing

Sixty 6–8-week-old specific pathogen free (SPF)-grade Sprague-Dawley (SD) male rats (180–220 g) were purchased from Beijing Huafukang Biotechnology Co., Ltd. (License number: SCXK 2020-0006). The feeding environment was maintained at 21±2°C with relative humidity of 45±10%. During the 12 h light-dark cycle, the rats had free access to water and food. The experiment was approved by the Ethics Committee of Tianjin University of Traditional Chinese Medicine.

After 1 week of acclimation, 10 rats were randomly selected as the control group and fed with normal chow, while the remaining 50 rats were fed with HFHC diet for 8 weeks. All rats were subsequently fasted for 12 h and given a single intraperitoneal injection of STZ at 30 mg/kg (dissolved in 0.1 mol/L citric acid buffer, pH = 4.5). The control group was injected with the same dose of citric acid buffer. Blood was collected from the tail vein 72 h after STZ injection to measure the random blood glucose level, and the model was successfully replicated with blood glucose > 16.7 mmol/L (Yang et al., 2020). After the animal model had been established, the T2DM rats were randomly divided into, T2DM, Metformin, PDJQ low-dose, PDJQ middle-dose and PDJQ high-dose groups with 10 rats in each group. After the normal clinical dose was converted based on the body surface area, a ×6 dose was used in PDJQ middle-dose group, while the low dose was half the middle dose and high dose was double the middle dose. Animals in the control and T2DM groups were gavaged with 2 mL of saline; rats in the Metformin group were gavaged with 0.2 g/kg metformin; while rats in the PDJQ low-, middle-, and high-dose groups were gavaged with 4.9 g, 9.8 g, and 19.6 g of crude drug/kg, respectively, once a day for 4 weeks. The FBG was measured in each group every week after PDJQ treatment (Figure 1).




Figure 1 | Overview of the experimental design for all groups.





Oral Glucose Tolerance Test (OGTT)

After 4 weeks of intervention with PDJQ, all rats were fasted without water for 8 h. The blood glucose level was measured with blood glucose testing strips, which was used as the blood glucose value at 0 min. Immediately thereafter, each rat was gavaged with 50% glucose solution (2 g/kg). The blood glucose values were measured after 30, 60, 90 and 120 min of glucose solution administration. The blood glucose-time curve was plotted and the area under the curve (AUC) of OGTT was calculated.



Serum Biochemical Indicator Tests

After 4 weeks of intervention with PDJQ, all rats were fasted for 8 h. The rats were anesthetized by the intraperitoneal injection of pentobarbital sodium (50 mg/kg). Blood was collected from the abdominal aorta using a syringe and the collected blood was centrifuged at 3000 rpm/min for 15 min to collect the serum. The serum levels of lipid-related indicators (TG, TC, HDL, LDL), liver function-related indicators (ALT, AST), kidney function-related indicators (Cr, BUN), oxidative stress-related indicators (SOD, GSH-Px, MDA) were measured using kits based on the instructions provided (Nanjing Jiancheng Biological Engineering Institute).



ELISA

After 4 weeks of intervention with PDJQ, the serum levels of insulin, IL-6, IL-1β, and TNF-α in each group were measured using ELISA, which was performed based on the manufacturer’s instructions (Multi Science Biotechnology Co., Ltd.). Homeostatic model assessment of insulin resistance (HOMA-IR) was calculated using the following formula: HOMA-IR = [fasting blood glucose × fasting insulin (FINS)]/22.5.



Pathology

After 4 weeks of intervention with PDJQ, the rat liver, pancreas, kidney and colon tissues were fixed with formalin solution, paraffin-embedded, and prepared into 3-μm tissue sections, which were routinely stained with hematoxylin and eosin (H&E). The histopathological changes of each were observed under a light microscope.



16S rRNA Sequencing


Extraction of Fecal Genomic DNA

Control, T2DM and PDJQ high-dose groups were selected for intestinal microbiota study. Briefly, six rats were randomly selected from each group and their cecum contents were collected and weighed. The total genomic DNA was extracted by the CTAB/SDS method, and the concentrations of DNA samples were detected using 1% agarose gel. The DNA was diluted to 1 ng/µL with sterile water based on the concentration.



Polymerase Chain Reaction (PCR) Amplification and Sequencing of the 16S rRNA Gene

The V3–V4 region of the 16S rRNA gene was amplified using 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) primers. The PCR amplification system included the following: 10 ng of template DNA, 0.2 µM forward and reverse primers, and 15 µL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs). The reaction conditions were as follows: pre-denaturation at 98°C for 1 min; 15 cycles of denaturation at 95°C for 10 s, annealing at 50°C for 30 s, and extension at 72°C for 30 s; and then maintenance of the reaction at 72°C for 5 min; followed by storage at 4°C. The mixed PCR products were purified using Qiagen Gel Extraction Kit (Qiagen, Germany). Then, 2% agarose gel electrophoresis was used for detection. Sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA). The library quality was assessed using a Qubit® 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. Finally, the libraries were sequenced to by 250 bp of paired-end sequencing on the Illumina NovaSeq platform.



Sequencing Data Analysis

The raw sequencing data were spliced using FLASH (v1.2.7, http://ccb.jhu.edu/software/FLASH/) (Magoč and Salzberg, 2011) and sequences were quality-controlled to obtain the final effective tags. The tags were clustered using Uparse software (Version 7.0.1001, http://drive5.com/uparse/) (Edgar, 2013) to obtain the operational taxonomic units (OTUs). The Mothur-algorithm-based SILVA reference database (Version 138, http://www.arb-silva.de/) (Quast et al., 2013) was used to annotate the OTUs with taxonomic information. Multiple sequence alignments were performed using MUSCLE software (Version 3.8.31, http://www.drive5.com/muscle/) (Edgar, 2004). OTU abundance information was normalized by the sequence number corresponding to the sample with the smallest sequence. Alpha diversity index and beta diversity analysis were subsequently performed. The Wilcoxon rank-sum test was used to test for differences between groups in diversity indices, and the Kruskal–Wallis test was used (the post hoc test was chosen as Games-Howell) combined with the multiple testing method to screen for differential microbiota, where p < 0.05 after false discovery rate (FDR) correction was considered to indicate a significant difference. Finally, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States database (PICRUSt) analysis was applied to predict the relevant gene pathways that may be affected by each strain of differential microbiota.




Metabolomic Analysis


Serum Sample Processing

Control, T2DM and PDJQ high-dose groups were selected for metabolomics study. Briefly, six rats were randomly selected from each group and their serum samples were collected. A total of 100 μL of serum sample was added to 400 μL of 80% methanol solution, vortexed and oscillated, left to stand for 5 min in an ice bath, and then centrifuged for 20 min (15,000 g, 4°C). After centrifugation, the supernatant was diluted with ultrapure water to 53 % methanol and then centrifuged at 15,000 g for 20 min at 4°C. The supernatant was collected for 20 min and used as the testing sample. Quality control (QC) sample was prepared by mixing all samples in equal amounts in order to ensure the stability and accuracy of the measurement throughout the analysis.



Chromatography and Mass Spectrometry Conditions

The chromatography was performed on a Hypersil Goldcolumn (C18) column (2.1 mm × 100 mm, 1.9 μm) with a mobile phase consisting of (A) 0.1% formic acid and (B) methanol. Gradient elution was used, as follows: 0 min, 98% A, 2% B; at 1.5 min, 98% A, 2% B; at 12 min, 0% A, 100% B; at 14 min, 0% A, 100% B; at 14.1 min, 98% A, 2% B; and at 17 min, 98% A, 2% B. The column temperature was set at 40°C, the flow rate was 0.2 mL/min, and the injection volume was 2 μL. The mass spectrometry conditions were as follows: simultaneous detection in positive and negative ion modes using an ESI source. The ESI source settings were as follows: spray voltage: 3.2 kV; sheath gasflow rate: 40 arb; aux gasflow rate: 10 arb; capillary temp: 320°C. QC samples were injected every six samples throughout the analytical run, and the data obtained were used to evaluate stability.



Data Processing and Analysis

Chromatographic characteristic peaks in the samples were detected using high-resolution mass spectrometry. The raw files obtained by MS were imported into Compound Discoverer 3.1 (CD3.1, Thermo Fisher) software for data pre-processing. First, the data were briefly screened by retention time and mass-to-charge ratio parameters, and then the peaks were aligned according to the retention time deviation of 0.2 min and mass deviation (parts per million, ppm) of 5 ppm for different samples to make the identification more accurate; subsequently, the data were matched according to the set values of 5 ppm, signal intensity deviation of 30%, signal-to-noise ratio (S/N) of 3, minimum signal intensity of 100,000, and adduct ions for peak extraction, and also for the quantification of peak area. From molecular ion peaks and fragment ions, the prediction of the molecular formula was performed and compared to the mzCloud (https://www.mzcloud.org/), mzVault, and MassList databases to identify the metabolites. Metabolites with a coefficient of variance of less than 30% (Dai et al., 2017) in QC samples were then retained as final identification results for subsequent analysis. The peaks detected in the samples were integrated using CD3.1, where the peak area of each characteristic peak represented the relative quantitative value of a metabolite, and the quantitative results were normalized using the total peak area, and finally the quantitative results of the metabolites were obtained. The data were then subjected to QC to ensure the accuracy and reliability of the results. Next, the metabolites were subjected to multivariate statistical analysis, including principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA), to reveal differences in metabolic patterns between different groups. Variable importance of projection (VIP) of each metabolites were obtained based on the OPLS-DA model. The normalized peak areas for each metabolite were also analyzed using two-tailed Student’s t-test. Differential metabolites among each group were screened based on p < 0.05 and, where VIP > 1. Metabolic pathway enrichment analysis was performed for differential metabolites with fold change (FC) > 1.25 or FC < 0.80 based on MetaboAnalyst software (https://www.metaboanalyst.ca/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.kegg.jp/).




Statistics

All data were reported as the mean ± standard deviation (mean ± SD) for the independent experiments. Statistical differences between the experimental groups were accessed by one-way analysis of variance (ANOVA) and post-hoc analysis using SPSS software (version 20.0). A p-value < 0.05 was considered statistically significant. Curve fitting was performed using the GraphPad Prism 5 software.




Results


Identification of Main Compounds in PDJQ by UPLC-MS Analysis

Astragaloside, heterophyllin B, atractylodin, harpagide, berberine, baicalin, puerarin, quercetin, protocatechuic acid and tanshinone II A were used as the reference standards to validate the main compounds in PDJQ. The detailed information of these compounds were shown in Figure S1. The typical based peak intensity (BPI) chromatograms of PDJQ and these reference standards were shown in Figure S2. The characteristic fragment ions of these compounds were shown in Table S2 (Supplementary material). Astragaloside in ragalus mongholicus Bunge, heterophyllin B in Pseudostellaria heterophylla (Miq.) Pax, atractylodin in Atractylodes lancea (Thunb.) DC., harpagide in Scrophularia ningpoensis Hemsl., berberine in Coptis chinensis Franch., baicalin in Scutellaria baicalensis Georgi, puerarin in Pueraria montana var. lobata (Willd.) Maesen & S.M.Almeida ex Sanjappa & Predeep, quercetin in Potentilla discolor Bunge, protocatechuic acid in Litchi chinensis Sonn. and tanshinone II A in Salvia miltiorrhiza Bunge were identified as the preeminent compounds in PDJQ.



Effects of PDJQ on Blood Glucose, Blood Lipids, Liver and Kidney Functions, IR, and Pathological Manifestations in T2DM Rats

The FBG of rats was on average > 16.7 at 72 h after STZ injection. After 4 weeks of PDJQ treatment, the levels of FBG in the Metformin, PDJQ low-dose, PDJQ middle-dose, and PDJQ high-dose groups were significantly decreased compared with those of the T2DM group (p <0.01, respectively, Figure 2A).




Figure 2 | PDJQ treatment alleviated the hyperglycemia, IR, pathological changes and inflammatory response in T2DM rats. (A) PDJQ treatment decreased the FBG in T2DM rats. (B, C) The AUC of OGTT was decreased in T2DM rats after metformin and PDJQ treatment. (D) PDJQ treatment significantly improved the pathological changes of liver, pancreas, kidney, and colon in T2DM rats (200×). (E) PDJQ treatment decreased the levels of pro-inflammatory cytokines in serum. Control, T2DM, Metformin, PDJQ low-dose, PDJQ middle-dose and PDJQ high-dose (n = 10 per group) groups. Data are presented as the mean ± SD. ##p < 0.01 as compared to the control group; **p < 0.01 as compared to the T2DM group; △p < 0.05 as compared to the Metformin group; △△p < 0.01 as compared to the Metformin group.



The serum levels of TG, TC, and LDL in T2DM group were significantly increased (p < 0.01, respectively), and the HDL level was significantly decreased, compared with the values in the control group (p < 0.05). The levels of TC, TG and LDL were decreased in Metformin (p < 0.01 respectively), PDJQ middle-dose (p < 0.05, p < 0.05 and p < 0.01, respectively) and PDJQ high-dose groups (p < 0.01, respectively) compared with those in T2DM group. The level of HDL was increased in Metformin (p < 0.05), PDJQ middle-dose(p < 0.05) and PDJQ high-dose (p < 0.01) groups compared with the T2DM group (Table 1).


Table 1 | Changes in blood lipid levels after PDJQ treatment.



In addition, the activities of serum ALT and AST were significantly increased in T2DM rats compared with rats in the Control group (p < 0.01, respectively), and the activities of serum ALT and AST were significantly decreased in Metformin (p < 0.01, respectively), PDJQ middle-dose (p < 0.05 and p < 0.01, respectively) and PDJQ high-dose groups (p < 0.01, respectively) compared with those in T2DM group (Table 2). The serum levels of Cr and BUN were higher in the T2DM group as compared to the Control group (p < 0.01, respectively), and the serum levels of Cr and BUN were lower in Metformin (p < 0.01, respectively), PDJQ low-dose (p < 0.05, respectively), PDJQ middle-dose (p < 0.01, respectively) and PDJQ high-dose groups (p < 0.01, respectively) compared with rats in the T2DM group (Table 2).


Table 2 | Changes in serum AST, ALT activities and serum Cr, BUN levels after PDJQ treatment.



OGTT showed that the AUC of OGTT was significantly higher in the T2DM group than that in Control group (p < 0.01), and the AUC of OGTT was lower in Metformin, PDJQ low-dose, PDJQ middle-dose and PDJQ high-dose groups compared with rats in the T2DM group (p < 0.01, respectively, Figures 2B, C). In addition, compared with those in the Control group, the FINS level and HOMA-IR indicator were significantly increased in the T2DM group (p < 0.01, respectively). The FINS level was reduced in Metformin, PDJQ middle-dose and PDJQ high-dose groups compared with the T2DM group (p < 0.01, respectively, Table 3). The HOMA-IR was lower in Metformin, PDJQ low-dose, PDJQ middle-dose and PDJQ high-dose groups compared with the T2DM group (p < 0.01, respectively, Table 3).


Table 3 | Levels of FINS and HOMA-IR after PDJQ treatment.



H&E staining showed that rats in T2DM group exhibited significant hepatocyte steatosis, hepatocyte necrosis and infiltration of inflammatory cell in liver, islet atrophy and islet cell injury in pancreas, hyperplasia of glomerular basement membrane, renal tubular atrophy, and massive inflammatory cell infiltration in kidney, damage of epithelial cells and incomplete cell arrangement in colon. The intervention of metformin and PDJQ significantly improved the histopathological changes of liver, pancreas, kidney, and colon in T2DM rats (Figure 2D).



Effects of PDJQ on Oxidative Stress and Inflammatory Factors in T2DM Rats

We further evaluated the effects of PDJQ on oxidative stress in T2DM rats by measuring SOD, MDA, and GSH-Px in the serum of each group of rats. Compared with the Control group, the activities of SOD (p < 0.01) and GSH-Px (p < 0.01) in rats’ serum were significantly decreased and the level of MDA (p < 0.01) was significantly increased in the T2DM group. The activities of SOD and GSH-Px were elevated in Metformin (p < 0.01, respectively), PDJQ middle-dose (p < 0.05, respectively) and PDJQ high-dose (p < 0.01, respectively) groups compared with the T2DM group, whereas the level of MDA was reduced in Metformin (p < 0.01), PDJQ middle-dose (p < 0.05) and PDJQ high-dose (p < 0.01) groups compared with the T2DM group (Table 4). Furthermore, the levels of pro-inflammatory factors IL-6, IL-1β, and TNF-α in serum were measured to study the effects of PDJQ on the inflammatory response in T2DM rats. Compared with the control group, the levels of IL-6, IL-1β, and TNF-α in the serum of T2DM rats were significantly increased (p < 0.01, respectively). The level of IL-6 was lower in Metformin, PDJQ low-dose, PDJQ middle-dose and PDJQ high-dose groups compared with the T2DM group (p < 0.01, respectively). The level of IL-1β was lower in Metformin (p < 0.01) and PDJQ high-dose (p < 0.05) groups compared with the T2DM group. The level of TNF-α was lower in Metformin (p < 0.01), PDJQ middle-dose (p < 0.05) and PDJQ high-dose (p < 0.01) groups compared with the T2DM group (Figure 2E). The above results demonstrated that PDJQ had therapeutic effects on T2DM rats, which were most significant at high doses. Therefore, PDJQ high-dose group was selected for the follow-up intestinal microbiota and metabolomic studies. Rats selected for 16S rRNA sequencing and metabolomics analysis showed statistical significances in blood lipid levels (TG, TC, HDL, LDL, Table S2), liver (ALT, AST) and kidney (Cr, BUN) function-related indicators (Table S3), FBG (Figure S3A), AUC of OGTT (Figure S3B, C), FINS and HOMA-IR (Table S4) between Control and T2DM groups and between T2DM and PDJQ high-dose groups.


Table 4 | Changes in serum SOD, GSH-Px activities and serum MDA level after PDJQ treatment.





Effects of PDJQ on the Intestinal Microbiota of T2DM Rats

16S rRNA sequencing was used to investigate the changes of intestinal microbiota in T2DM rats after PDJQ treatment. The results showed that the Shannon and Simpson indexes were significantly higher in the T2DM group than in the Control group (p < 0.05) and significantly lower in the PDJQ high-dose group than in the T2DM group (p < 0.05, Figures 3A, B). The principal co-ordinates analysis (PCoA) results showed that sample points of the T2DM group could be completely separated from the Control group, and the sample points of the PDJQ high-dose group were very close to those of the Control group. Likewise, clustering analysis also demonstrated that the distance from the Control group to the PDJQ high-dose group was shorter than the distance from the Control group to the T2DM group (Figures 3C, D). The above results indicated that the overall structure and composition of the intestinal microbiota of T2DM rats had changed significantly, and the high dose of PDJQ could effectively reverse this change.




Figure 3 | PDJQ treatment affected the gut microbiota community in T2DM rats. (A, B) Shannon and simpson indexes were lower in PDJQ high-dose group than that in the T2DM group. (C, D) PCoA and system clustering tree indicated more similar beta diversity between PDJQ high-dose and Control groups than that between the T2DM and Control groups (C: Control group; M: T2DM group; P: PDJQ high-dose group). (E, F) At the phylum level, PDJQ treatment decreased the F to B ratio in T2DM rats. (G) At the genus level, PDJQ treatment affected the relative abundances of Lactobacillus, Blautia, Prevotella, Bacteroides, Desulfovibrio and Akkermansia in T2DM rats. (H, I) The differential metabolic pathways (written in red) of PDJQ on T2DM were predicted using PICRUSt analysis based on the 16S rRNA sequencing data. Control, T2DM and PDJQ high-dose (n = 6 per group) groups. Data are presented as the mean ± SD. #p < 0.05 as compared to the control group; ##p < 0.01 as compared to the control group; *p < 0.05 as compared to the T2DM group; **p < 0.01 as compared to the T2DM group.



The composition of the intestinal microbiota in each group of samples at the phylum level is shown in the Figure 3E, showing Firmicutes and Bacteroidetes as the dominant ones. The Firmicutes/Bacteroidetes (F to B) ratio was significantly higher in the T2DM group than in the Control group (p < 0.01), while it was significantly lower in the PDJQ high-dose group than in the T2DM group (p < 0.05, Figure 3F). At the genus level, the abundances of Allobaculum (p < 0.01) and Enterococcus (p < 0.05) were higher, while those of Lactobacillus (p < 0.01), Blautia (p < 0.01), Bacteroides (p < 0.01), and Akkermansia (p < 0.01) were lower in the T2DM group than in the Control group. Compared with the T2DM group, the abundances of Lactobacillus (p < 0.05), Blautia (p < 0.01), Bacteroides (p < 0.05), Desulfovibrio (p < 0.05), and Akkermansia (p < 0.05)were increased, while that of Prevotella (p < 0.01) was decreased in PDJQ high-dose group (Figure 3G).

PICRUSt analysis was used to predict the functional changes of intestinal microbiota in T2DM rats after the intervention with a PDJQ. The results of the prediction based on the KEGG database showed that a total of six categories of biological metabolic pathway functional analyses were obtained at the first functional layer, which were Cellular Processes, Environmental Information Processing, Genetic Information Processing, Human Diseases, Metabolism, and Organismal Systems. The top ten metabolic pathways with the highest proportions and p-values < 0.05 are listed in the Figure 3H (Control group vs. T2DM group) and Figure 3I (T2DM group vs. PDJQ high-dose group). Proportions of metabolic pathways that were increased in the T2DM group compared with Control group but decreased in PDJQ high-dose group compared with T2DM group, or vice versa, were considered as differential pathways. The abundances of glycolysis/gluconeogenesis and tricarboxylic acid (TCA) cycle pathways were all increased in the T2DM group compared with the Control group. The abundances of purine metabolism, tryptophan metabolism and histidine metabolism pathways were lower in T2DM group compared with the Control group (Figure 3H). For the PDJQ high-dose group, the abundances of purine metabolism, trptophan metabolism and histidine metabolism pathways were increased and the abundances of glycolysis/gluconeogenesis and TCA cycle pathways were decreased compared with the T2DM group (Figure 3I).



Effects of PDJQ on the Levels of Serum Metabolites in T2DM Rats

PCA generates new characteristic variables using linear combinations of metabolite variables with certain weights, and groups of data are categorized by major new variables (principal components). The PCA model can reflect the original state of metabolomic data, and the degree of aggregation and dispersion of the samples can be observed from the PCA model. The PCA plot showed that the Control group could be well distinguished from the T2DM group, and the T2DM group and the PDJQ high-dose group were also well distinguished (Figure 4A). To identify the differential metabolites, the OPLS-DA model was used. In agreement with the PCA results, OPLS-DA models showed significant distinctions of metabolomic data between the Control and the T2DM group as well as between the T2DM group and the PDJQ high-dose group (Figures 4B, D). In addition, the explanatory rate (R2) and predictive power (Q2) of OPLA-DA model were evaluated using seven-round cross validation and 200 repetitions of response permutation testing (RPT). Compared with the Control group, the T2DM group had R2 = 0.88 and Q2 = −0.81 (Figure 4C). Compared with the T2DM group, the PDJQ high-dose group had R2 = 0.89 and Q2 = −0.69 (Figure 4E). These results indicated that the OPLS-DA model was stable and had good predictive ability.




Figure 4 | PDJQ treatment regulated the serum metabolites in T2DM rats. (A) Scores plots of PCA between the control and T2DM groups and the T2DM and PDJQ high-dose groups. (B, C) Scores plots of OPLS−DA between the Control and T2DM groups and the corresponding coefficient of loading plots. (D, E) Scores plots of OPLS−DA between the T2DM and PDJQ high-dose groups and the corresponding coefficient of loading plots. (F, G) Summary of pathway analysis of serum samples between control and T2DM groups and between T2DM and PDJQ high-dose groups. (A)Tryptophan metabolism; (B) Histidine metabolism; (C) Glycerolipid metabolism; (D) Glyoxylate and dicarboxylate metabolism; (E) TCA cycle; (F) Phenylalanine, tyrosine and tryptophan biosynthesis; (G) Tyrosine metabolism. Control, T2DM and PDJQ high-dose (n = 6 per group) groups.



The detailed trends of the changes of differential metabolites (FC > 1.2 or FC < 0.8, p < 0.05 and VIP > 1.0) are shown in Table 5. We also used MetaboAnalyst software to screen the differential metabolic pathways to screen for significant metabolic pathways (p < 0.05, impact value > 0.10) of the differential metabolites. Compared with the control group, the metabolic pathways that were altered in the T2DM group mainly included the metabolism of tryptophan, histidine, glycerolipid, glyoxylate, and dicarboxylate and the TCA cycle (Figure 4F); while the metabolic pathways affected by PDJQ mainly included tryptophan metabolism, histidine metabolism, the TCA cycle, phenylalanine, tyrosine, and tryptophan biosynthesis, and tyrosine metabolism (Figure 4G). The same metabolic pathway of PICRUSt analysis that had done 16S rRNA sequencing and untargeted metabolomics pathway analysis included tryptophan metabolism, histidine metabolism, and the TCA cycle and were discussed in detail.


Table 5 | The differential metabolites in serum after PDJQ treatment.





Correlation Analysis of Physiological Data, Oxidative Stress and Inflammatory Factors, Untargeted Metabolomics and Gut Microbiota

Spearman’s correlation analysis was conducted to analyze the relationship between physiological data, oxidative stress and inflammatory factors, differential serum metabolites and gut microbiota at genus level in the Control, T2DM and PDJQ high-dose groups. As shown in Figure 5A, Lactobacillus, Bacteroides and Akkermansia showed negative correlations and Allobaculum, Prevotella and Enterococcus showed positive correlations with most of the physiological indices. In addition, Blautia, Bacteroides and Akkermansia showed negative correlations and Prevotella, Allobaculum and Enterococcus showed positive correlations with some of the pro-inflamatory cytokines. Desulfovibrio, Prevotella Akkermansia, Lactobacillus, Allobaculum and Enterococcus showed correlations with some of the oxidative stress factors (Figure 5B). Allobaculum, Lactobacillus, Bacteroides and Akkermansia showed correlations with most of the metabolites (Figure 5C).




Figure 5 | Correlation analysis of physiological data, oxidative stress and inflammatory factors, untargeted metabolomics and 16S rRNA sequencing. Correlations between physiological data and gut microbiota (A), between oxidative stress and inflammatory factors and gut microbiota (B) and between untargeted metabolomics and gut microbiota (C) were analyzed using spearman’s analysis (heatmap). X-axis represents the physiological indices (A), oxidative stress and inflammatory factors (B) and differential metabolites in the serum (C). Y-axis represents the gut microbiota with differential abundance. The colors of grids represent the correlation analysis value of spearman’s correlation analysis. Grids in red indicate positive correlations (correlation analysis value more than 0.1), while grids in blue indicate negative correlations (correlation analysis value less than -0.1). Color coding scale indicates the correlation analysis value from heatmap, the deeper red or blue indicates higher correlation values. *p < 0.05 between physiological data, oxidative stress and inflammatory factors, differential serum metabolites and gut microbiota. **p < 0.01 between physiological data, oxidative stress and inflammatory factors, differential serum metabolites and gut microbiota.






Discussion

Our results showed that, compared with the control group, the T2DM rats exhibited a significant increase in blood glucose, disorders in lipid levels and elevated ALT, AST, Cr and BUN. In addition, the HOMA-IR and AUC of OGTT were elevated in the T2DM rats, suggesting IR in rats from the T2DM group. The pathological results showed that the hepatocytes in the liver of the T2DM group rats were disordered, enlarged, and had deformation of vacuolated balloon; the pancreatic islets in the pancreas were sparsely distributed and vacuolated; the smooth muscle layer of the colon was thinned and the number of myocytes was reduced; the glomeruli in the kidney tissue were swollen and enlarged; the epithelial cells of the renal tubules were swollen or detached; the renal interstitium was infiltrated with inflammatory cells; and mesangial proliferation and interstitial fibrosis were also observed. The above results are consistent with the pathological manifestations of T2DM (Huang et al., 2014; Fan et al., 2018). The intervention of PDJQ can reduce blood glucose and improve dyslipidemia, IR, and pathological changes of kidney, liver, pancreas, and colon tissues in T2DM rats. This suggests that PDJQ has a therapeutic effect on T2DM, with the most significant findings being found in the high-dose group. In addition, metformin was selected as a positive control for T2DM in our study. Metformin is the first-line regimen for the treatment of T2DM in clinical practice (Inzucchi et al., 2012). Our results showed that there were no significant differences in FBG, FINS, HOMA-IR, and serum levels of biochemical indicators between PDJQ high-dose and Metformin groups. The small differences between the two experimental groups suggested that PDJQ has the potential to substitute for metformin in the treatment of T2DM.

Our results also showed that PDJQ could increase SOD and GSH-Px activities and decrease MDA content in T2DM rats, suggesting that this decoction helped reduce the oxidative stress response in T2DM rats. Oxidative stress is closely related to the development of T2DM (Said et al., 2020) and the development of T2DM is characterized by disorders of glucolipid metabolism, hyperglycemia, and hyperlipidemia, which lead to the production of large amounts of reactive oxygen species (ROS) in mitochondria; these in turn damage mitochondrial functions and cause oxidative stress responses. This then leads to IR by blocking insulin action pathways, and leading to the development of T2DM (Yaribeygi et al., 2020). Oxidative stress also leads to the massive production of free radicals, causing lipid peroxidation, which in turn causes cellular damage (Chen et al., 2013). MDA is a product of lipid peroxidation caused by free radicals or ROS in cells under oxidative stress, and MDA levels can indirectly reflect the degree of oxidative damage in cells (Dai et al., 2011). SOD and GSH-Px are antioxidant enzymes that reflect the strength of antioxidant capacity (Gao et al., 2018). SOD, as an intracellular oxygen radical scavenger, catalyzes the conversion of O2− to O2 and H2O2, and protects the organism from superoxide anions (Ding et al., 2019). GSH-Px is an important peroxide-degrading enzyme that is widespread in the body. It catalyzes the conversion of reduced glutathione to oxidized glutathione and protects cells from peroxide disruption and damage (Tsai et al., 2019).

The results of ELISA showed that PDJQ reduced the levels of the pro-inflammatory factors IL-6, IL-1β, and TNF-α levels in sera and that the inflammatory reaction is a key factor behind the development of T2DM. The production of local and systemic pro-inflammatory cytokines such as IL-6, IL-1β, and TNF-α exacerbates the vicious cycle of T2DM by inducing IR (Baek et al., 2020). IL-6 decreases insulin activity by blocking the expression of insulin receptor signaling, leading to the development of IR (Senn et al., 2002). IL-1β contributes to increase the secretion of intercellular adhesion molecule-1 (Yang et al., 2010), which is responsible for islet beta-cell injury and death, further exacerbating diabetes. TNF-α can induce the phosphorylation of insulin receptor substrate-1 (Rotter et al., 2003), thus disrupt the metabolism of blood glucose.

16S rRNA sequencing was used to study the effects of PDJQ on the composition of intestinal microbiota in T2DM rats. The alpha diversity of intestinal microbiota refers to the diversity of flora in a specific region or ecosystem, and is a comprehensive indicator reflecting the richness and homogeneity of flora. Shannon and Simpson indexes were significantly increased in T2DM model rats, indicating that the alpha diversity of gut microbiota was increased in T2DM model rats. PDJQ treatment decreased the alpha diversity of gut microbiota. The beta diversity of intestinal microbiota of rats was analyzed by PCoA and cluster analysis, and the overall composition of intestinal microbiota in T2DM rats changed significantly. The intestinal microbiota in T2DM rats was restored to the normal level after the intervention of PDJQ. Our results are consistent with previous reports demonstrating that T2DM could alter the alpha and beta diversities of intestinal microbiota (Chen et al., 2018).

Moreover, PDJQ helps to reduce the high F to B ratio caused by T2DM. This ratio is closely linked to many diseases and significantly increased in many models, for instance, T2DM, non-alcoholic fatty liver disease, and depression (Cheung et al., 2019; Jasirwan et al., 2021; Xia et al., 2021). Metabolic disorder and inflammatory reaction can be alleviated by lowering the ratio of F to B ratio (Stojanov et al., 2020). The relative abundances of Allobaculum and Enterococcus were significantly increased, while those of Lactobacillus, Blautia, Bacteroides, and Akkermansia were significantly decreased in the T2DM rat model; PDJQ significantly increased the relative abundances of Lactobacillus, Blautia, Bacteroides, and Desulfovibrio, and Akkermansia and decreased the abundance of Prevotella. Lactobacillus is a probiotic that improves intestinal ecological dysregulation and oxidative stress in T2DM rats (Morshedi et al., 2020). Blautia is associated with anti-inflammatory effects along with many diseases including colorectal carcinoma, hepatic encephalopathy, and graft versus host disease (Jenq et al., 2015). It was found that a decrease in the intestinal probiotic Bacteroides was associated with abnormal glucose tolerance, and had an impact on the sugar and lipid metabolism in the body, which in turn contributed to the development of obesity and the onset of diabetes mellitus (Qiao et al., 2020). Further studies have shown that these processes are mainly related to the production of SCFAs, which are produced by intestinal microbiota breaking down oligosaccharides, polysaccharides, peptides, proteins, and glycoproteins; these in turn directly regulate the number and function of pancreatic beta-cells, and thus participate in hepatic glycogen metabolism (Liu et al., 2020). The increased abundance of Akkermansia reduces the elevated lipopolysaccharide levels caused by a high-fat diet and is important for maintaining glucose homeostasis (Shin et al., 2014). It has been found that metformin treatment could significantly increase the proportion of Akkermansia in obese mice (Lee and Ko, 2014). Likewise, our correlation analysis also showed negative correlations of Lactobacillus, Blautia, Bacteroides, Desulfovibrio and Akkermansia with some of the physiological indicies (FBG, IR indicies, blood lipid levels and blood biochemical indicators), oxidative stress factor (MDA) and pro-inflammatory cytokines(IL-1β, IL-6, TNF-α). Positive correlations were also found between some of the anti-oxidative factors (SOD, GSH-Px) and Lactobacillus, Desulfovibrio. Finally, Prevotella, a pathogenic bacterium specialized in surviving under anaerobic conditions, is usually found in oral infections and is capable of causing wound infection and purulence (Yanagisawa et al., 2006). Correlation analysis also showed positive correlations of Prevotella with physiological indicies (FBG, AUC of OGTT, AST, Cr, BUN, HOMA-IR), pro-inflammatory cytokine (IL-1β) and oxidative stress factor (MDA). However, the role of Prevotella during T2DM progression still need to be further studied. Further studies should also be carried out using fecal transplantation or gut microbiota depletion models to verify whether PDJQ can ameliorate hyperglycemia, hyperlipidemia, IR, oxidative stress and inflammatory responses to treat T2DM through regulating these gut microbiota.

The results of serum untargeted metabolomics showed that PDJQ could affect tryptophan metabolism, histidine metabolism, TCA cycle, phenylalanine, tyrosine and tryptophan biosynthesis, and tyrosine metabolism. After correlating the differential metabolic pathways obtained from metabolomics with those deduced from 16S rRNA sequencing, the pathways of tryptophan metabolism, histidine metabolism, and the TCA cycle were identified as the shared pathways, suggesting that PDJQ may affect tryptophan metabolism, histamine metabolism, and the TCA cycle through the regulation of intestinal microbiota to treat T2DM.


Tryptophan Metabolism

Tryptophan and its related metabolites are closely associated with T2DM and IR (Chen et al., 2016). In our study, we found that the levels of DL-tryptophan and L-kynurenine were reduced in T2DM model rats and significantly increased after treatment with PDJQ. The DL-tryptophan metabolite quinolinic acid inhibits the activity of phosphoenolpyruvate carboxykinase (PEPC), which in turn inhibits gluconeogenesis and lowers blood glucose levels (Dayer et al., 2009). The majority of tryptophan in the body is metabolized by the kynurenine pathway, which is involved in inflammatory and immune reactions (Zhou and Ye, 2018). The key enzymes for the conversion of tryptophan to kynurenine are tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO), which are activated by stress hormones or inflammatory factors and then slowly overproduce downstream metabolites including kynurenine. This ultimately causes the onset of diabetes (Kartika et al., 2020). The ratio of kynurenine to tryptophan is an indicator of IDO activation. When the ratio of tryptophan to kynurenine is high, the organism is more prone to inflammatory reactions and autoimmune disease (Brandacher et al., 2006). Spearman’s analysis showed a positive correlation of Lactobacillus, Bacteroides and Akkermansia with DL-tryptophan and L-kynurenine levels. Additionally, we observed a negative correlation between Allobaculum and L-kynurenine. As 16S r RNA sequencing showed that there were no significant difference in the relative abundance of Allobaculum between T2DM and PDJQ high-dose groups, it’s likely the modulatory effects of PDJQ on tryptophan metabolism may occur through affecting the abundances of Lactobacillus, Bacteroides and Akkermansia.



Histamine Metabolism

Histidine and its metabolites are closely related to the resistance to oxidative stress and inflammatory reactions in the body (Yu et al., 2015). Our results showed that the level of L-histidine was decreased in T2DM rats and increased after the treatment with PDJQ. Histidine can inhibit TNF-α signaling pathway and attenuate the expression of pro-inflammatory cytokines (Lee et al., 2005), and it has been used to treat inflammation in obese patients with metabolic syndrome (Feng et al., 2013). In addition, histidine shows strong binding affinity for Fe2+ ions, thus reducing the amount of ROS produced by the Fenton reaction and protecting cells from damage caused by iron overload (Vera-Aviles et al., 2018; Wake et al., 2020). Histidine enhances the expression and activity of catalase and GSH-Px, thus reducing oxidative stress (Liu et al., 2008; Watanabe et al., 2008). Spearman’s analysis showed a positive correlation of Lactobacillus, Bacteroides and Akkermansia with L-histidine level. Thus, we assumed that the effects of PDJQ on L-histidine level may be associated with modulating the abundances of Lactobacillus, Bacteroides and Akkermansia.



TCA Cycle

The TCA cycle is the final metabolic pathway for carbohydrates, lipids, and amino acids (Chen et al., 2014). The TCA cycle can affect the immunity of the body (Choi et al., 2012). and is closely associated with many different metabolic diseases including T2DM. In our study, we found that D-(+)-malic acid, citric acid, and fumaric acid were significantly elevated in the T2DM group of rats and decreased after administration of the medicine. Citric acid is an important intermediate in the TCA cycle, which has been found to be an important substrate for cellular energy metabolism and is closely associated with T2DM. It is a major source of adenosine triphosphate (ATP) produced by cells and has key roles in inflammation, insulin secretion, and metabolic regulation (Iacobazzi and Infantino, 2014). Citric acid can be cleaved by ATP-citrate synthase (ACLY) to acetyl coenzyme A and oxaloacetate (OAA) (Wang et al., 2021). Acetyl coenzyme A provides a basis for the synthesis of lipids, including arachidonic acid, which produces inflammatory mediators such as prostaglandins, leukotrienes, and thromboxanes (Douzi et al., 2020). OAA is the second product of citric acid and can beconverted to malic acid, which is in turn oxidized by malic enzyme to pyruvic acid to form nicotinamide adenine dinucleotide phosphate (NADPH), which can produce ROS by the action of NADPH oxidase, and the excess ROS can lead to oxidative stress (Munhoz et al., 2016). Metabolic disorder of fumaric acid may be associated with diabetic renal impairment. Fumaric acid is a dicarboxylic acid that is a precursor of L-malate during the TCA cycle. The accumulation of fumaric acid has been shown to lead to oxidative stress (Zheng et al., 2015), and prolonged oxidative stress leads to renal impairment in diabetic nephropathy. Negative correlations between Bacteroides, Akkermansia and D-(+)-malic acid levels and between Bacteroides, Akkermansia Lactobacillus and fumaric acid were found by our spearman’s analysis. Allobaculum showed positive correlations with fumaric acid level. The effect of PDJQ on TCA cycle in T2DM rats could be through affecting the abundances of Bacteroides, Akkermansia Lactobacillus.




Conclusion

In conclusion, our study revealed the various ameliorative effects of PDJQ on T2DM, including improving the liver and kidney functions and alleviating the hyperglycemia, hyperlipidemia, IR, pathological changes, oxidative stress and inflammatory responses. The mechanisms of PDJQ on T2DM are likely linked to an improvement in the dysbiosis of gut microbiota and modulation of tryptophan metabolism, histamine metabolism, and the TCA cycle.
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Emerging evidence has revealed the presence in animals of a bidirectional regulatory “lung-gut axis” that provides resistance to respiratory infections. Clues to the existence of this system stem from observations that respiratory infections are often accompanied by gastrointestinal symptoms, whereby intestinal microbiota appear to play pivotal roles in combating pathogenic infections. Importantly, short-chain fatty acids (SCFAs) produced by the gut microbiota appear to serve as the biological link between host immune defenses and gut flora. Streptococcus pneumoniae (S.pn), the main cause of lower respiratory tract infections, is involved in more than 1.189 million deaths per year. QingFei Yin (QFY) is known for its excellent therapeutic efficacy in combating bacterial lung infections. In this study, effects of S.pn infection on gut homeostasis were assessed using 16S RNA-based microbiota community profiling analysis. In addition, potential mechanisms underlying QFY recipe beneficial therapeutic effects against bacterial pneumonia were explored using S.pn-infected gut microbiota-depleted mice. Results of data analysis indicated that QFY treatment alleviated lung infection-associated pathogenic processes, while also promoting repair of disordered gut flora and counteracting S.pn infection-associated decreases in levels of SCFAs, particularly of acetate and butyrate. Mechanistically, QFY treatment suppressed inflammatory lung injury through inhibition of the host NF-κB-NLRP3 pathway. These results inspired us to identify precise QFY targets and mechanisms underlying QFY anti-inflammatory effects. In addition, we conducted an in-depth evaluation of QFY as a potential treatment for bacterial pneumonia.
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Highlights

• QFY treatment inhibited activation of the NF-κB-NLRP3 pathway by regulating gut microbial SCFAs that, in turn, facilitate recovery of mice from bacterial pneumonia. • In addition, this research confirmed the existence of a gut-lung axis and identified a potential mechanism underlying QFY immunomodulatory and pneumonia-alleviating therapeutic effects.



Introduction

As the largest and most complex micro-ecosystem of the human body, the intestinal microbiota has emerged as a positive player in host defenses against pathogens, especially those involved in respiratory infections (McAleer and Kolls, 2018). In fact, the concept of crosstalk occurring between intestinal microbiota and the pulmonary immune system is currently widely accepted and is supported by recent observations. However, this concept is not new, but was documented 2000 years ago in the medical books of the Yellow Emperor’s Classic of Internal Medicine, where it was described as “The exterior-interior relationship between the lung and the large intestine.” What is very exciting is that modern science has uncovered molecular mechanisms in support of such a relationship, which is currently referred to as the “lung-gut axis” (Chakradhar, 2017; Wypych et al., 2019), with accumulating evidence supporting bidirectional communication between “lung” and “gut” (Sze et al., 2014). Indeed, many respiratory infections are accompanied by gastrointestinal symptoms. For instance, pulmonary infection has been shown to trigger disorder of gut bacteria that induce intestinal injury (Perrone et al., 2012). Vice versa, many gastrointestinal disorders are associated with respiratory tract manifestations, such as decreased lung function that often occurs in inflammatory bowel disease (IBD) patients during disease flareups (Douglas et al., 1989; Ceyhan et al., 2003). Moreover, respiratory symptoms can occur after intestinal injury, thus further supporting the claim that such symptoms may be a consequence of intestinal floral disruption.

Recently, it has been demonstrated that the intestinal microbiota plays a protective role in the host defense against pathogens, especially with regard to respiratory immunity. For example, mice with depleted gut microbiota showed increased bacterial dissemination and more severe injury, both of which were triggered by the host inflammatory response against S.pn infection (Schuijt et al., 2016). The results of this and other studies have prompted researchers to consider finding ways to induce or maintain gut microbiota homeostasis as a new potential therapeutic strategy for targeting pulmonary disease.

Short-chain fatty acids (SCFAs), including butyrate, propionate, and acetate, are derived from the metabolism of dietary fiber involving both the gut microbiota of the colon and the serum metabolome (Fukuda et al., 2011; Arpaia et al., 2013; Furusawa et al., 2013; Smith et al., 2013). SCFAs have been shown to exert pivotal protective effects on host immune homeostasis and defense (Lukasova et al., 2011), while a deficiency of dietary fiber may underlie development of asthma, allergies, and certain respiratory infectious diseases (Thorburn et al., 2015). In recent years, evidence in support of the importance of SCFAs and dietary fiber to health has accumulated, with results of some studies clarifying mechanisms underlying such effects. One such mechanism that is gaining support involves SCFAs-based inhibition of nuclear factor kappa-B (NF-κB) as a potential prerequisite pathway for preventing bacterial pneumonia (Vinolo et al., 2011).

Streptococcus pneumoniae (S.pn), a species of Gram-positive bacteria that colonizes the upper respiratory tract, is a major pathogen-induced cause of pneumonia, septicemia, and meningitis, particularly in young children (Quinton et al., 2018). Use of antibiotics has served as the major therapeutic strategy for combating bacterial infectious diseases, due to direct antimicrobial effects of these drugs (Quinton et al., 2018; Kadri and Boucher, 2020). However, their use is accompanied by gut flora disorder and emergence of drug-resistant bacteria (Bhalodi et al., 2019; Strati et al., 2021). Therefore, it is urgently important to discover other safe and effective therapeutic drugs to combat bacterial pneumonia. Traditional Chinese medicine (TCM) emphasizes holistic concepts and the balance between Yin and Yang associated with mutual relationships that have formed over millions of years. Indeed, numerous studies have demonstrated that ethnic medicines can reverse intestinal microecological disorders caused by pathogen infections (Wu and Tan, 2019; Lin et al., 2021). For instance, ethnomedicines such as berberine, baicalin, apigenin (Radulovic et al., 2018), and sulforaphene (Li et al., 2017) have been shown to restore normal gut flora balance after pathogen infection-induced disruption by increasing the abundance of probiotic organisms in the gut (Li et al., 2011; Wu et al., 2018; Zhang et al., 2021). One possible mechanism associated with beneficial effects of one of these medicines, baicalin, for protecting rats against gut microbiota imbalance was linked to modulation of SCFAs content (Zhu et al., 2020). Moreover, traditional Chinese medicine (TCM)-based polysacharides have been shown to exert immune-protectiveation by increasing abundances of certain beneficial gut bacteria, especially those belonging to phyla Bacteroidetes (genus Prevotella) and Firmicutes (genus Ruminococcus) and by enhancing production of SCFAs (Tang et al., 2018).

Qingfei Yin (QFY), a prescription used for the treatment of pneumonia, has been administered clinically for more than 60 years. QFY contains four Chinese herbs that Scutellaria baicalensis Georgi [Lamiaceae; Scutellariae radix], Forsythia suspensa (Thunb.) [Oleacea; Forsythiae Fructus], Belamcanda chinensis (L.) DC [Iridaceae; Elamcandae rhizoma], and Fritillaria cirrhosa D. Don [Liliaceae; Fritillaria Cirrhosae bulbus]. Our previous studies had revealed that QFY significantly alleviated pathological manifestations of lung infection and reduced cytokine levels in mice with S.pn-induced pneumonia, thus quenching inflammation-induced lung injury.

In this study, the important role of gut microbiota in infection, coupled with profound anti-inflammatory effects of SCFAs, inspired us to explore the gut-lung axis to discover targets of QFY treatment involved in alleviation of pneumonia. Here, we report that QFY treatment suppressed inflammatory injury by counteracting disorder of the gut microbiota induced by S.pn infection and associated decreased SCFAs levels, particularly of acetic acid and butyric acid. Mechanistically, this effect was dependent on inhibition of the NF-κB pathway by SCFAs. This research provides a rationale that supports future investigations to identify precise targets and mechanisms of QFY action toward the development of new medicines to treat lung infectious diseases.



Materials and Methods


Materials and Reagents

S.pn serotype 2 strain D39 was provided by Zunyi Medical College. QFY was provided by the Affiliated Hospital of Changchun University of Traditional Chinese Medicine (Jilin, China). Acetate (#695092) and butyrate (#B103500) were purchased from MilliporeSigma. Mouse interleukin-lβ (IL-1β, #MLB00C), interleukin-6 (IL-6, #M6000B), and tumor necrosis factor-alpha (TNF-α, #MTA00B) enzyme-linked immunosorbent assay (ELISA) kits were obtained commercially (R&D Systems, Minneapolis, MN, USA). Rabbit polyclonal antibodies against NF-κB P65 (#ab16502), NF-κB p-P65 (#ab194726), inhibitor of NF-κB (IκBα) (#ab7217), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (#ab8245) and β-tubulin (#ab18207) were purchased from Abcam (Cambridge, MA, USA). Rabbit polyclonal antibodies against NOD-like receptor protein 3 (NLRP3) (#15101S) and cleaved caspase-1 (cleaved-Casp1) (#89332S) were purchased from Cell Signaling Technology (Beverly, MA, USA).



Preparation and Components Identification of QFY Aqueous Extract

QFY was provided by the Affiliated Hospital of Changchun University of Traditional Chinese Medicine (Jilin, China). Each component powder was accurately weighed and formulated to generate QFY based on the following ratio (by weight): Scutellaria baicalensis Georgi, Forsythia suspensa (Thunb.), Belamcanda chinensis (L.) DC, and Fritillaria cirrhosa D. Don of 8:8:8:3. According to the standard procedure (National Pharmacopoeia Committee, 2005), QFY powder was decocted 3 times with 200 mL of water at 100 °C to obtain the aqueous extract. All decocted solutions were combined and centrifuged then the supernatant was dried under vacuum to produce a brown powder. The extract was stored in the laboratory at −80°C until use. In previous studies, 19 main chemical compounds comprising QFY were detected using a method based on high performance liquid chromatography with tandem mass spectrometry (HPLC-MS/MS). Comparisons of results obtained from analysis of ten batches of QFY recipe indicated batch-to-batch consistency within the range of 95% to 98% of all major chemical constituents. Thus, different batches of QFY retained principal active components of the four Chinese herbal ingredients with acceptable batch-to-batch variability (Figure S1; Tables S1, 2).



Bacterial Strains and Culture Conditions

The S.pn strain D39 (Berry et al., 1989) was cultured at 37°C in Todd-Hewitt broth then the culture was inoculated onto tryptic soy broth (TSB) agar plates and incubated under the same conditions overnight. Next, bacterial colonies were collected from the plates and cultured in Todd-Hewitt broth supplemented with 5% yeast extract until growth reached mid-log phase (as determined from the optical density of the culture at 600 nm).



Animals

After female BALB/c mice (approved by the Animal Ethics Committee of Changchun University of Chinese Medicine-20190116) were received from the Experimental Animal Center of Changchun University of Traditional Chinese Medicine, they were housed and maintained for 6 weeks until they weighed 20 ± 2 g. Next, mice were allowed to rest for 5 d to acclimate before being subjected to experimental manipulations. For experimentation, mice were randomly assigned to nine groups: Control, Model, QFY (L) (0.21 g/kg), QFY (H) (0.42 g/kg), gut microbiota-depleted (DEPL), S.pn+DEPL, S.pn+DEPL+QFY, S.pn+DEPL+Acetate, and S.pn+DEPL+Butyrate (n = 7 per group). In experiments with DEPL mice, mice received high-dose QFY.

To deplete the gut microbiota, (designated as DEPL in group names above), mice were treated with a broad-spectrum antibiotic in drinking water as previously reported (Schuijt et al., 2016). Next, mice assigned to groups Model, QFY (L), QFY (H), S.pn+DEPL, S.pn+DEPL+QFY, S.pn+DEPL+Acetate, and S.pn+DEPL+Butyrate were lightly anesthetized via inhalation of isoflurane then were infected via left nasal inoculation of a 25-μL volume of nose drops containing 2.5 × 108 CFU/mL of S.pn to establish the in vivo pneumonia model (Dessing et al., 2010). Beginning at the time of S.pn infection, microbiota-deficient mouse groups received drinking water containing a broad-spectrum antibiotic. Meanwhile, mice in QFY treatment groups QFY (L), QFY (H), and S.pn+DEPL+QFY were intragastrically administered QFY twice daily, while mice in the S.pn+DEPL+Acetate group were administered acetate (200 mM) and mice in the S.pn+DEPL+Butyrate group received butyrate (100 mM) in drinking water. All mice were sacrificed at 48 h post-infection.



Mice Body Weight and Immune System Organ-Based Indices

Body weight, lung tissue wet weight to dry weight (W/D) ratio, and immune system-associated organ indices were determined in order to assess general characteristics of mice during experiments. Determinations of mouse organ immune index values (for thymus and spleen) were conducted using the following formulas: thymus index = (thymus weight/mouse weight) × 10, spleen index = (spleen weight/mouse weight) × 10.



Micro-CT Scanning

As report previously (van Deel et al., 2016; Ruscitti et al., 2017), mice were anaesthetized with isoflurane then lung imaging was performed using a Quantum FX Micro-CT scanner (PerkinElmer, Inc., Waltham, MA). The X-ray system of the scanner uses a microfocus tube with a focal spot size of 5 μm at 4 W and produces X-rays delivered as a cone-shaped beam. Images were acquired using X-ray tube settings of 90 kVp and 160 μA. Projection radiographs were taken throughout the 360-degree gantry rotation cycle during a total scan time of 14 min.



Histopathological Observations and Total Lung Inflammation Scores

Lung tissues of mice were prepared for histology and analyzed as described previously using the following steps: immersion of tissues in 4% paraformaldehyde followed by paraffin embedding, sectioning to generate slices, attachment of slices to glass slides, dewaxing of slices with xylene, immersion of slides in eosin staining solution, dewaxing of slices until transparent, and sealing of stained slices on slides. Total lung inflammation scores (TLISs) were determined as previously reported (Dessing et al., 2007). The entire lung surface was analyzed with respect to the following parameters: interstitial damage, vasculitis, peri-bronchitis, edema, thrombus formation, and pleuritis.



ELISA

The trachea was exposed through a midline incision and bronchoalveolar lavage fluid (BALF) was harvested by instilling 1 mL of sterile isotonic saline into the lungs. BALF fluid was then tested for levels of IL-6, IL-1β, and TNF-α by ELISA.



DNA Extraction and 16S rRNA Gene-Based High-Throughput Sequencing

Total microbial DNA was extracted using the OMEGA Soil DNA Kit (D5625-01) (Omega Bio-Tek, Norcross, GA, USA) from mouse cecal samples (n = 7). Next, PCR amplification of 16s rRNA gene V3-V4 was performed using forward primer 799F (5’-AACMGGATTAGATACCCKG-3’) and reverse primer 1193R (5’-ACGTCATCCCCACCTTCC-3’). PCR amplicons were quantified then were sequenced using the Illlumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China). For microbiome community profiling evaluations, sequence data were analyzed using QIIME2 and R software packages (v3.2.0) (Bolyen et al., 2019).



Western Blotting

30 µg of lung tissue lysate was loaded per lane then samples were electrophoretically separated using 10% SDS-PAGE gels. Primary antibodies specific for the following antigens were used at 1:1000 dilution: β-tubulin, GAPDH, NLRP3, cleaved-Casp1, NF-κB p65, p-NF-κB p65, and IκB. After blots were incubated with primary antibodies overnight at 4°C, they were washed then incubated with horseradish peroxidase-conjugated IgG secondary antibody (either goat anti-mouse or goat anti-rabbit) diluted 1:5000. Protein bands were visualized and analyzed using a chemiluminescent imaging system (FluorChem, ProteinSimple, San Jose, CA, USA).



Statistical Analysis

All data are presented as means ± SD as calculated using Student’s t-test Comparisons between groups were conducted using one-way or two-way ANOVA followed by Bonferroni or Tukey’s post-tests as indicated. Differences were considered significant vs Control group, #P < 0.05, ##P < 0.01; vs Model group, *P < 0.05, **P < 0.01; n.s is used to denote results that are not significant.




Results


Effects of QFY on General Characteristics of S.pn-Infected Mice

As shown in Table 1, as compared with the Control group, body weights and spleen and thymus indices were decreased in untreated infected mice by 48 h after S.pn infection. However, the lung W/D ratio was reduced after QFY treatment (P < 0.05), suggesting that QFY treatment of infected mice significantly reduced pulmonary edema and preserved host immune system balance during S.pn infection.


Table 1 | Measurement of visceral index.



Next, micro-CT scans and hematoxylin and eosin (H&E) staining were used to investigate lung inflammation induced by S.pn infection, as well as protective effects of QFY against lung tissue injury. In one micro-CT scan image, patchy, non-homogeneous high-density shadows and marginal haziness were observed in the lower lobe of the lung. Meanwhile, representative histological findings of tissues from intreated S.pn-infected mice showed extensive signs of pneumonia manifesting as deepened lung tissue color accompanied by signs of interstitial inflammation, vasculitis, bronchitis, and edema. In addition, lobes exhibited signs of congestion, swollen tissues, and evidence of neutrophil infiltration. Scans of lungs of infected animals receiving QFY treatment also exhibited patchy, non-homogeneous shadows, but these shadows were less dense than patches appearing in lung scan images of untreated infected animals. These imaging results indicated that lung tissues of QFY-treated infected mice exhibited less bleeding and swelling and more closely resembled lung tissues of healthy mice than did lung tissues of untreated infected mice (Figures 1A, B). Moreover, based on the TLISs semi-quantitative scoring system described in the Methods section, histopathological scores were much lower in the QFY-treated infected mouse group as compared with the untreated model group, indicating that QFY treatment of mice prevented inflammatory lung damage induced by S.pn infection (Figure 1C). Antibiotic treated also reduced the TLISs, but we observed that a considerable number of mice had diarrhea and loose feces which not observed in QFY group, regrettably (Figure S2).




Figure 1 | QFY prevented S.pn-induced lung inflammatory injury in infected mice. Model, QFY (L), and QFY (H) groups of mice were inoculated with 2.5 × 108 CFU/mL S.pn in 25 μL for 48 h. (A) Micro-CT images are presented. (B) Pathologic and histopathological changes in lung tissues as revealed by H&E staining (original magnification 40×, scale bar: 20 μm). (C) Total lung inflammation score. (D–F) Detected levels of inflammatory cytokines IL-1β, IL-6, and TNF-α. (G) Western blot showing detected proteins. (H, I) Levels of quantified proteins on Western blots. Data are presented as the mean ± SD for each group. ##p < 0.01 versus Control; **p < 0.01 versus Model; n.s, no significant differences.



In addition, we measured levels of inflammatory cytokines in mice BALF specimens. As shown in Figures 1D–F, S.pn infection led to significantly increased inflammatory cytokine levels of TNF-α, IL-1β, and IL-6 in BALF (p < 0.01), while QFY treatment of infected mice led to significantly decreased BALF levels of these cytokines. Thus, these results suggest that S.pn infection induced lung inflammation that was reversed by QFY treatment.



Impact of QFY on Inflammation-Associated Proteins in the S.pn-Induced Mouse Pneumonia Model

Levels of NF-κB-NLRP3 pathway proteins that play key roles in lung immune responses were evaluated by Western blot analysis. As shown in Figures 1G–I, the NLRP3 signaling pathway was activated by S.pn invasion, as indicated by increased levels of NLRP3 and cleaved-Casp1 proteins. In addition, NF-κB, a transcription factor associated with NLRP3 pathway regulation, was also activated by S.pn infection, as confirmed by both an observed 43.32% decrease in IκBα level and a 3.79-fold increase in NF-κB p65 phosphorylation level as compared with corresponding Control group levels. These relative differences indicate that S.pn infection triggered a domino effect by activating an intense inflammatory cascade accompanied by induction of a mature cytokine response that induced high-level release of cytokines such as IL-1β. Strikingly, QFY treatment markedly maintained expression of these proteins at normal levels, especially in the QFY(H) group. Thus, hereafter data associated with QFY treatment groups was obtained using a high dose of QFY (0.42 g/kg) if not otherwise mentioned. Furthermore, after S.pn infection of mice, measurements of bacterial loads revealed no significant differences between QFY-treated and untreated groups (Figure S3).

Taken together, the abovementioned data revealed that S.pn infection-induced lung inflammation was reversed by QFY treatment and that this QFY therapeutic effect may be linked to inhibition of NLRP3 and NF-κB p65 pathways.



QFY Altered Diversity and Composition of the Gut Microbiota

To explore the relationship between the inflammatory response and intestinal microecology, we analyzed the microbiota within mice cecal digesta. Community richness and diversity were evaluated using Chao 1 and Shannon indices (Figures 2A, B), with results showing that the Model group had markedly lower Shannon (P = 0.0011) and Chao 1 index (P = 0.0011) values as compared to corresponding Control group values. Importantly, QFY treatment restored infection-induced alterations of microbial community richness and diversity levels to nearly normal levels.




Figure 2 | Alpha diversity metrics comparisons among Control, Model, and QFY groups using (A) Chao 1 indices, (B) Shannon indices, and (C, D) weighted and unweighted UniFrac distance-based PCoA, respectively. (E, F) The Venn diagram illustrating overlaps of phylum-level OTUs and the hierarchical cluster analysis results for each group. Data are presented as the mean ± SD for each group (n = 7), *p < 0.05, **p < 0.01 versus Control; **p < 0.01, ***p < 0.001 versus Model.



Principal coordinates analysis (PCoA) revealed overall differences in microbiota classification profiles among groups (Figures 2C, D), especially between Model and Control groups, while QFY treatment group results overlapped with those of the Control group. At the phylum level, the Venn diagram illustrating overlap of Operational taxonomic units (OTUs) profiling (Figure 2E) and hierarchical cluster analysis results (Figure 2F) revealed statistically significant differences in microbiota profiles between Control and Model groups, whereas the gut microbiota profile of the QFY-treated infected group more closely resembled that of the Control group. Taken together, the abovementioned results indicated that administration of QFY treatment shifted the microbiota profile from one of disease status towards one of healthy status.

Next, in order to further compare species composition differences, heatmap were used to visualize significant bacterial taxonomic profile differences among groups at the phylum level (Figure 3A) and genus level (Figure 3B). In addition, LEfSe (LDA, linear discriminant effect size) was used to construct a hierarchical tree based on sample composition for use in difference analysis of results for all classification levels (Figure 3D).




Figure 3 | QFY Increased SCFAs and Shaped Mouse Gut Microbial Ecology. Mouse feces of Control, Model, and QFY groups were collected then analyzed to determine microbiota composition. (A) Relative fecal bacterial abundance percentages of the top 40 detected phylum. (B) Relative fecal bacterial abundance percentages of the top 40 detected geneus. (C) Box chart showing significant relative abundance variations at the genus level. (D) Classification tree of sample population based on LEfSe analysis, with sizes of nodes reflecting relative abundances and different colors corresponding to different taxonomic groups. (E) Levels of SCFAs (acetate, propionate, and butyrate) in mouse feces. (F) Spearman correlation analysis results for SCFAs and gut microbiota. Data are presented as the mean ± SD for each group (n = 7), #p < 0.05, ##p < 0.01 versus Control; *p < 0.05, **p < 0.01 versus Model; n.s, no significant differences.



S.pn infection caused significant perturbations of the microbiota at the phylum level (Figures 2F, 3A). Phyla Firmicutes and Bacteroidetes dominated Control and QFY group profiles, while the phylum Proteobacteria was most prominent in the Model group profile. At the genus level, bacterial community profiles differed markedly between Control/QFY and Model groups (Figure 3B).

Notably, abundances of genera Ralstonia, Sphingomonas, Ochrobactrum, and Streptococcus were significantly increased after S.pn infection as compared to their respective abundances in Control and QFY groups (Figure 3C). Interestingly, SCFAs-producing bacterial genera mainly included Coprococcus, Prevotella, Butyricicoccus, [Ruminococcus], Rikenella, Dehalobacterium, and Parabacteroides, the levels of which were all decreased in untreated S.pn-infected mice and restored to normal levels in QFY-treated infected mice.



QFY Treatment Reversed S.pn Infection-Induced Changes in Fecal SCFAs Contents

Observed differences in microbiota profiles among mouse groups in this study prompted us to test SCFAs levels in feces of each group (Figure 3E). As expected, S.pn infection decreased fecal levels of acetate and butyrate, while QFY treatment led to increases of both SCFAs to normal levels. Spearman correlation analysis revealed an interrelationship between SCFAs and corresponding gut microbiota among Control, S.pn-infected and QFY-treated S.pn-infected mice (Figure 3F). Intriguingly, highly significant negative correlations were observed between SCFAs and TLISs and between SCFAs and levels of cytokines IL-1β, IL-6, and TNF-α. Conversely, acetate and butyrate levels were each significantly positively correlated with abundances of genera Coprococcus, Prevotella, Butyricicoccus, [Ruminococcus], Rikenella, Dehalobacterium, and Parabacteroides, were significantly negatively correlated with abundances of Ralstonia and Streptococcus.

Taken together, alterations of gut microbiota composition and function may be attributed to effects of S.pn infection, which subsequently resulted in dysregulation of innate host immune responses. Conversely, QFY treatment led to marked reversal of infection-induced microbial imbalances to normalize the gut microbiota. This effect was positively correlated with increased levels of SCFAs acetate and butyrate and increased abundance of gut probiotic organisms that produce beneficial SCFAs.



Gut Microbiota Depletion Exacerbated Lung Inflammation

Mice were depleted by oral administration of broad-spectrum antibiotics in drinking water [as described previously (Schuijt et al., 2016)], we conducted all experiments as mentioned below in gut microbiota-depleted mice (termed DEPL mice). As shown in Figure 4, microbiota depletion was confirmed by observations of markedly lower gut microbial community richness and diversity in DEPL mice (Figures 4A–D). In addition, relative abundances of beneficial gut bacteria in DEPL mice were significantly decreased (Figures 4E–G), fecal SCFAs levels were decreased (Figure 4H), and DEPL mice exhibited more severe pneumonia symptoms (Figure 5). These results align with results reported recently showing that gut microbiota plays a protective role in the host defense against pneumococcal pneumonia (Schuijt et al., 2016). Taken together, the abovementioned results indicate that the gut microbiota-depleted mouse model was successfully established in this work. Moreover, QFY treatment of gut microbiota-depleted mice afflicted with S.pn-induced pneumonia exhibited normalization of microbiota profiles and associated metabolite levels, especially with regard to SCFAs. Thus, effects of SCFAs may play pivotal roles in observed QFY therapeutic effects associated with alleviation of pulmonary infectious diseases.




Figure 4 | Alpha diversity metrics were compared between Control and gut microbiota-depleted mice using (A) Chao 1 indices (B) Shannon indices, and (C, D) weighted and unweighted UniFrac distance-based PCoA. (E) Relative fecal bacterial abundance percentages of top 40 phylum and (F) top 40 genus. (G) Box chart of genera showing significant relative variations in bacterial abundance percentages at the genus level. (H) Levels of SCFAs (acetate, propionate, and butyrate) in mouse feces. Data are presented as the mean ± SD for each group (n = 7), #p < 0.05, ##p < 0.01, **p < 0.01 versus Control.






Figure 5 | Mice assigned to DEPL, S.pn+DEPL, and S.pn+DEPL +QFY groups were first administered broad-spectrum antibiotics in drinking water then were intranasally inoculated with 2.5 × 108 CFU/mL S.pn in a volume of 25 μL and monitored for 48 h. (A) Pathologic and histopathological changes in lung tissues as revealed by H&E staining (original magnification 40×, scale bar: 20 μm). (B) Total lung inflammation score. (C) Body weight and (D) lung W/D ratio of mice. (E–G) Levels of inflammatory cytokines IL-1β, IL-6, and TNF-α. Data are presented as the mean ± SD for each group, ##p < 0.01 versus DEPL.





Gut Microbiota Depletion Counteracted Beneficial Effects of QFY and SCFA Administration for Alleviating S.pn-Induced Lung Inflammation

To investigate whether gut flora and SCFAs were potential targets of QFY pneumonia therapy, DEPL mice were treated with QFY after S.pn infection. Figure 5 displays results demonstrating that QFY exhibited no therapeutic effect in mice with prior gut microbiota depletion induced by administration of a broad-spectrum antibiotic. Specifically, results of H&E staining and inflammatory cytokine level determinations revealed no differences between QFY-treated and untreated S.pn-infected DEPL mice, indicating that gut microbiota depletion counteracted the beneficial QFY effect. Based on the widely accepted fact that SCFAs fermented by gut flora are converted into metabolites with anti-inflammatory properties, we next administrated two SCFAs, acetate and butyrate, to S.pn-infected DEPL mice and observed marked changes associated with improved health status after SCFAs treatment. As shown in Figure 6, although QFY did not exert a protective effect in DEPL mice against pneumonia, a protective effect was achieved by administration of acetate and butyrate. More specifically, administration of these SCFAs improved the health of S.pn-infected DEPL mice as compared to untreated DEPL mice, as evidenced by decreased inflammatory cytokine levels and greater alleviation of pathology, as indicated by lung imaging findings.




Figure 6 | SCFAs Administration Alleviated Lung inflammation in DEPL Mice after S.pn Infection. DEPL, S.pn+DEPL, S.pn+DEPL +acetate, and S.pn+DEPL +butyrate groups of mice were administered broad-spectrum antibiotic in drinking water then were inoculated with 2.5 × 108 CFU/mL S.pn 25 μL and monitored for 48 h. (A) Pathologic and histopathological changes in lung tissues as revealed by H&E staining (original magnification 40×, scale bar: 20 μm). (B) Total lung inflammation score. (C–E) Levels of inflammatory cytokines IL-1β, IL-6, and TNF-α in lung tissues. (F) Western blots revealing protein expression levels and (G, H) quantified protein levels determined from Western blot band areas and densities. Data are presented as the mean ± SD for each group, ##p < 0.01 versus DEPL; *p < 0.05, **p < 0.01 versus S.pn+DEPL.



It has been reported that SCFAs acting as NF-κB inhibitors block the inflammatory cascade (Chi et al., 2020; Wu et al., 2020). Therefore, we next evaluated the relative expression levels of proteins among experimental groups using Western blot analysis. As shown in Figures 6F–H, levels of NF-κB pathway proteins that were dramatically elevated after S.pn infection were decreased after acetate and butyrate treatments. However, in untreated infected mice, changes of levels of NLRP3, a target protein of NF-κB that plays a key role in immune responses to infectious diseases, paralleled changes of phosphorylated NF-κB levels, leading to cleavage of pro-caspase-1 and triggering of the inflammatory cascade.

In conclusion, we demonstrated that there is a close relationship between lung infection and disruption of intestinal flora. QFY therapeutic effects appeared to be associated with both repair of disordered intestinal flora through restoration of basal SCFAs levels to normal levels (in uninfected mice) and inhibition of NF-κB-NLRP3 pathway activity, which together alleviated lung injury induced by bacterial pneumonia.




Discussion

Each year more than 0.65 million children younger than 5 years old and over 1.08 million adults die from lower respiratory infections (, 2018). Among all bacterial respiratory pathogens, S. pneumoniae (S.pn) is the most common cause of bacterial pneumonia (more than 35%), the main cause of lower respiratory tract infections, is involved in more than 1.189 million deaths per year (, 2018). Infections with this pathogen account for an extremely large proportion of overall worldwide disease burden and are the most frequent cause of pediatric hospitalizations (Rudan et al., 2008; Cilloniz et al., 2016; Oligbu et al., 2019). Pneumonia patient outcomes are not only dependent on inflammatory damage severity, but also on the intensity and nature of the host immune response (Quinton et al., 2018). Currently, clinical therapeutic strategies for treating pneumonia are unsatisfactory. Antimicrobials, previously considered fundamental interventional treatments for bacterial infectious diseases, are no longer viewed as completely beneficial treatments due to their harmful effects on the host microbiome and the emergence of antibiotic drug resistance due to drug misuse (Lee and Boucher, 2015; Bhalodi et al., 2019). Therefore, new safe and effective treatments for pneumonia are urgently needed.

Recently, multiple extra pulmonary organs have been shown to participate in host resistance to pulmonary infection, with special attention currently being paid to the role of the intestine in host immune responses to pathogens (Schuijt et al., 2013). Of note, mechanisms by which the intestine modulates host immunity and susceptibility to infection depend largely on gut microbiota (Rooks and Garrett, 2016).

Gut microbiota, the largest and most complex micro-ecosystem within the human body; maintains intestinal microecological equilibrium while regulating immune system function as part of a larger fine-tuned homeostatic system. Interestingly, the “lung-gut axis,” the existence of which is supported by recent epidemiological evidence, aligns with TCM theory of “The exterior-interior relationship between the lung and the large intestine.” Indeed, it is widely accepted that many respiratory infections are accompanied by gastrointestinal symptoms, with gut microbiota dysbiosis conferring increased susceptibility to respiratory disease (Litvak et al., 2018). For instance, gastrointestinal (GI) symptoms in COVID-19 patients are highly variable and can include diarrhea, bowel paralysis, constipation, and abdominal distension, among others, which are observed in 11% to 95% of patients (Biliński et al., 2021). Conversely, gut microbiota dysbiosis, which results from an unhealthy diet, pathogen infection, antibiotic usage, and other factors, appears to reduce systemic immune response capacity, further aggravating lung syndrome. IBS and IBD have higher susceptibility to pulmonary diseases (Douglas et al., 1989; Ceyhan et al., 2003; Wang et al., 2013).

Intriguingly, decreased gut microbiota diversity in infancy has been shown to increase risks of respiratory tract infection and asthma development (Abrahamsson et al., 2014). Moreover, it has been reported that gut microbiota plays a protective role in the host defense against S.pn-induced infection (Wu et al., 2020), with disordered gut microbiota previously shown to cause immune imbalances and aggravate lung inflammation (Schuijt et al., 2016). Therefore, gut flora has become a novel target of respiratory disease therapies currently under development. Toward this goal, herbal remedies and their active components, such as ginseng extract (Quan et al., 2020), plant polysaccharide (Chen et al., 2020), and baicalin (Wang et al., 2021), have been shown to exert prominent therapeutic effects that can improve immune defenses and maintain intestinal homeostasis.

Based on the abovementioned accumulated knowledge, we hypothesized that targeting of the gut microbiota and associated metabolites by herbal remedies may be used to alleviate bacterial pneumonia. Thus, here we evaluated the gut microbiota of mice using 16s rRNA sequencing of bacterial DNA isolated from mouse cecum contents. As expected, microbiota diversity decreased after S.pn infection, as evidenced by the decreased Chao and Shannon index values. Furthermore, gut microbiota composition dramatically changed after infection, as reflected by PCoA clustering and decreased relative abundances of fecal probiotic genera, including Coprococcus, Prevotella, Butyricicoccus, [Ruminococcus], Rikenella, Dehalobacterium, and Parabacteroides as compared with corresponding indicators for Control group mice. Strikingly, QFY treatment of S.pn-infected mice reversed infection-associated gut microbiota defects and restored microbiota bacterial profiles to a healthy state.

We also note here that QFY treatment of S.pn-infected mice not only regulated gut flora, but also alleviated general disease characteristics associated with S.pn infection, resulting in normalization of mouse body weight, lung W/D ratio, and thymus indices (Table 1). In addition, micro-CT and H&E staining showed decreased density of observed patchy non-homogeneous shadows, lung tissue bleeding, and lung tissue swelling after QFY treatment (Figure 1). More importantly, QFY reversed S.pn infection-induced lung inflammation and elevations of inflammatory cytokine levels in the lungs, with QFY effects found to be linked to inhibition of NLRP3 and NF-κB p65 pathways. Notably, up-regulation of expression of NLRP3, currently the most fully characterized inflammasome protein of the NLRs family, depends on activation of NF-κB pathway (Lemaitre et al., 1996a; Lemaitre et al., 1996b). Meanwhile, NF-κB is a transcription factor associated with expression of NLRP3 and cytokines that plays an important role in the inflammatory response after pathogen invasion (Schroder and Tschopp, 2010; Swanson et al., 2019). Specifically, after S.pn infection NLRP3 is activated then it binds to its adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD) and caspase-1 (cysteinyl aspartate-specific proteinase-1), leading to production of inflammatory cytokines belonging mainly to the IL-1β-family (Swanson et al., 2019). Collectively, here QFY reduced NLRP3 expression by inhibiting activation of NF-κB, thus quenching the inflammatory response and lessening inflammation-induced injury, while also maintaining immune protection. Nevertheless, potential mechanisms underlying beneficial QFY effects and the relationship between the gut microbiota and the NF-κB-NLRP3 pathway remain unclear.

Recently, researchers have discovered that numerous metabolites produced by the host and the gut microbiota maintain the host immune system in a healthy homeostatic state (Dang and Marsland, 2019). Among these metabolites, SCFAs are the most important immunomodulatory metabolites present within the gut-lung axis and thus have attracted much attention from researchers in recent years (Tulic et al., 2016). Importantly, SCFAs have been shown to maintain and enhance intestinal mucosal epithelium integrity to counteract inflammation in intestinal and respiratory tracts by increasing the abundance and diversity of intestinal flora (Trompette et al., 2014). Furthermore, the ability of SCFAs to inhibit the NF-κB-NLRP3 pathway by preventing phosphorylation and degradation of IκBα is well known (Thorburn et al., 2014; Chi et al., 2020).

In this study, levels of SCFAs in mice cecal contents were determined to reveal the association between S.pn-infection and SCFAs levels. As expected, decreased levels of fecal SCFAs in S.pn-infected mice were accompanied by parallel decreased of gut probiotic abundance as well as exacerbation of pneumonia symptoms. Meanwhile, QFY treatment of infected mice led to increased fecal levels of acetate and butyrate by 1.74- and 2.32-fold as compared with corresponding levels for the Model group (Figure 3E). These changes were associated with increased abundance of probiotic genera that produce SCFAs, including Coprococcus, Prevotella, Butyricicoccus, [Ruminococcus], Rikenella, Dehalobacterium, and Parabacteroides. Based on the aforementioned results, we speculated that QFY may exert its protective effect against bacterial pneumonia-induced lung injury by targeting gut microbiota to stimulate production of SCFAs that inhibit the NF-κB/NLRP3 axis. To further confirm the NF-κB/NLRP3 axis as a QFY target involved in its mechanism of action, gut microbiota-depleted mice were generated here using a broad-spectrum antibiotic. This established method has been used previously to explore precise roles played by intestinal flora in human disease and to discover therapeutic targets (Gensollen et al., 2016). In this work DELP-mice exhibited aggravated lung injury and inadequate immune defenses after S.pn infection that agreed with previous research findings demonstrating a protective role of gut flora in alleviating bacterial pneumonia (Clarke et al., 2010). In recent years, emerging research has been focused on the association between complex herbal medicine formulations and microecology, with gut microbiota increasingly being recognized as a promising novel target of herbal medicines that improve the defensive capacity of the host. Our results here provide substantial evidence that gut microbiota and associated metabolites play pivotal roles in beneficial QFY treatment effects, as confirmed by the absence of a QFY therapeutic effect in DEPL mice (Figure 6). Notably, even after gut flora depletion, direct supplementation of mice with SCFA metabolites acetate or butyrate led to recovery from inflammatory injury induced by S.pn infection through inhibition of NF-κB-NLRP3 pathway activation to a certain extent.

Based on the abovementioned data, here we demonstrated for the first time that QFY treatment inhibited activation of the NF-κB-NLRP3 pathway by regulating gut microbial SCFAs that, in turn, facilitate recovery of mice from bacterial pneumonia. In addition, this research confirmed the existence of a gut-lung axis and identified a potential mechanism underlying QFY immunomodulatory and pneumonia-alleviating therapeutic effects.
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Colitis, a chronic inflammatory bowel disease, is characterized by bloody diarrhea and inflammation in the colon. Lonicera hypoglauca (“Shanyinhua” in Chinese) and Scutellaria baicalensis (“Huangqin” in Chinese) are two traditional Chinese medicinal plants rich in polyphenols, such as chlorogenic acid (CGA) and baicalin (BA), with the effects of anti-inflammation and antioxidation. However, it remains unknown whether extracts from L. hypoglauca and S. baicalensis (LSEs) could mitigate colonic inflammation. In the present study, ICR mice (22.23 ± 1.65 g) were allocated to three groups treated with chow diet without (CON) or with dextran sulfate sodium (DSS) (CON+DSS) in water or LSE supplementation in diet with DSS (LSE+DSS), and then inflammatory and oxidative parameters and colonic microbiota were detected. The results showed that LSE (500 mg/kg) treatment mitigated DSS-induced colitis symptoms and restored the shortened colon length, the increased disease activity index (DAI), and the damaged intestinal barrier. In serum, LSE supplementation significantly decreased levels of pro-inflammatory cytokines including interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, and lipopolysaccharide (LPS) and increased IL-10 level. Meanwhile, superoxide dismutase (SOD) and catalase (CAT) were increased, and malondialdehyde (MDA) and reactive oxygen species (ROS) levels were decreased. In the colon tissue, qPCR results showed that LSE supplementation dramatically downregulated the transcriptional expression of IL-1β, IL-6, TNF-α, and MDA and upregulated the expression of SOD1, CAT, and IL-10. Additionally, the damaged gut barriers occludin and zonula occludens-1 (ZO-1) in the CON+DSS group were enhanced with LSE supplementation. Furthermore, LSE treatment regulated the gut microbial communities with higher relative abundance of Dubosiella and Ruminococcus torques group and lower relative abundance of Bacteroides and Turicibacter. Moreover, the contents of short-chain fatty acids (SCFAs) as products of gut microbiota were also increased. Correlation analysis showed that the mRNA expression of SOD1 was negatively correlated with TNF-α (r = -0.900, P < 0.05); the mRNA expression of IL-6 (r = -0.779, P < 0.05) and TNF-α (r = -0.703, P < 0.05) had a dramatically negative correlation with Dubosiella. In conclusion, LSE supplementation could effectively ameliorate inflammation by modulating oxidative stress and gut microbiota in a colitis mouse model.
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Introduction

Inflammatory bowel disease (IBD) has been recognized as a global disease worldwide, especially in Asia, South America, and the Middle East (Manichanh et al., 2012; Kaplan, 2015; Silvio Danese and Panés, 2016; Stournaras et al., 2021). According to the population growth, assuming a 1% prevalence in 2030, there will be over 10 million residents in the western world suffering from IBD over the next decade (Kaplan and Windsor, 2021). Ulcerative colitis (UC), a chronic IBD, is characterized by bloody diarrhea and mucosal inflammation in the colon (Gajendran et al., 2019). The genetic and environmental factors are the major causes of colitis, but the explicit mechanism is still not clear at present (Chow et al., 2009). The main symptom changes of colitis are located in the colon mucosa, recurring inflammatory conditions, and gradually spreading to the entire colon (Zhang et al., 2015). The inflammatory responses and oxidative stress often occur in the pathogenesis and development of UC, which explains that inflammatory infiltration and oxidative damage lead to the occurrence and aggravation of UC (Roessner et al., 2008). Recent research suggested that the possible mechanisms of UC were involved in inflammatory response, oxidative stress, gut barrier dysfunction, gut microbiota dysbiosis, etc. (Martens et al., 2018; Zhai et al., 2019; Yang et al., 2020).

The pathogenesis of colitis was complicated by environmental, genetic, and nutrition-related factors (Lee and Chang, 2021). Among many symptoms of colitis, inflammatory responses and inflammatory infiltration accompanied. During colitis, the mucosal immune system is activated, accompanied by increasing mRNA expressions of pro-inflammatory cytokines (Akanda et al., 2018). The inflammatory responses could be caused by the elevated level of lipopolysaccharide (LPS) in dextran sulfate sodium (DSS)-induced colitis (Mahmoud et al., 2020). Meanwhile, inflammatory infiltration and an uncontrolled immune system could enhance oxidative burden, which are attributed to the continuous overproduction of reactive oxygen species (ROS) (Roessner et al., 2008). In addition, as the first protection of the intestine, the intestinal epithelial barrier consists of the mucous layer, intercellular tight junction (TJ) proteins, and epithelial cells (Martens et al., 2018), which is responsible for the mucosal barrier permeability (Mahmoud et al., 2020). However, colitis often caused gut barrier damage by reducing the expression of TJ proteins zonula occludens-1 (ZO-1), occludin, and claudin-1 (Zhao et al., 2020). Moreover, recent research has indicated that dysfunctional gut microbiota was also involved in the inflammatory responses in colitis (Ni et al., 2017; Friedrich et al., 2019). The relative abundance of Bacteroides and Turicibacter significantly increased in patients with UC or mice with colitis, and the relative abundance of Firmicutes markedly decreased in colitis mice (Gophna et al., 2006; Liu et al., 2020a). In addition, as the microbial metabolites, the levels of short-chain fatty acids (SCFAs) significantly decreased in mice with colitis (Wang et al., 2020b). Numerous studies have also confirmed that enhancing SCFAs could attenuate colitis by reducing pro-inflammatory cytokines (Parada Venegas et al., 2019; Zhao et al., 2020). Therefore, based on the pathogenesis and molecular mechanisms of inflammation in the colon, inhibiting inflammatory response, regulating oxidative stress and gut microbiota structure, and improving gut barrier are considered wise strategies for the alleviation of colitis.

Traditional Chinese medicine, extracted from medicinal plants, including Lonicera hypoglauca and Scutellaria baicalensis, showed anti-inflammatory and antioxidative functions (Hu et al., 2020). Studies have shown that medicinal plants may contribute to inflammatory alleviation through inhibiting oxidative stress and regulating the gut barrier and gut microbiota (Almousa et al., 2018; Bai et al., 2019; Xiao et al., 2019). Previous research has indicated that extracts from Lonicera hypoglauca could enhance antioxidant capacity in inflammation-related diseases; further action mechanism was thought to be due to the bioactive component chlorogenic acid (CGA) in Lonicera hypoglauca (Liao et al., 2013). CGA was reported to have varieties of pharmacological activities such as antioxidant, anti-inflammatory, and free radical scavenging effects (Ruan et al., 2016; Rui et al., 2017; Lee and Lee, 2018; Li et al., 2018). Further mechanism research in CGA indicated that it can prevent oxidative stress and ameliorate DSS-treated colitis in mice by improving gut microbiota (Gao et al., 2019; Zhang et al., 2019b). Moreover, CGA has been proven to decrease the relative abundance of Bacteroides and Bacteroides-derived LPS to protect indomethacin-induced colitis and intestinal integrity (Yan et al., 2020). Baicalin (BA) is a polyphenolic compound from S. baicalensis extracts, which acts as the main functional ingredient and exerts various pharmacological effects including hepatoprotective, antitumor, antibacterial, anti-inflammatory, antidepressant, and antioxidant activities (Hu et al., 2021). Oral BA (100 mg/kg) could enhance mRNA expression levels of ZO-1 and occludin in 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis rats (Zhu et al., 2020). In addition, a recent finding demonstrated that BA ameliorated Mycoplasma gallisepticum-induced inflammatory damage in the lung by increasing commensal bacterium Bacteroides fragilis and modulating phenylalanine metabolism (Yan et al., 2020). Taken together, L. hypoglauca and S. baicalensis extracts enriched with polyphenol components (especially CGA and BA) may be effective against disorders related to inflammatory responses in colitis.

The beneficial bioactivities of extracts from L. hypoglauca and S. baicalensis (LSEs) have been studied in various inflammatory models. As to the protective effects of a Chinese medicine product LSE and its related molecular mechanisms in colitis, they are still not clear. Therefore, this study was conducted to evaluate whether LSE could attenuate colitis by inhibiting oxidative stress, improving gut microbiota, and promoting gut barrier.



Materials and Methods


Chemicals and Reagents

LSE was purchased from Beijing Centre Biotechnology Co., Ltd. (Beijing, China). DSS (36–50 kDa) was purchased from MP Biomedicals (Irvine, CA, USA). Fluorescein isothiocyanate (FITC)-dextran (70 kDa) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Assay kits, including tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, IL-10, total antioxidant capacity (T-AOC), glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), catalase (CAT), malondialdehyde (MDA), LPS, and ROS, were purchased from Nanjing Jian Cheng Bioengineering Institute (Nanjing, China). TRIzol reagent was purchased from Invitrogen (Carlsbad, CA, USA). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using TB Green Premix Ex Taq (TaKaRa, Kusatsu, Japan). The primers used for qPCR were purchased from Sangon Biotech (Shanghai, China). SCFA standards, including acetic, propionic, butyric, isobutyric, isovaleric, and valeric acids, were purchased from Sigma Aldrich (St. Louis, MO, USA).



High-Performance Liquid Chromatography Analysis

High-performance liquid chromatography (HPLC) analysis of purity of LSE was performed [Waters Alliance E2695, Waters Technology (Shanghai) Co., Ltd., China]. Elution solvents were solvent A (0.4% H3PO4 in H2O) and solvent B (acetonitrile). The gradient step of the solvent was from solvent A to solvent B. The flow rate was 1 ml/min. Detection was performed at 327 nm. The 100-mg LSE detected by HPLC contains 2.29 mg/g CGA and 27.69 mg/g baicalin and are shown in Figure S1.



Animal Care and Experimental Design

The animal experimental protocol described in this study was under the regulations of the Animal Experimental Center of the Institute of Animal Science of the Animal Ethics Committee of the Chinese Academy of Agriculture Sciences according to the Guide for the Care and Use of Laboratory Animals (IAS2020-88).

Female ICR mice (3-week-old) were obtained from Vital River Laboratory Animal Technology (Beijing, China). Under a controlled temperature at 21°C ± 2°C and a 12-h light/dark cycle, all mice had free access to feed and water during the whole experiment. After acclimation for 1 week, mice (body weight 22.23 ± 1.65 g) were randomly divided into three groups (n = 16). Mice fed a basal diet and normal drinking water were the control (CON) group; mice that received a basal diet and drinking water containing DSS were named CON+DSS group; mice fed a basal diet supplemented with 500 mg/kg (w/w) LSE for 23 days and drinking water containing DSS were the LSE+DSS group. Mice in CON+DSS and LSE+DSS groups received normal drinking water for 14 days and then were given 3% DSS in drinking water in days 15–21, followed by 2 days of drinking water without DSS. The experimental design was shown in Figure 1. At the end of the experiment, colonic barrier integrity was evaluated by the method of gavage with 70-kDa FITC-dextran in sterile water. Blood samples were collected by orbital blooding, and then the mice were sacrificed by cervical dislocation under anesthesia. The colon length of mice was recorded. The colon tissues were taken out as soon as possible. The proximal colon (2 mm × 6 mm) was stored in 4% paraformaldehyde for histopathological examinations. Colonic contents and remnant colon tissue were frozen in liquid nitrogen for further analysis.




Figure 1 | Experimental schedule and basic indicators of LSE on DSS-induced colitis mice. (A) Animal treatment schedule. (B) Body weight changes. (C) DAI score during experimental colitis. *P < 0.05 vs. the DSS-treated group on the same day. (D) Images of the colon length. (E) Colon length in different treatment groups. * P < 0.05 vs. the CON+DSS group, Ɨ P < 0.05 vs. the CON group. Data are presented as mean ± SEM (n = 16 per group). CON (Control group); DSS (Dextran Sulfate Sodium Salt); CON+DSS (CON+DSS group); LSE+DSS (LSE+DSS group). LSE represents extracts from Lonicera hypoglauca and Scutellaria baicalensis. The same as below.





Evaluation of the Disease Activity Index

To assess colitis statuses, comprehensive disease activity index (DAI) scores of weight loss, stool consistency, and rectal hemorrhage were checked daily (Wang et al., 2020b). Scores were defined as follows: (i) percentage of weight loss: 0 (0%), 1 (1%–5%), 2 (5%–10%), 3 (11%–20%), and 4 (>20%); (ii) stool consistency: 0 (well-formed pellets), 2 (pasty, semi-formed pellets), and 4 (liquid stools); (iii) and rectal bleeding: 0 (no blood), 2 (hemoccult positive), and 4 (gross bleeding).



Hematoxylin and Eosin Staining and Histopathological Examination

Colon tissues (4 μm) were embedded in paraffin, sectioned, and stained with H&E. Then, histological changes were observed by an optical microscope (Olympus, Tokyo, Japan). Histopathological examination was evaluated based on the infiltration of inflammatory cells and epithelial damage (Yang et al., 2017).



Serum Inflammatory Cytokines and Antioxidant Capacity Analyses

Serum was obtained by centrifugation at 3,000 rpm for 10 min under 4°C and stored in aliquots at -80℃. The levels of pro-inflammatory cytokines including IL-1β, IL-6, TNF-α, LPS and anti-inflammatory cytokine IL-10 in serum were measured by ELISA (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturers’ instructions. Meanwhile, the activities of GSH-Px, CAT, and SOD and total antioxidant capacity (T-AOC), as well as the level of MDA and ROS, were measured with corresponding assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturers’ instructions.



Colon Permeability

Mice were administered with 100 μl of 100 mg/ml 70-kDa FITC-dextran (Sigma-Aldrich) in sterile water, and blood was collected 4 h before sacrifice (Wang et al., 2020b). Serum was obtained by centrifugation (3,000 rpm, 10 min, 4°C). The concentration of FITC in serum was determined by SynergyH1 automatic microplate reader (Biotek) with excitation wavelength of 485 nm and emission wavelength of 528 nm (Pu et al., 2021).



Quantitative Real-Time PCR Assay

Total RNA from the colon samples was extracted using TRIzol reagent (Invitrogen, USA), chloroform, isopropanol, and 75% ethanol solution and then treated with DNase I (TaKaRa, China) for possible DNA contamination. The concentration of each RNA sample was quantified using the NanoDrop 2000 (Nanodrop Technologies, USA). The HiFiScript cDNA was generated using the Prime Script RT Master Mix (TaKaRa, China) according to the manufacturer’s instructions. Reverse transcription was conducted at 37°C for 15 min and 85°C for 5 s. qPCR was conducted using the KAPA SYBR FAST qPCR Master Mix kit according to the manufacturer’s instruction. Briefly, 1 μl cDNA template was added to a total volume of 10 μl containing 5 μl KAPA SYBR FAST qPCR Master Mix Universal, 0.4 μl PCR forward primer, 0.4 μl PCR reverse primer, 0.2 μl ROX low, and 3 μl PCR-grade water (KAPA Biosystems, USA). All samples were run in an Applied Biosystems 7500 RT-PCR System (Thermo Fisher Scientific, China). Relative gene expressions were normalized to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and calculated using the 2-ΔΔCt method, where ΔCt = Ct (Target) - Ct (GAPDH). Primer sequences were designed using Primer 5.0 software and synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The primers used in this study were listed in Table 1.


Table 1 | Primers used for qPCR assay.





Gut Microbiota Analysis

Total genome DNA from colonic digesta was extracted using the Fast DNA® SPIN for soil kit (MP Biomedicals, Solon, OH, USA). The quality of the DNA was detected by 1% agarose gel, and DNA was quantified by a NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The V3-V4 hypervariable region of the bacterial 16S rRNA gene was amplified with PCR using primer pairs 338F (5′-ACT CCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR system and amplification conditions were referred to in previous reports (Wang et al., 2020a). PCR-amplified products were extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen, Corning, NY, USA) according to the manufacturer’s instruction. After being quantified and purified, amplicons were sequenced. The sequences were analyzed and assigned to operational taxonomic units (OTUs; 97% identity). The products were directly sequenced by an Illumina MiSeq platform (Illumina, SD, USA) (2 × 300, pair end). After being quantified and purified, amplicons were sequenced using Illumina MiSeq platform (Illumina, San Diego, CA, USA) at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) according to standard protocols. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA692349).



Short-Chain Fatty Acid Analysis

The concentrations of SCFAs in colonic contents were measured using Gas Chromatography-Mass Spectrometer (GC-MS). Briefly, colonic content samples were weighed into 1.5-ml centrifuge tubes and mixed with 1 ml ddH2O, homogenized, and centrifuged (10,000 rpm, 10 min, 4°C). A mixture of the supernatant fluid and 25% metaphosphoric acid solution (0.9 ml and 0.1 ml, respectively) were vortexed for 1 min and centrifuged (1,000 rpm, 10 min, 4°C) after standing in a 1.5-ml centrifuge tube at 4°C for over 2 h. The supernatant portion was then filtered through a 0.45-μm polysulfone filter and analyzed using Agilent 6890 gas chromatography (Agilent Technologies, Inc., Palo Alto, CA, USA).



Correlation Analysis

Spearman’s correlation analysis was performed between the colon mRNA expression levels of CAT, SOD1, GPX1, colonic microbiota, and colon mRNA expression levels of TNF-α, IL-6, IL-1β, and IL-10 based on experimental parameters.



Statistical Analysis

Data were presented as the mean ± standard error of the mean (SEM). All data were compared by one-way analysis of variance (ANOVA) with Tukey’s test (SPSS 21 software). Spearman’s correlation analysis was performed using RStudio (version 4.0.3) platform. A value of P < 0.05 was considered significant, and P < 0.01 was considered extremely significant. Plots were performed using GraphPad Prism 8.0.2.




Results


LSE Supplementation Mitigated Symptoms of the Colitis

The body weight in the CON+DSS group was significantly decreased compared with that in the CON group, while supplementation with LSE reversed the decreased body weight (P < 0.05) (Figure 1B). In Figure 1C, the DAI score was dramatically increased owing to the DSS treatment, but LSE treatment notably suppressed the increased DAI score. As shown in Figures 1D, E, the colon length was shortened in CON+DSS group. However, LSE supplementation significantly inhibited the shortening of the colon induced by DSS (P < 0.05). These results implied that supplementation with LSE alleviated DSS-induced colitis symptoms.



LSE Supplementation Affected Colonic Permeability and Histomorphology

H&E staining results showed that the permeability of the intestinal epithelium was increased in the mucosa and submucosa after DSS treatment (P < 0.05). However, LSE supplementation improved the severely damaged histology of the colon (Figures 2A, B). In addition, colonic barrier integrity was examined by gavage with 70-kDa FITC-dextran in sterile water, and the results showed that the permeability of gut barrier was increased in CON+DSS group, whereas LSE supplementation decreased gut permeability as evidenced by decreased FITC-dextran concentration in serum (P < 0.05) (Figure 2C).




Figure 2 | Effects of LSE supplementation on histopathological changes in DSS-induced mouse colon. (A) H&E staining images of each group. (B) Histopathological score of each group. (C) Serum FITC-dextran levels of each group. Data are presented as mean ± SEM, n = 4. * P < 0.05 vs. the CON+DSS group, †P < 0.05 vs. the CON group, and †††P < 0.001 vs. the CON group.





LSE Supplementation Altered Levels of Serum Inflammatory Cytokines

To investigate the effects of LSE supplementation on cytokine contents in serum of colitis mice, the pro-inflammatory cytokines IL-6, TNF-α, IL-1β, and IL-12 and anti-inflammatory cytokine IL-10 were detected. The results indicated that DSS treatment dramatically increased IL-6, TNF-α, IL-1β, and IL-12 levels compared with the CON group, while LSE treatment reduced levels of pro-inflammatory cytokines IL-6, TNF-α, IL-1β, and IL-12 (Figures 3A-D). In addition, mice with DSS-induced colitis exhibited a significant decrease of IL-10 in serum; conversely, LSE treatment significantly relieved inflammatory responses by enhancing IL-10 level (P < 0.05) (Figure 3E). In this study, we also found an increased level of LPS in CON+DSS group. As expected, LSE supplementation dramatically decreased the production of LPS (Figure 3L).




Figure 3 | Effects of LSE supplementation on serum inflammation cytokine and antioxidant parameters in DSS-induced colitis mice. (A) IL-6. (B) TNF-α. (C) IL-1β. (D) IL-12. (E) IL-10. (F) T-AOC. (G) GSH-Px. (H) SOD. (I) CAT. (J) MDA. (K) ROS. (L) LPS. Data are presented as mean ± SEM, n = 10. * P < 0.05 and **P < 0.01 vs. the CON+DSS group. †P < 0.05 and ††P < 0.01 vs. the CON group.





LSE Altered Gene Expression of Inflammatory Cytokines in the Colon

To confirm the anti-inflammatory effect of LSE, the colonic mRNA expressions of inflammatory cytokines IL-1β, IL-6, TNF-α, and IL-10 were investigated. The results showed that mice in the CON+DSS group had significantly higher relative mRNA levels of IL-1β, IL-6, and TNF-α compared with both the CON and the LSE+DSS groups (P < 0.05) (Figures 4A–C). Furthermore, LSE+DSS group showed higher mRNA level of anti-inflammatory cytokine IL-10 than that in CON+DSS group (Figure 4D). Additionally, the mRNA expressions of NF-κB and p65 were significantly higher in the CON+DSS group compared to those in the CON group but were markedly lower in the LSE+DSS group than those in the CON+DSS group (P < 0.05) (Figures 4K, L).




Figure 4 | Effects of LSE supplementation on the expression of inflammation cytokine, antioxidant parameters, tight junction proteins, and NF-κB target gene mRNAs in the colon in DSS-induced colitis mice. (A) IL-1β. (B) IL-6. (C) TNF-α. (D) IL-10. (E) CAT. (F) GPX1. (G) GPX2. (H) SOD1. (I) ZO-1. (J) Occludin. (K) NF-κB. (L) p65. Data are presented as mean ± SEM, n = 8. *P < 0.05 vs. the CON+DSS group, †P < 0.05 vs. the CON group.





LSE Supplementation Alleviated Oxidative Stress in Serum

In this study, we tested the levels of oxidative stress-related parameters T-AOC, GSH-Px, SOD, CAT, MDA, and ROS. Compared to the CON group, T-AOC and antioxidative enzyme activities including GSH-Px, SOD, and CAT were decreased significantly in the CON+DSS group (P < 0.05) (Figures 3F–I). However, the enzyme activities of SOD and CAT were increased with LSE administration compared with CON+DSS group (P < 0.05) (Figures 3H, I). Meanwhile, the level of MDA in serum was significantly higher in the CON+DSS group compared with CON group (P < 0.05), but LSE could inhibit this increase induced by DSS (Figure 3J). In addition, we found that the level of ROS was increased in CON+DSS group. LSE supplementation significantly decreased the content of ROS (P < 0.01) (Figure 3K).



LSE Altered Antioxidant Gene Expression in Colon

To explore the antioxidant effect of LSE, we further tested the colonic mRNA expression levels of CAT, GPX1, GPX2, and SOD1. As shown in Figures 4E–H, LSE administration significantly enhanced the transcript levels of CAT and SOD1 compared with those in the CON+DSS group (P < 0.05). Moreover, LSE enhanced GPX1 and GPX2 levels in DSS-induced colitis mice, although it was not significant (P > 0.05).



LSE Supplementation Enhanced the Gene Expressions of Tight Junction Proteins

To further confirm the protective effects of LSE supplementation in the colon, TJ proteins were tested. The mRNA expressions of ZO-1 and occludin were significantly lower in the CON+DSS group compared with those in the CON group (P < 0.05). The mRNA expressions of ZO-1 and occludin were markedly higher in the LSE+DSS group than those in the CON+DSS group (Figures 4I, J).



LSE Supplementation Modulated the Composition of Colonic Microbiota

Using 16S rRNA amplicon sequencing, the microbiota in the colonic content was analyzed. Each sequence length was 401–440 base pairs. The Venn diagram showed that mice in the CON, CON+DSS, and LSE+DSS groups contained 323 common OTUs and 149, 51, and 458 unique OTUs, respectively (Figure 5A). The β-diversity was conducted by principal coordinate analysis (PCoA) based on weighted UniFrac metrics, and the results showed that the gut microbiota in the LSE+DSS group was significantly different from that in the CON and CON+DSS groups (P < 0.05) (Figure 5B). The α-diversity results showed that there was a significant difference in the indexes of ACE and Chao1 among the three groups (P < 0.05) (Figure 5C). At the phylum level, the predominant bacterial communities were Firmicutes and Bacteroidetes in mice (Figure 5D). In contrast to CON+DSS group, there was a significant decrease in the relative abundance of Bacteroidetes in LSE+DSS group (P < 0.05). Moreover, the Firmicutes/Bacteroidetes ratio was significantly higher in the LSE+DSS group compared with those in the CON and CON+DSS groups (P < 0.05) (Figure 5D).




Figure 5 | Effects of LSE administration on intestinal microbiota inflammatory in DSS-induced colitis mice. (A) A Venn diagram showing the overlap of the OTUs identified in the intestinal microbiota among the three groups. (B) PCoA plot of the gut microbiota based on weighted UniFrac distance. (C) The α-diversity of each group. (D) The abundance of Firmicutes and Bacteroidetes and Firmicutes/Bacteroidetes ratio at phylum levels. Data are presented as mean ± SEM, n = 8. * P < 0.05 and ** P < 0.01 vs. the CON+DSS group, †P < 0.05 vs. the CON group.



At the genus levels, Bacteroides, Turicibacter, Dubosiella, Ruminococcus torques group, and Alistipes were bacteria with different contents. Bacteroides (7.87%) and Turicibacter (3.93%) were important bacterial genera in the CON+DSS group, while there was a significantly decreased relative abundance of Bacteroides (P < 0.01) in the CON and LSE+DSS groups separately (Figures 6A, B). In addition, the relative abundance of Turicibacter in the CON group was decreased compared with that in the CON+DSS group significantly (P < 0.05) but not significantly with that in the LSE+DSS group (P > 0.05) (Figure 6C). Dubosiella (11.71%) and Ruminococcus torques group (3.69%) were important bacterial genera in the LSE+DSS group, but the CON+DSS group showed lower relative abundance of Dubosiella (P < 0.05) and Ruminococcus torques group (P = 0.055) (Figures 6D, E). Similar results were found in the CON group. The CON group showed a higher relative abundance of Alistipes than that in the CON+DSS (P < 0.05) and LSE+DSS groups (P < 0.05) (Figure 6F). The relative abundance of Lactobacillus was not significant in all groups (Figure 6G).




Figure 6 | Effects of LSE administration on intestinal microbiota inflammatory in DSS-induced colitis mice. (A) Structural comparison of intestinal microbiota between LSE+DSS, CON+DSS, and CON groups at genus levels. (B) Relative abundance of Bacteroides. (C) Relative abundance of Turicibacter. (D) Relative abundance of Dubosiella. (E) Relative abundance of Ruminococcus torques group. (F) Relative abundance of Alistipes. (G) Relative abundance of Lactobacillus. Data are presented as mean ± SEM, n = 8. * P < 0.05 and ** P < 0.01 vs. the CON+DSS group, †P < 0.05 and ††P < 0.01 vs. the CON group.



To identify the key microbial communities among the three groups, the linear discriminant analysis effect size (LEfSe) and linear discriminant analysis (LDA) were performed. In this study, there were distinct species in the CON, CON+DSS, and LSE+DSS groups (Figures S2A, B). The results demonstrated that Bacteroides, Turicibacter, Actinobacteria, Acholeplasmatales, Eubacterium, Staphylococcales, Enterobacterales, and Rhodespirillales were dominant bacteria in the CON+DSS group, while Dubosiella, Erysipelotrichales, Desulfovibrionia, Peptostreptococcaceae, and Patescibacteria were identified as the dominant bacteria in the LSE+DSS group.



LSE Supplementation Influenced Short-Chain Fatty Acids

As metabolites of gut microbiota, SCFAs can protect the intestine by alleviating inflammation and maintaining the integrity of the intestinal epithelial cells. The results of SCFAs in the colonic content showed that there was a significant decrease in butyric acid in the CON+DSS group compared with that in the CON group. Importantly, the levels of acetic, propionic, butyric, isobutyric, valeric, and isovaleric acid in the LSE+DSS group were significantly improved compared with the CON+DSS group (Figure 7).




Figure 7 | Effect of LSE administration on SCFA production in DSS-induced colitis. (A) Acetic acid. (B) Propionic acid. (C) Butyric acid. (D) Isobutyric acid. (E) Valeric acid. (F) Isovaleric acid. The values are expressed as mean ± SEM, n = 8. * P < 0.05 vs. the CON+DSS group, †P < 0.05 vs. the CON group.





Correlation Analysis Between Oxidative Indexes, Microorganisms, and Inflammatory Cell Cytokines in Dextran Sulfate Sodium-Induced Colitis Mice

To find whether the inflammatory parameters were correlated with the colonic microbiota, colonic SCFAs, and oxidation-related index, the Spearman’s correlation analysis was carried out based on experimental parameters. The results indicated that there was a significantly negative correlation between SOD1 and TNF-α (r = -0.900, P < 0.05). And GPX2 was negatively correlated with IL-1β (r = -0.814, P < 0.05) (Figure 8A). In addition, the mRNA expressions of IL-6 (r = -0.779, P < 0.05) and TNF-α (r = -0.703, P < 0.05) had dramatically negative correlations with Dubosiella. However, IL-6 mRNA expression exhibited a significantly positive correlation with Bacteroides (r = 0.738, P < 0.05). Moreover, the mRNA expression of TNF-α had a significantly positive relationship with Turicibacter (r = 0.671, P < 0.01). Conversely, the mRNA expression of TNF-α was notably negatively correlated with Alistipes (r = -0.770, P < 0.01) (Figure 8B).




Figure 8 | Correlation analysis between oxidative indexes, microorganisms, and inflammatory cell cytokines in DSS-induced colitis mice. (A) Correlation analyses between the oxidative indexes and colon mRNA expression of inflammatory cytokines. (B) Correlation analyses between the colonic microbiota and colon mRNA expression of inflammatory cytokines. The color of the circles demonstrated the level of the correlation index, and the size of the circles represents the strength of correlation (large size = stronger correlation). The * P < 0.05 and ** P < 0.01 represents correlation with each other.






Discussion

UC is a complex and recurrent colonic inflammatory disease with an increased incidence worldwide (Stournaras et al., 2021). DSS-induced colitis is a classic UC model in mice because of the similar symptoms in patients with UC (Kaplan, 2015). The major indicators of DAI, the colon length, and the ratio of colon length/body weight have shown that DSS exposure can induce classic symptoms of colitis (Ma et al., 2018; Zhao et al., 2019; Dong et al., 2020; Zhao et al., 2020). Over the years, components from Chinese medicinal plants L. hypoglauca and S. baicalensis were widely used for inflammatory diseases, including upper respiratory tract infection, acute and chronic tonsillitis, acute and chronic pharyngitis, and burn infection (Marafini et al., 2019; Hu et al., 2020). In the present study, the colitis mouse model was established by drinking 3% DSS water for 7 days. We have indicated that LSE supplementation could alleviate DSS-induced colitis by inhibiting the inflammatory response, which was potentially associated with improved gut microbiota community and redox state.

Inflammatory response plays a key role in the activation of IL-6, IL-1β, and TNF-α in colitis (Marafini et al., 2019). IL-10 is a necessary inflammatory factor for inducement and maintenance of regulatory T (Treg) cells against colitis (Sivaprakasam et al., 2016). Numerous plant-extracted polyphenols can decrease the levels of inflammatory cytokines to attenuate inflammation responses (Sandoval-Ramirez et al., 2021). For example, caffeic acid, tea polyphenols, salvianolic acid, and sesamol could ameliorate colitis by reducing the levels of IL-1β, IL-6, TNF-α, and other pro-inflammatory cytokines in DSS-induced models (Ye et al., 2009; Wang et al., 2018; Liu et al., 2020b; Zhao et al., 2020). Major bioactive phenolics (CGA) of Berberis lycium Royle fruit extract (BLFE) could enhance IL-10 level in the attenuation of LPS-induced inflammatory responses (Sharma et al., 2020). Flavonoid-enriched extract from S. baicalensis root (FESR) modulated the inflammatory responses by increasing the level of IL-10 in influenza A virus-induced acute lung injury in mice, which was speculated to be due to BA, the most abundant compound in FESR (Zhi et al., 2019). In addition, BA, the major ingredient of S. baicalensis, could inhibit the production of IL-6 and TNF-α but increase the level of IL-10 in serum after methicillin-resistant Staphylococcus aureus (MRSA)-stimulated inflammatory response in mice (Shi et al., 2020). Similarly, in the present study, we also found that the levels of serum IL-1β, IL-6, and TNF-α were increased in DSS-induced colitis, while LSE supplementation could decrease these inflammatory cytokines. Besides, LSE administration could reverse the decreased level of IL-10 caused by DSS. Therefore, these results of inflammatory parameters showed that LSE supplementation could enhance anti-inflammatory capacity to relieve colitis in DSS-induced mice.

The gut barrier function consists of TJ proteins and adherens junction, which form a physical barrier to inhibit inflammatory infiltration and protect gut health (Turner, 2009). The barrier is broken when the intestinal TJ proteins (ZO-1, occludin, and claudin-1) of epithelium cells are disrupted (Grosheva et al., 2020). Recent research has reported that the deteriorative colonic epithelial disruption and inflammatory infiltration usually occurred in UC patients and colitis mice (Marafini et al., 2019; Grosheva et al., 2020; Zhao et al., 2020). In this study, we found a decreased histological score in DSS group, while LSE supplementation reversed the decrease. Especially, in the LSE+DSS treatment, the FITC-dextran concentration of serum was notably lower than that of DSS treatment. Furthermore, the loss of intestinal epithelial ZO-1 and occludin triggered inflammatory infiltration in DSS group, while LSE supplementation in the diet reversed these alterations. The results were similar with previous studies. Therefore, we speculated that LSE supplementation played a protective effect on the gut integrity and effectively attenuates elevation in gut permeability.

Oxidative stress is involved in a large number of chronic inflammatory diseases such as UC (Piechota-Polanczyk and Fichna, 2014). A recent study manifested that Divya-Swasari-Kwath, herbal decoction prescribed in India, could inhibit asthma in mice by increasing the levels of CAT, GSH, and SOD probably due to CGA that existed in herbal decoction Divya-Swasari-Kwath (Balkrishna et al., 2020). Moreover, CGA had been indicated to prevent cadmium-induced oxidative damage in the liver and kidney tissues by reducing the activation of myeloperoxidase (MPO) (Ding et al., 2021). Besides, BA also could inhibit oxidative stress. For example, BA could against oxygen-glucose deprivation/reoxygenation (OGD/R) in a neuron–astrocyte coculture system by suppressing oxidative stress, inflammation, and apoptosis (Li et al., 2021). BA also inhibits oxidative stress to alleviate the development of atherosclerosis by decreasing the level of MDA and enhancing the levels of SOD, CAT, and GSH-Px (Xin et al., 2020). In this study, we also showed that LSE supplementation could effectively ameliorate DSS-induced colitis mice by inhibiting oxidative stress. We hypothesized that the result was partly attributable to the functional components CGA and BA in LSE. Above all, the protective effect of LSE on colitis has also been enhanced through alleviating oxidative stress in our study.

In the process of the development of colitis, the intestinal microbiota structure plays a vital role. A recent study showed that gut microbiota dysbiosis could destroy the gut epithelium barrier and cause the infiltration of inflammatory cytokines (Caruso et al., 2020). However, CGA supplementation could modulate colonic bacterial growth and reproduction to attenuate DSS-induced colitis in mice in a previous study (Zhang et al., 2019b). In addition, oral BA could mitigate TNBS-induced rat colitis by improving gut microbiota (Zhu et al., 2020). Therefore, we guessed that LSE supplementation may alter gut microbiota to alleviate DSS-induced colitis. The effect of colonic microbial was analyzed by sequencing of 16S rRNA after LSE supplementation. The data showed that LSE supplementation decreased the Ace and Chao1 indexes, suggesting that LSE lowered the α-diversity of colonic microbiota, which might be due to the antibacterial effect of LSE. A previous study showed that the relative abundance of Bacteroides was increased in patients with UC or mice with colitis, and the relative abundance of Firmicutes markedly decreased in colitis mice (Gophna et al., 2006; Liu et al., 2020a). Consistent with this, at the phylum level, we found that the relative abundance of Bacteroidetes was significantly increased by DSS treatment, which can be suppressed with LSE treatment. Furthermore, the ratio of Firmicutes/Bacteroidetes was significantly increased by LSE supplementation compared with CON and CON+DSS groups, which may be one of the reasons for the improved colitis symptom. Dubosiella was regarded as potentially beneficial bacteria to fight against UC (Zhai et al., 2019). At the genus level, we found that the proportion of Dubosiella was significantly increased by LSE supplementation compared with DSS group. But the mechanism is not distinct. Therefore, more research is needed to explore the protective mechanisms of Dubosiella for intestinal inflammation. The relative abundance of Ruminococcus torques group was increased after metformin treatment, which improved overweight/obese adults (Mueller et al., 2021). It means that Ruminococcus torques group could alleviate obesity. In our study, we found that the improved colitis was linked to a higher Ruminococcus torques group, demonstrating that Ruminococcus torques group might have another application as a potential probiotic in anti-inflammatory responses. In addition, previous different studies had shown that the fraction of the harmful bacteria Turicibacter was higher in DSS-treated mice (Wan et al., 2019; Liu et al., 2020a). In our study, LSE supplementation could decline the abundance of Turicibacter. Therefore, we confirmed that LSE supplementation had a remission effect on DSS-induced colitis by improving gut microbiota. In addition, we also found that the relative abundance of some specific bacteria was increased after LSE supplementation in DSS-induced colitis mice, which provided us a promising approach for the future development of probiotics in the gut.

SCFAs, as gut microbiota-derived metabolites, are able to promote the activation of T-cell functions in the intestinal mucosal tissue through the activation of G protein-coupled receptors and via epigenetic effects through inhibition of histone deacetylase (Park et al., 2015; Ni et al., 2017). In the present study, LSE supplementation enhanced SCFA levels, including acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid. This is a new discovery. In the previous study, Ruminococcus torques group was positively correlated with SCFA levels by researching some people who ingested less starch in order to reduce body weight (Zhang et al., 2019a). In the present study, the enhanced SCFA levels may be associated with increased abundance of Ruminococcus torques group after LSE supplementation. This process improved reconversion of immune tolerance and inhibited inflammatory responses in colitis mice (Smith et al., 2013). The specific mechanism of butyric acid and acetic acid was to inhibit G protein-coupled receptors 43 to inhibit histone deacetylase in Treg cells, playing an anti-inflammatory role (Berer and Krishnamoorthy, 2014; Sivaprakasam et al., 2016). Butyric acid and acetic acid were reduced in feces of UC patients (Machiels et al., 2014). However, various studies have demonstrated that supplementation with Chinese medicine extracts, such as Hericium erinaceus extract and salvianolic acid B, could increase the production of acetic acid and butyric acid subsequently to alleviate inflammation including colitis (Wu et al., 2018; Shao et al., 2019). In the present study, LSE supplementation can markedly enhance SCFA levels. These data indicated that the beneficial effect of LSE supplementation on colitis was mechanistically possibly attributable to the effect of SCFAs. However, further investigation needs to be explored.

In conclusion, our data provide the evidence that LSE supplementation in diet can inhibit inflammatory responses and oxidative stress, modulate the dysbiosis of gut microbiota, and enhance metabolite SCFA levels in DSS-induced colitis mice (Figure 9). Furthermore, it is reasonable to conclude that CGA and BA in LSE play major biological functions. More research is needed to explore the precise mechanisms and components of LSE in the future.




Figure 9 | LSE supplementation can alleviate colonic inflammation by regulating oxidative stress and gut microbiota community in DSS-induced colitis mice: a possible mechanism.
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Diallyl disulfide (DADS), a garlic extract also known as allicin, has been reported to have numerous biological activities, including anticancer, antifungal, and inflammation-inhibiting activities, among others. Although many studies have assessed whether DADS can treat Candida albicans infection in vitro, its in vivo function and the underlying mechanism are still not clear. Accumulated evidence has implicated the gut microbiota as an important factor in the colonization and invasion of C. albicans. Thus, this study aimed to identify the mechanism by which DADS ameliorates dextran sulfate (DSS)-induced intestinal C. albicans infection based on the systematic analysis of the gut microbiota and metabolomics in mice. Here, we determined the body weight, survival, colon length, histological score, and inflammatory cytokine levels in the serum and intestines of experimental mice. Fecal samples were collected for gut microbiota and metabolite analysis by 16S rRNA gene sequencing and LC–MS metabolomics, respectively. DADS significantly alleviated DSS-induced intestinal C. albicans infection and altered the gut microbial community structure and metabolic profile in the mice. The abundances of some pathogenic bacteria, such as Proteobacteria, Escherichia–Shigella, and Streptococcus, were notably decreased after treatment with DADS. In contrast, SCFA-producing bacteria, namely, Ruminiclostridium, Oscillibacter, and Ruminococcaceae_UCG−013, greatly increased in number. The perturbance of metabolites in infectious mice was improved by DADS, with increases in secondary bile acids, arachidonic acid, indoles and their derivatives, which were highly related to the multiple differentially altered metabolic pathways, namely, bile secretion, arachidonic acid metabolism, and tryptophan metabolism. This study indicated that DADS could modulate gut microbiota and metabolites and protect the gut barrier to alleviate DSS-induced intestinal C. albicans infection in mice. Moreover, this work might also provide novel insight into the treatment of C. albicans infection using DADS.
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Introduction

Candida albicans is one of the most common commensal fungi in humans but causes millions of disseminated infections each year and can even cause death (Wisplinghoff et al., 2004; Bongomin et al., 2017; Pappas et al., 2018; Toda et al., 2019). As an opportunistic pathogen, C. albicans is a normal component of the human gut microbiota. Several studies have shown that the gut community could influence the colonization and invasion of C. albicans (Mason et al., 2012; Gutierrez et al., 2020). Moreover, gut C. albicans can also induce bacteremia and an imbalance in the gut microbiota (Neville et al., 2015; Hiengrach et al., 2019; Valentine et al., 2019). Therefore, symptomatic C. albicans infection is closely related to the interplay of C. albicans with other gut bacteria. On the other hand, damage to the intestinal barrier also plays an important role in gut microbiota dysbiosis and fungal disease (Yan et al., 2013; Basmaciyan et al., 2019; Kumamoto et al., 2020). Therefore, it is of great importance to understand the factors affecting fungal colonization in order to prevent disease associated with C. albicans infection. However, when we establish intestinal C. albicans infectious models, mice will excrete gavaged C. albicans and cannot be infected. Thus, we used DSS to induce the gut damage and then gavage C. albicans (Hiengrach et al., 2019). In our previous studies, we found that cocultivation of pathogenic Escherichia coli with C. albicans could reduce the colonization of intestinal cells by C. albicans and reduce fungal virulence gene expression (Yang et al., 2016). An increasing number of studies have indicated that the intestinal microbiota, metabolites, and gut barrier could affect the colonization and invasion of C. albicans. Previous studies using 16S rRNA sequencing method suggested that intestine-derived C. albicans can erode the intestinal mucosa by regulating the intestinal flora. Moreover, compared with that in healthy mice, the relative abundances of Bacteroides, Pseudomonas, and Enterococcus were increased significantly, while the abundance of Firmicutes (such as Lactobacillus) was decreased, in model mice with intestinal C. albicans infection. In addition, C. albicans has a synergistic pathogenic effect with Enterococcus, which can lead to the destruction of the epithelial barrier by reducing the expression of the intestinal epithelial adhesion protein E-cadherin. Additionally, intestinal injury is a prerequisite for disseminated gut C. albicans infection (Koh et al., 2008; Bertolini et al., 2019; Hiengrach et al., 2019; Zhai et al., 2020). In addition, the gut microbiota and metabolites are closely related. Nontargeted high-throughput metabolomics analysis technologies provide an opportunity to explore the changes in metabolites related to microbiota community imbalance during disease development. As a part of the gut microbiome, C. albicans could also produce some toxic metabolites, such as adhesin and extracellular proteases (Staniszewska, 2020). Moreover, the impact of C. albicans on gut flora will also cause changes in the microbiota metabolites, but there are not many studies in this area. Studies indicated that fungi, as a kind of commensal fungi, could promote the production of indole derivatives, such as, tryptophan and indole-3-aldehyde, which could activate AhR to protect and maintain mucosal integrity during fungal infections or chemical damage and induce anticandidal resistance (Heath-Pagliuso et al., 1998; Wikoff et al., 2009; Zelante et al., 2013; Bessede et al., 2014; Romani et al., 2015). Studies have shown that inflammatory bowel disease (IBD) is related to changes in microorganisms and the metabolic environment in the colon, which participate in signal transduction and immune system regulation and affect the activity of antibiotics (Machiels et al., 2014; Imhann et al., 2018; Franzosa et al., 2019). Some metabolites produced by gut bacteria, such as short-chain fatty acids (SCFAs), indoles, bile acids, and amino acids, can regulate the intestinal epithelium and immune function (Sun et al., 2017; Parada Venegas et al., 2019; Lavelle and Sokol, 2020). However, few researchers have combined studies of the intestinal microbiota with studies of the changes in fecal metabolites during intestinal C. albicans infection.

Other interesting studies have indicated that traditional Chinese medicines have a certain effect in regulating gut microbiota. Moreover, diet plays an important role in human health through regulating gut microbiome (Gentile and Weir, 2018; Zmora et al., 2019). Garlic, as a food that is often consumed daily, is also a longstanding commonly used Chinese folk medicine. The effective ingredient in garlic is diallyl disulfide (DADS), also known as allicin, which can exert antifungal, antibacterial, and antitumor effects and ameliorate cardiovascular disease (Yi and Su, 2013; He et al., 2021). The antifungal effect of DADS against C. albicans involves the inhibition of biofilm formation by preventing the conversion of yeast to hyphae (Khodavandi et al., 2011). Additionally, DADS can reduce oxidative stress and inflammation and inhibit the cell apoptosis induced by C. albicans (Lemar et al., 2005). Moreover, DADS also has important effects on cellular immunity and humoral immunity (Yadegari et al., 2009). However, animal experiments involving the treatment of gut C. albicans infection with DADS have not yet been reported, and whether the treatment mechanism involves the gut microbiota and the metabolite intestinal barrier has not been studied. In this study, the mechanism of DADS treatment was explored by establishing mouse models with DSS-induced intestinal C. albicans infection, which are more representative of the conditions in the human body (Hiengrach et al., 2019).



Materials and Methods


Animals and C. albicans Culture

Female C57BL/6 mice aged 8 weeks were purchased and housed in the Animal Center of East China Normal University (Shanghai, China). Mice were fed ad libitum and allowed to adapt to the environment (24 ± 2°C, 60 ± 5% relative humidity, 12/12 h dark/light cycle) for one week. All animal experiments were approved by the Experimental Animal Ethical Review Committee, East China Normal University (Shanghai, China). C. albicans (strain SC5314) was purchased from the China General Microbiological Culture Collection Center (CGMCC) and then cultivated in yeast extract peptone dextrose (YEPD) liquid medium. Next, a loop was inoculated and streaked on chromogenic medium for the detection of C. albicans (CHROMagar Company, France). Then, a single colony was streaked on a YEPD agar plate, incubated for 25 h at 35°C and reidentified by mass spectrometry (Shanghai Fifth People’s Hospital, Fudan University, Department of Laboratory). An inoculum of 1.0 × 106 C. albicans cells was prepared in 0.3 ml phosphate buffered saline (PBS, pH 7.4).



Induction of Intestinal C. albicans Infection in a Mouse Model With DSS

Mouse models of intestinal C. albicans infection were constructed as previously published (Hiengrach et al., 2019). Dextran sulfate (DSS; 3% wt/vol, 40 kD, Sigma-Aldrich, USA) was included in the drinking water throughout the entire process to induce colon damage. The PBS yeast suspension was orally administered every 3 days to promote C. albicans colonization in the gut (Figure 1A). Repeated oral-gastric gavage of C. albicans was performed to maintain the fungal load in the gut at a certain level. The fecal C. albicans content was evaluated on chromogenic medium (Figure 1B). To determine the optimum treatment effect, we tested different concentrations of DADS to treat C. albicans infectious mice; 6, 20, and 40 mg/kg were selected based on previous publications (Benavides et al., 2007; Yousuf et al., 2011; Alam et al., 2013; Liang et al., 2015; Motta et al., 2015; Zhang et al., 2019). DADS was diluted in 0.3 ml PBS and administered by oral-gastric gavage after 6 h of treatment with C. albicans (Figure 1C). A dosage of 20 mg/kg DADS was determined to be suitable for subsequent experimental groups through an evaluation of survival rate, colon length and disease activity index (Figure 2). Seventy-five female mice were randomly divided into five groups: control, DSS, CA + DSS, CA + DSS + DADS (20 mg/kg), and DSS + DADS. After fifteen days of treatment, feces were collected from all mice and stored at −80°C. Blood was sampled by retro-orbital puncture, after which the mice were sacrificed by cervical dislocation and their colons and spleens were harvested.




Figure 1 | Schematic of the animal experiment design, including C. albicans gavage and DADS administration. (A) Schematic of C. albicans infection in the animal models. (B) Fungal burden in feces. (C) Schematic diagram of the experiment to compare the function of different concentrations of DADS.






Figure 2 | Effects of different concentrations of DADS on mice with C. albicans infection. (A) Survival study. (B, C) Colon length and relevant statistical analysis. (D) The disease activity index of animals in each group. Data are presented as the mean ± SEM (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001.





Histomorphological Analysis

Colon samples were fixed in 4% neutral paraformaldehyde solution, dehydrated, embedded in paraffin, sectioned into 5-μm-thick slices and then stained with hematoxylin and eosin (H&E) for observation. Histological changes were assessed by two blinded experienced pathologists at the same time using a previously described scoring system (Williams et al., 2001; Christophi et al., 2016), and the average score was taken.



Western Blot Analysis

To analyze the protein expression of colon tissues, western blot analysis was performed according to standard methods. Primary antibodies against Occludin (Proteintech, 13409-1-AP), Claudin-1 (GeneTex, GTX54539), and β-actin (Cell Signaling Technology, CST-3077) were used. The secondary antibodies were obtained from Jackson ImmunoResearch company: anti-mouse IgG (115-035-003) and anti-rabbit IgG (111-035-003).

Then, the protein bands were visualized using an ECL chemiluminescence imaging system and quantified by ImageJ software to calculate the ratios of IntDen (target protein)/IntDen (β-actin).



Enzyme-Linked Immunosorbent Assays

Mouse blood samples were collected and then centrifuged at 3,000 rpm at 4°C for 10 min for serum collection. Colon tissues were ground in 9× fold homogenization medium and then centrifuged for 10 min at 3,000 rpm and 4°C to collect the supernatants. All serum and tissue supernatants were stored at −80°C for later simultaneous detection. Subsequently, the levels of IL-6 and IFN-γ were measured by murine ELISA kits (88-7064, Thermo Fisher, Austria; EK280/3-01, MuLTI SCIENCE, Shanghai) according to the manufacturer’s instructions.



Measurement of FITC-Dextran Leakage

As previously described (Watson et al., 2015), FITC-dextran leakage was measured to evaluate gut permeability. Briefly, mice were starved overnight for approximately 8 h and then administered 25 mg/ml FITC-dextran (4 kDa, Sigma-Aldrich, USA) dissolved in PBS. FITC-dextran was gavaged at a dose of 0.6 mg per gram of body weight. Blood samples (400 μl) were collected via retro-orbital puncture after 4 h. Then, the supernatants were collected by centrifugation and mixed with an equivalent amount of PBS. Afterward, the fluorescence intensity of diluted serum (100 μl) from each sample was detected using a multimode reader (excitation: 485 nm emission: 528 nm, bandwidth: 20 nm). The quantity of FITC was calculated with a standard curve.



16S rRNA Analysis of the Microbial Community

The composition of the gut microbiota and profile of metabolites were assessed as previously described (Hu et al., 2021). Feces were collected from each group of mice. Then, we randomly selected 6 fecal pellets for microbiome and metabolomics analyses. Briefly, DNA was extracted from feces by a Standard DNA Extraction Kit (QIAGEN). Then, the quality and quantity of DNA were confirmed by agarose gel electrophoresis. The V3–V4 regions of the 16S rRNA genes were amplified, and the quality was verified; the amplicon was then purified and amplified again. Sequencing of the V3–V4 gene amplicons was obtained using the Illumina MiSeq platform. The raw data were filtered, and clean tags were removed to obtain valid tags for preparing operational taxonomic units (OTUs), which were classified using Vsearch software (version 2.4.2) (Rognes et al., 2016) with a threshold of 97% sequence similarity. Subsequently, according to the sequence comparison of OTUs, pynast (v0.1) software (Caporaso et al., 2010) was used to construct a phylogeny. The diversity and composition of the intestinal microbiota were determined based on a rarefied OTU table. Alpha diversity indexes of fecal samples were generated from a normalized OTU table at a uniform depth. Beta diversity indexes were generated to determine whether significant differences in gut microbiota existed among different groups based on the Bray–Curtis algorithm and unweighted UniFrac distance and were also determined by principal component analysis (PCA).



Fecal Metabolome Analysis

LC–MS analysis was performed by OE BioTech (Shanghai, China). Fecal sample preparation and analysis were performed as previously described (Liu et al., 2020). Briefly, fecal pellets (60 mg) were mixed with 500 μl of solvent and then ground, vortexed and centrifuged for 15 min at 13,000 rpm at 4°C. Subsequently, the supernatant was filtered using a 0.22 μm microfilter, and the resulting supernatant was stored at −80°C for LC–MS analysis. The quality control (QC) group was established by pooling equal volumes of supernatant from each sample to determine whether the mass spectrum platform of the system was stable during the whole experiment. The metabolite profiles were analyzed on an AB TripleTOF 6600 mass spectrometer (AB Sciex) combining ESI sources in both positive and negative ion scan modes. TOF parameters were as described previously (Xiong et al., 2019). All reagents used were of high-performance liquid chromatography (HPLC) grade.

The LC–MS data from fecal pellets were processed by Progenesis QI software (Waters Corporation, Milford, USA), and then Progenesis QI Data Processing Software was used to identify the metabolites. The normalized data were visualized by PCA and orthogonal partial least squares-discriminant (OPLS-DA) analysis using the ropls package in R. The ellipses in PCA and OPLS-DA plots were employed to characterize metabolic perturbation among groups in a Hotelling T2 region with a 95% confidence interval threshold.

The variable importance in projection (VIP) was calculated based on the OPLS-DA model to identify significant metabolites with a VIP >1.0 and P-value <0.05. The KEGG (http://www.kegg.com/) database was used to explore the related metabolic pathways.



Statistical Analysis

Statistical analysis was carried out by SPSS 24.0 software (SPSS Inc., Chicago, IL). All data were calculated from no fewer than three replicates and are presented as the mean ± S.E.M. All data were tested for normal distribution before comparisons between groups. If the data were normally distributed, the differences between groups were examined for statistical significance by Student’s t-test (for comparisons between two groups) or one-way ANOVA (for comparisons between multiple groups). Otherwise, nonparametric tests, including the Wilcoxon test, Bray–Curtis distance, Euclidean distance, and UniFrac, were used to analyze the gut microbiota and metabolite data. Survival analysis was performed by log-rank test. The analysis methods used are provided in the figure legends. A P-value <0.05 was considered statistically significant.




Results


DSS-Induced Intestinal C. albicans Infection Alleviated by 20 mg/kg DADS in Mice

We evaluated whether DADS could exert antifungal and anti-inflammatory effects in gut C. albicans infectious mouse models (Figure 1). The fecal C. albicans level was maintained at 104 CFU/g feces after treatment with 3% DSS and repeated gavage with C. albicans (Figures 1A, B).

Infected mice were treated with three concentrations of DADS: 6, 20, and 40 mg/kg (Figure 1C). Mice with intestinal C. albicans infection exhibited a decreased survival rate and shortened colon, both of which were improved by administration of 6 and 20 mg/kg DADS but not 40 mg/kg DADS (Figures 2A–C). Meanwhile, treatment with 20 mg/kg DADS caused a reduction in the disease activity index (DAI), consistent with the findings of weight loss, general condition and fecal occult blood tests (Figure 2D). From the observations above, 20 mg/kg was regarded as the optimum concentration of DADS for the following experimental grouping (Figure 3A). Mice treated with DSS to induce colon damage were considered the model control group (DSS), and mice treated with DSS + DADS were the experimental group. While administration DSS and C. albicans significantly decreased the body weight and survival of mice, DADS treatment alleviated these effects (Figures 3B, C). Moreover, DADS treatment caused a marked decrease in the load of fecal C. albicans compared with the CA + DSS group (Figures 3D, E). These data suggested that it is better to alleviate DSS-induced intestinal C. albicans infection in mice with 20 mg/kg DADS treatment, compared with 6 mg/kg. As for 40 mg/kg DADS, there is no improvement.




Figure 3 | DADS alleviated symptoms in mice with C. albicans infection. (A) Schematic of C. albicans gavage infection and 20 mg/kg DADS administration. (B) Changes in body weight. (C) Survival study. (D, E) Fungal burden in feces.





DADS Exhibited an Anti-Inflammatory Effect and Protected the Epithelial Barrier of Mice With DSS-Induced Intestinal C. albicans Infection

Spleen size can reflect inflammation in mice. DSS and C. albicans increased the spleen/body weight ratio, which was significantly improved by DADS (Figures 4A, B). In addition, we employed ELISA to quantify the expression of proinflammatory cytokines, namely, IL-6 and IFN-γ. Notably, DSS and C. albicans caused a significant increase in IL-6 and IFN-γ in both the serum and colon, and these changes could be reversed by DADS treatment (Figures 4C, D). To investigate the effect of DADS on intestinal inflammation, the length of colons and histological changes were compared among groups. Consistent with the above results, DADS ameliorated the colon shortening observed in mice treated with DSS and C. albicans (Figures 5A, B). The histological examination results revealed partial loss of the mucosal glands, erosion of the submucosal and muscular layers, and increased neutrophil infiltration in mice with C. albicans infection, which was alleviated by DADS (Figures 5C, D). Damage to the intestine was also evaluated by quantifying the FITC content in the serum, which indicated that the increased permeability in the DSS and CA + DADS groups could be improved by DADS (Figure 5E). Furthermore, the expression levels of the tight junction proteins Claudin-1 and Occludin in the colon were also quantitatively analyzed; these proteins were significantly depleted in intestinal C. albicans-infected mice and improved in the CA + DSS + DADS group (Figures 5F, G). These data demonstrated that DADS treatment could ameliorate the damage to the intestinal barrier caused by DSS and C. albicans. 




Figure 4 | DADS exhibited an anti-inflammatory effect in mice with C. albicans infection. (A, B) Spleen size and the spleen/body weight ratio. (C, D) The concentrations of IL-6 and IFN-γ in the colon and serum.






Figure 5 | DADS protected the epithelial barrier of mice with C. albicans infection. (A, B) Colon length and relevant statistical analysis. (C, D) H&E staining of colon pathological changes and relevant scores. (E) FITC levels in the serum. (F, G) The levels of tight junction proteins, including Clauding-1 and Occludin. *P < 0.05, **P < 0.01, and ***P < 0.001.





DADS Altered the Gut Microbiota Community Composition of Mice With DSS-Induced Intestinal C. albicans Infection

Many studies have indicated that certain gut microbiota could influence the survival and colonization properties of C. albicans. During inflammation of the colon and DADS treatment, the gut microbial communities may be altered. Based on this model, 16S rRNA gene sequencing was used to identify key bacteria and relevant metabolic pathways that might be changed among groups. More than 99.4% of the sequence exhibited good coverage values, which indicated adequate sequencing depth for all groups. All other alpha diversity values (OTUs, observed species, Chao1, and Shannon index) were lower in mice after treatment with DSS and/or C. albicans than in the control group and were not improved by DADS (Table 1). PCA showed that C. albicans, DSS, and DADS treatment induced changes in the intestinal microbiota composition. Moreover, the fecal samples from the DSS and CA + DSS groups were clustered together with high similarity, but in DADS-treated mice, samples from the CA + DSS + DADS group were clustered with the control samples (Figure 6A). PCA also separated the CA + DSS and CA + DSS + DADS groups, which indicated that these gut microbial communities were significantly different (Figure 6B). As shown in Figures 3C, D, we determined the relative abundances of the top 15 bacteria at the genus level among the groups. The genera Bacteroides, Escherichia–Shigella, Lachnospiraceae_ NK4A136_group, Parabacteroides, and others exhibited high relative abundance in all groups. Compared with C. albicans-infected mice, the DADS treatment group had decreased relative abundances of Escherichia–Shigella and Parabacteroides.


Table 1 | The alpha diversity in each group of mice.






Figure 6 | DADS altered the gut microbiota community composition of mice with C. albicans infection. (A, B) Principal component analysis. (C, D) The relative abundances of the top 15 bacteria at the genus level among groups. *P < 0.05, **P < 0.01.



The key bacteria were visualized by a heatmap and analyzed by the Wilcoxon rank-sum test (Figures 7A, B). At the phylum level, DADS treatment was associated with a decreased abundance of Proteobacteria (P = 0.019, Figure 7C) and increase abundance of Tenericutes (P = 0.002, Figure 7D) compared to the intestinal C. albicans infectious group (P < 0.05) (Figure 7A). As shown in Figure 7B, at the genus level, the abundances of Escherichia–Shigella (P = 0.014, Figure 7E), Faecalibacterium (P = 0.027, Figure 7F), Parabacteroides (P = 0.001, Figure 7G), and Streptococcus (P = 0.023, Figure 7H) were significantly decreased, and the abundances of Prevotellaceae_NK3B31_group (P = 0.002, Figure 7I), Ruminiclostridium (P = 0.023, Figure 7J), Ruminococcaceae_UCG-013 (P = 0.002, Figure 7K), and Oscillibacter (P = 0.038, Figure 7L) were enriched in DADS-treated mice (Table 2).




Figure 7 | Heatmaps of key bacteria at the (A) phylum and (B) genus levels. The relative abundances of (C) Proteobacteria, (D) Tenericutes, (E) Escherichia–Shigella, (F) Faecalibacterium, (G) Parabacteroides, (H) Streptococcus, (I) Prevotellaceae_NK3B31_group, (J) Ruminiclostridium, (K) Ruminococcaceae_UCG-013, and (L) Oscillibacter in the two groups.




Table 2 | Changes of gut microbiota at different levels among the two groups.





DADS Improved the Fecal Metabolite Profiles of Mice With DSS-Induced Intestinal C. albicans Infection

Metabolic changes are closely related to alterations of the gut microbiota and are also considered a crucial hallmark of intestinal inflammation (Lanis et al., 2017). Thus, we performed LC–MS analysis to detect differentially expressed metabolites and relevant key metabolic pathways among groups. A total of 8,689 metabolites were identified in 30 fecal samples among the five groups. The PCA scatter plots showed clustered QC samples, which indicated the high quality of metabolomics analysis (Figure 8A). We further identified the differences in the metabolic profile between the CA + DSS and 20 mg/kg DADS treatment groups using two-dimensional PCA, PLS-DA, and OPLS-DA analysis (Figures 8B–D). Next, to identify key metabolites, we visualized the top 50 metabolites on a heatmap and identified nineteen metabolic pathways that were significantly differentially expressed between the C. albicans-infected mice and DADS-treated mice (P <0.05, Figures 8E, F). Additionally, we identified seventeen important metabolites for further analysis between the two groups (Table 3). All differentially expressed metabolites related to tryptophan metabolism were upregulated in the DADS group, including 4-(2-aminophenyl)-2,4-dioxobutanoic acid, kynurenic acid, N-acetylisatin, 5-hydroxyindoleacetic acid, quinoline-4,8-diol, 4-(2-amino-3-hydroxyphenyl)-2,4-dioxobutanoic acid, 3-methyldioxyindole, and 2-formaminobenzoylacetate. The levels of some metabolites, such as PGB2, PGD2, TXA2, and lipoxin A4, were increased in DADS-treated mice compared with C. albicans-infected mice. Moreover, some metabolites of bile secretion pathways were at a higher level in DADS-treated mice, including deoxycholic acid, lithocholic acid, chenodeoxycholic acid, and cholic acid.


Table 3 | Differential fecal metabolites and relevant pathways between two groups.






Figure 8 | Effect of DADS on fecal metabolites in mice with C. albicans infection. The (A, B) PCA, (C) PLS-DA, and (D) OPLS-DA models in different groups. (E) Heatmaps of differentially altered metabolites between the two groups. (F) Differential metabolic pathways visualized in bubble plots (P < 0.05); the bubble size represents the number of metabolites, n = 6.






Discussion

Colonization and invasion of intestinal C. albicans are usually the prerequisites for disseminated C. albicans infection. To date, although many studies have reported that the gut microbiota, metabolites, and intestinal C. albicans could interact with each other, comprehensive research has been lacking, as the specific changes in bacteria and metabolites and regulatory mechanisms vary among animal models of intestinal C. albicans infection due to differences in intervention measures and other factors. This study mainly explored the effects of DADS, commonly known as allicin, on the gut microbiota, metabolites, and intestinal barrier of DSS-induced mice infected with enterogenic C. albicans. The results indicated that DADS could reduce the intestinal destruction caused by DSS and enterogenic C. albicans by increasing the expression of intestinal tight junction proteins, reducing intestinal inflammation (reflected by improvements in survival rate, weight change, colon length change, DAI score, and H&E scores) and reducing the expression of inflammatory factors in the serum and colon. In addition, DADS improved the gut microbiota and intestinal metabolite profiles of mice infected with intestinal C. albicans and increased the expression of beneficial bacteria and the expression of related bile acids and amino acids.

With regard to intestinal mucosal damage, C. albicans colonization of the gut could break through the intestinal barrier to cause further gut tissue damage, disseminated C. albicans infection, and even the death of the host. While it is well recognized that C. albicans can induce inflammatory bowel dystrophy, the content of C. albicans in the intestines of mice is not as high as that in human intestines, and C. albicans cannot colonize the intestines of mice by oral-gastric gavage alone (Kumamoto, 2011; Koh, 2013; Hoarau et al., 2016). Therefore, the oral administration of C. albicans in the DSS-induced colitis mouse model may be a better model of the condition in humans. Consistent with previous reports, we observed significant weight loss, decreased survival, increased DAI scores, and greater colonization of C. albicans in mice with DSS-induced intestinal C. albicans infection (Medrano-Díaz et al., 2018; Hirayama et al., 2020). However, all of the above indicators were significantly improved by 20 mg/kg DADS intervention compared with the control treatment, which proved that DADS is effective in the treatment of intestinal C. albicans infection. Meanwhile, the intestinal barrier is one of the target organs that is destroyed by intestinal C. albicans and plays an important role in preventing disseminated C. albicans disease. We quantified the extent of intestinal destruction by testing the concentration of FITC-dextran in the serum in our experimental groups. FITC-dextran is a fluorescent molecule that can cross a damaged intestinal barrier and be transepithelially transported into the blood. Therefore, the higher the content of fluorescent substances in the blood is, the more serious the destruction of the intestinal tract (Gupta and Nebreda, 2014). The most serious intestinal damage was observed in the CA + DSS group, which showed a significant difference from the DSS group. Moreover, these results indicated that C. albicans could aggravate intestinal destruction induced by DSS. In the CA + DSS + DADS group, we observed a significantly decreased concentration of FITC-dextran, which showed that DADS ameliorated the effect of C. albicans infection on intestinal permeability. We further compared the intestinal barriers of each group based on intestinal pathology and the expression of intestinal tight junction proteins. In terms of intestinal pathology, colon length can be shortened by DSS-induced intestinal inflammation (Jawhara et al., 2012). We found that the CA + DSS group had a shorter intestinal length and higher intestinal H&E pathological score than the DSS group, indicating that C. albicans further increased intestinal inflammation and destruction of the intestinal mucosa. In addition, the expression of intestinal tight junction proteins can reflect the integrity of the intestinal mucosa at the protein level (Buckley and Turner, 2018; Shao et al., 2018). Claudin-1 and Occludin were hardly expressed in the CA + DSS group and were expressed at somewhat higher levels in the DSS group. However, in the DADS group, the expression of tight junction proteins was increased compared with that in the CA + DSS or DSS group, which indicated that DADS could increase the expression of colonic tight junction proteins and repair the damage to the intestinal mucosa. We also explored the condition of inflammation among groups by comparing the spleen index and the levels of IL-6 and IFN-γ in the serum, spleen and colon. We found that the spleen index and the expression of IL-6 and IFN-γ was decreased in the DADS group compared with the DSS and CA + DSS groups, but there was no significant difference among the groups in the expression of inflammatory factors in the spleen, which might be related to differences in expression in various tissues or depletion of these factors in the spleen. Compared with the DSS group, the CA + DSS group expressed more serious intestinal damage and inflammation, but DADS treatment alleviated gut damage and inflammation symptoms, which indicated that DADS could repair the intestinal damage caused by C. albicans by protecting gut tissues, increasing the expression of tight junction proteins, and reducing inflammation.

Nowadays, nosocomial bloodstream infections caused by C. albicans rank third (Wisplinghoff et al., 2004). Moreover, the C. albicans in the blood mainly comes from the intestine (Kullberg and Arendrup, 2015). So the destruction of the intestines is conducive to the colonization, invasion, and infection of C. albicans. DADS, as a classic garlic active substance, its antifungal and digestive system protection effects have been confirmed, which is consistent with our above research (Shang et al., 2019). Few people study the association between gut protection and antifungal effect. The intestinal protective effect of DADS may reduce the colonization of C. albicans, thereby inhibiting the bloodstream entry of C. albicans from the intestine. Secondly, the antifungal effect of DADS reduces the destruction of C. albican to the intestine, which may also improve the intestinal barrier. But the detailed interaction mechanism needs further study. In addition, the role of DADS on gut microbiota and metabolites is also important for intestinal protection and anti-fungal.

The community of gut microbiota in the CA + DSS group was also significantly different from that in the healthy control group and the DSS group. Interestingly, similar to what was found in previous research, the abundance of Bacteroides, Bacteroidaceae, Proteobacteria, Escherichia–Shigella, Streptococcus, and other pathogenic bacteria was increased in mice with DSS-induced intestinal C. albicans infection. It is possible that the increased mortality in the CA + DSS group was related to bacteremia caused by pathogenic bacteria that selectively break through the intestinal barrier (Hiengrach et al., 2019). Bacteremia may also cause high levels of inflammation in the serum and intestines and increased levels of inflammatory factors (IL-6, IFN-γ) (Michielan and D’incà, 2015). Proteobacteria are typically highly abundant in certain intestinal and extraintestinal diseases with inflammatory manifestations, so it is also considered to be a possible microbial feature of these diseases (Rizzatti et al., 2017). In this study, we found that the abundances of Proteobacteria (at the phylum level) and Escherichia–Shigella (at the genus level) were increased in the CA + DSS group. Studies have shown that Proteobacteria could be a biomarker indicating the instability of the gut microbiota, which can invade intestinal epithelial cells and aggravate intestinal inflammation by releasing endotoxins and lipopolysaccharide (LPS) (Boudeau et al., 1999; Lu and Walker, 2001; Belotserkovsky and Sansonetti, 2018). Consistent with previous experiments using similar mouse models with oral-gastric gavage of C. albicans, the CA + DSS group exhibited significant enrichment of Bacteroides, which is usually a commensal bacterium in the host intestine but may become a pathogen under certain conditions. Previous studies have reported that Bacteroides can produce LPS and a variety of enzymes, thereby enhancing the adhesion of bacteria to the intestinal tissues of the host and protecting them from immune attack, ultimately leading to the destruction of the intestinal epithelium (Wexler, 2007; Sears, 2009). In addition, Bacteroides can produce enterotoxin to cleave tight junction proteins in the intestine, leading to cytoskeletal rearrangement and loss of tight junctions in the intestinal epithelial cells, which may explain the decreased expression of Claudin-1 and Occludin (Wu et al., 1998). In the CA + DSS + DADS group, we observed an increased abundance of Ruminococcaceae_UCG−013, Ruminococcaceae_NK4A214_group, Ruminiclostridium, and Oscillibacter, which are usually not abundant in patients with ulcerative colitis. These results might indicate that DADS can increase the abundance of beneficial bacteria such as Ruminococcus to reduce intestinal inflammation (Hyams et al., 2019). In addition, Ruminiclostridium has been reported to be increased in healthy mice and to produce butyric acid, which can nourish and protect the intestinal epithelium (Machiels et al., 2014). Thus, these findings indicated that DADS treatment might mitigate intestinal C. albicans infection by improving the disordered gut microbiota.

Meanwhile, the intestinal metabolite homeostasis was also altered among the groups. Gut metabolites are closely related to some intestinal and extraintestinal diseases, such as inflammatory bowel disease, irritable bowel syndrome, depression, and autism (Duboc et al., 2012; Bjerrum et al., 2015; Sharon et al., 2019; Keshteli et al., 2019). Moreover, some gut metabolites could protect or destroy the gut barrier (Li et al., 2019; Parada Venegas et al., 2019). In this study, the intestinal metabolite profiles were significantly different between the CA + DSS and CA + DSS + DADS groups. In addition, through KEGG data analysis, we found 19 different metabolic pathways. In terms of the bile acid secretion metabolism, the content of bile acids, such as deoxycholic acid, chenodeoxycholic acid, ursodeoxycholic acid, lithocholic acid, and cholic acid, was significantly higher in the CA + DSS + DADS group than in the CA + DSS group, similar to what has been found in patients with inflammatory bowel disease (Jansson et al., 2009; Duboc et al., 2013). Deoxycholic acid could inhibit the secretion of IL-1β and IL-8 by intestinal epithelial Caco-2 cells in a dose-dependent manner (Yao et al., 2019; Lavelle and Sokol, 2020). The metabolites involved in arachidonic acid metabolism, such as TXA2, PGD2, and PGB2, were significantly increased in the CA + DSS + DADS group. Studies have shown that arachidonic acid metabolites could increase the sensitivity of C. albicans to fluconazole (Kuloyo et al., 2020). All metabolites involved in the tryptophan metabolic pathway were enriched in the CA + DSS + DADS group and were significantly higher than in the CA + DSS group. Research has proven that tryptophan metabolism plays a key role in regulating the immune response of the body against C. albicans. Tryptophan could activate the microbial-dependent AhR/IL-22 axis to inhibit fungal growth and infection on the mucosal surface and thus prevent abnormal immune stimulation by C. albicans (Romani et al., 2008). In addition, the interaction between tryptophan metabolites and C. albicans may reduce the toxicity of the fungus (Mayr et al., 2005). Activation of the tryptophan metabolic pathway can produce bioactive molecules to maintain the homeostasis of the intestinal mucosa, which makes tryptophan metabolites the main players in intestinal health (Renga et al., 2019). Therefore, these findings indicated that DADS may inhibit the invasion of intestinal C. albicans and ameliorate intestinal barrier damage by activating specific metabolic pathways and increasing the levels of related metabolites.



Conclusion

In this study, we established DSS-induced intestinal C. albicans mouse models to better simulate human intestinal fungal infections. We found that C. albicans could enhance DSS colitis severity and that DADS treatment could improve intestinal dysbiosis (altered gut microbiota and metabolites), gut permeability and systemic inflammatory responses. Insight into the effects of DADS treatment may provide novel treatment strategies for intestinal C. albicans infection.
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The Qingchangligan formula (QCLGF) is a traditional Chinese medicine that has significant clinical potential for patients with acute liver failure (ALF). However, the experimental evidence of the effect of QCLGF on ALF and the associated mechanisms remain elusive. We aimed to evaluate the function of QCLGF in ALF and the underlying mechanism. ALF was induced in rats by intraperitoneal injection of D-GalN (1100 mg/kg). The Qingchangligan formula was administered to the rats (6.725 g/kg · d) for 5 days, and the model group and the control group were given the same amount of physiological saline. Then 16S rRNA gene sequencing, high performance gas chromatography-mass spectrometry (GC-MS), and RNA-seq analysis were performed on the samples. The levels of ALT and AST in the ALF rats were abnormal (5322.08 ± 566.27 U/L and 7655.95 ± 1238.08 U/L, respectively) compared with the normal control (98.98 ± 6.90 U/L and 99.63 ± 10.94 U/L, respectively). The levels of ALT and AST in the QCLGF rats (2997.67 ± 469.24 U/L and 4158.40 ± 596.07 U/L, respectively) were closer the normal control group. Liver HE staining showed that the degree of liver damage in the QCLGF rats was lighter than that in the ALF rats. The overall structure of the gut microbiota after ALF was significantly altered, including Proteobacteria, Blautia, Romboutsia, Parabacteroides, UCG-008, Parasutterella, Ruminococcus, norank_f:Lachnospiraceae, the Eubacterium_xylanophilum_group, Oscillibacter, and Eisenbergiella. QCLGF balanced the structure and abundance of intestinal flora. The levels of D(+)galactose, isopropyl beta-D-1-thiogalactopyranoside and D-mannitol were lighter in the plasma of the ALF rats than in the normal control rats, but there were significantly elevated levels of those metabolites in the QCLGF rats. The gene expression changed significantly in the ALF rats. QCLGF regulated the expression of THBS1 and the KEGG pathways of carbohydrate metabolism, lipid metabolism, signal transduction, the immune system, and infectious disease: bacterial. QCLGF may alleviating intestinal flora disorder, regulating galactose metabolism and downregulating the expression of THBS1 to alleviate D-GalN induced acute liver failure.
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Introduction

Acute liver failure (ALF) is a severe consequence of abrupt hepatocyte injury that can evolve over days or weeks to a lethal outcome. The five most prevalent causes of ALF are acetaminophen overdose, viral hepatitis, drug-induced liver injury, Wilson’s disease, and autoimmune hepatitis (Rajaram and Subramanian, 2018). The management of patients with ALF includes general considerations, cause-specific management, administration of drugs to alleviate liver failure, management of systemic complications of acute liver failure, and liver transplantation (Stravitz and Lee, 2019). Few therapeutic options are available for ALF, but study has shown that protection from liver injury is possible with early administration of acetylcysteine when paracetamol overdose is suspected (Fisher and Curry, 2019). Acetylcysteine mainly replenishes glutathione reserves depleted in APAP detoxification. However, this intervention is only partially effective and is accompanied by adverse effects, including anaphylactoid reaction (Yarema et al., 2018). Therefore, it is necessary to find other interventions for acute liver failure patients.

Evidence suggests that the degree of liver damage is reduced when intestinal bacteria that may be connected with gut bacteria derived liver inflammation are removed (Gong et al., 2018; Castillo-Dela et al., 2019). Microbiome-mediated upstream signals may regulate the gene expression of MYC during ALF, resulting in liver injury (Kolodziejczyk et al., 2020). However, some probiotics can reduce the extent of liver damage, such as Lactobacillus salivarius LI01 and Pediococcus pentosaceus LI05, that significantly reduce the elevated alanine aminotransferase and aspartate aminotransferase levels in ALF rats, prevent an increase in total bilirubin, decrease the histological abnormalities of the liver, and change the structure of the cecal microbiome (Lv et al., 2014; Shi et al., 2017; Zhuge et al., 2020). Metabolites of intestinal flora such as 1-phenyl-1,2-propanedione intensify liver injury by depleting hepatic glutathione, an important antioxidant (Gong et al., 2018). Metabolites of gut microbiota, including hexanoic acid, trigeminal, 1-hexadecanol, campesterol, d-lactose, and lithocholic acid, are significantly changed in ALF rats, and those may affect the degree of liver injury (Jiang et al., 2021).

QCLGF is a traditional Chinese medicine (TCM) comprised of five herbs: Rheum palmatum, dried Rehmannia root, Magnolia Officinalis, Taraxacum Officinale, and Fructus Aurantii Immaturus. QCLGF has been applied in clinical practice for decades and we have previously demonstrated that QCLGF is practical and effective in the prevention and treatment of liver failure (Hu and Li, 2017). Previous studies have demonstrated that QCLGF might be involved in repressing inflammatory factors, improving systemic and hepatic recovery by modulating autophagy and the MAPK signal pathway (Zhang et al., 2017; Ding et al., 2018).

TCM often contains compounds of different structural types. Chinese herbal compounds are often multi-component and multi-target. So, the effect of QCLGF may not be limited to the pathways we previously discovered. Most TCM contains fiber, polyphenols and polysaccharides, exerting prebiotic-like activity to maintain the health of intestinal microecology (Khan et al., 2018; Sun et al., 2019). Previous studies have suggested that the production and biological activity, and oral bioavailability of plant polyphenols widely contained in TCM are often less than 10%, which is modulated by gut microbiota (Cardona et al., 2013; Kawabata et al., 2019). We consider it necessary to study further about how QCLGF affects the structure and richness of intestinal flora in liver injury.

We chose D-GalN as the hepatotoxic drug to induce ALF (Lv et al., 2014). By investigating the efficacy of QCLGF treatments, the structure of the gut microbiota, the metabolites of plasma, and the gene expression of the liver, we identified that QCLGF potentially alleviated ALF by modulating gut microbiota and affecting lactose metabolism. Our finding provides crucial experimental evidence that QCLGF provides protection from ALF, and reveals other pathways of the curative effect of QCLGF.



Results


QCLGF Protects Rats From D-GalN-Induced Liver Injury

First, we evaluated whether QCLGF could attenuate liver injury induced by D-GalN in rats. The plasma ALT and AST levels were significantly higher at 24 hours after injecting D-GalN compared with the normal SD rats (NC group). And the plasma ALT [NC vs ALF, P < 0.01, ALF vs QCLGF, P < 0.01, Wilcoxon rank sum test] and AST [NC vs ALF, P < 0.01, ALF vs QCLGF, P < 0.001, Wilcoxon rank sum test] levels were significantly higher in ALF group compared with the SD rat treated with QCLGF group (Figure 1A).




Figure 1 | QCLGF alleviates d-galactosamine-induced liver injury. (A) Plasma ALT and AST levels were determined 12 h after D-GalN intraperitoneal injection. (B) Liver HAI score. (C) Representative liver sections from different treated groups (n = 6, per group). (*P < 0.05, **P < 0.01 and ***P < 0.001 compared with the ALF group, Wilcoxon rank sum test).



Histopathological analysis reaffirmed these results (Figures 1B, C), demonstrating that QCLGF significantly reduced liver damage in rats. There were no abnormal differences in histological changes in the liver of normal rats. The hepatic lobules were clear and no degeneration or necrosis of hepatocytes was observed. In contrast, D-GalN treatment caused severe damage in the livers of the rats, as demonstrated by massive hepatocyte necrosis, inflammatory cell infiltration, and hemorrhage. Pretreatment with QCLGF markedly attenuated liver damage in the rats and reduced these typical histological changes.



Community Structure of Gut Microbiota Shows Distinct Changes After Different Treatments

The structure of the intestinal flora in the different treatment groups was different. Specifically, in the Bray–Curtis distance-based principal coordinate analysis (PCoA), the gut microbiota structure of the ALF groups showed a distinct deviation along PCoA1 (explaining 25.13% of the variation) with QCLGF, indicating significant changes in the core microbiota after the treatments (Figure 2A).




Figure 2 | QCLGF protects against D-galactosamine-induced beneficial bacterium depletion and pathogen enrichment. (A) Beta diversity was determined by the Bray–Curtis distance-based principal. (B) Shannon index describing the alpha diversity of the microbiota in the three groups, ALF and normal groups (Shannon, Padj = 0.04, t-test), QCLGF and ALF (Shannon, Padj = 0.049, t-test). (C) Alterations in the relative abundances of bacterial taxa at phylum levels in QCLGF, NC, and ALF groups. (*P < 0.05, one-way ANOVA). (D) Alterations in the relative abundances of bacterial taxa at genus levels in QCLGF, NC, and ALF groups. (*P < 0.05 and **P < 0.01, one-way ANOVA).



The structure of the gut microbiota showed significant shifts in the ALF and normal groups (Shannon, Padj < 0.05, t-test). The structure of the gut microbiota showed substantial changes in the QCLGF and NC group (Shannon, Padj < 0.05, t-test) groups. The microbial structure of the ALF group resembled that of the QCLGF treatment group (Shannon, Padj = 0.732, t-test) (Figure 2B).

We next explored the variations before and after treatment at the hylum and genus levels. Proteobacteria was increased at the phylum level in the ALF group compared to the NC group and the QCLGF group (P < 0.05, one-way ANOVA) (Figure 2C). According to clustering analysis of all genera based on changes in abundance, we showed that D-GalN treatment markedly altered the structure of the gut microbiota, and enriched several genera, including Blautia, Romboutsia, Parabacteroides, UCG-008, and Parasutterella. But, Ruminococcus, norank_f_Lachnospiraceae, the Eubacterium_xylanophilum_group, Oscillibacter, and Eisenbergiella were reduced. Blautia, Romboutsia, Parabacteroides, Parasutterella, Ruminococcus, norank_f_Lachnospiraceae, and Eisenbergiella on genus, were close to normal in QCLGF group. (*P < 0.05, **P < 0.01, one-way ANOVA) (Figure 2D).



QCLGF Relieves D-Galactosamine-Induced Plasma Metabolic Disorders

We next measured the plasma metabolite levels. A total of 193 metabolites were identified by gas chromatography-mass spectrometry (GC-MS), which could discriminate between different groups according to their different peak areas of metabolites, to reveal the intervention effects of QCLGF. As shown in Figure 3A, score plots of principal components analysis PC1 (32.10%) and partial least squares-discriminant analysis Component 1 (47.2) showed that the metabolome profiles of the N group, the ALF group, and the QCLGF group were separately clustered, and the plasma metabolic profiles among the three groups were significantly different. The metabolites of the ALF group and the normal control group changed significantly.




Figure 3 | QCLGF protects against D-galactosamine-induced altered plasma metabolites. (A) Changes in the ion intensity of three markers with beta-D-1-thiogalactopyranoside, D(+)galactose, and D-mannitol (t-test, **Padj< 0.01,***Padj< 0.05). (B) Principal component analysis (PCA) (PC1 = 32.1%). And the partial least squared discriminant analysis (PLS-DA) score plot based on GC-MS profiling data of plasma samples (compound1 = 47.2%). Each dot with three kinds of color represents the different samples.



Student’s t-test was used to statistically analyze the metabolites variation tendencies of acute liver failure. We found that 20 metabolites changed significantly between the normal control group and the ALF group (VIP > 1, FDR < 0.05) (Table 1). Then we found that the levels of isopropyl beta-D-1-thiogalactopyranoside, D(+)galactose, and D-mannitol were close to those of the normal control groups (*Padj < 0.05, **Padj < 0.01, ***Padj < 0.001, Student’s t-test) after treatment with QCLGF. Those metabolites play a key role in the treatment of liver failure by QCLGF (Figure 3B).


Table 1 | We found that 20 metabolites changed significantly between the normal control group and the ALF group (VIP > 1, FDR < 0.05, n = 6).





Gene Expression Profiles of Rat Liver

Next, we used transcriptomic analysis to determine whether the gene expression profiles of the rat livers were similar between different treatment groups. Principal component analysis showed that NC group had distinct gene expression signatures compared with ALF rats or QCLGF rats PC1 (explaining 77.68% of variation). Then, we set out to identify genes that were differentially expressed through pairwise comparisons of groups (FC > 1.2, Padj < 0.05). Compared with NC group, the number of differentially expressed genes (DEGs) in the ALF group was 13553 (DEG1, 529/13024; upregulated and downregulated DEGs, DEGseq, respectively). Compared with the ALF group, the number of differentially expressed genes (DEGs) in the QCLGF group was 6455 (DEG2, 6351/104; upregulated and downregulated DEGs, DEGseq, respectively). Genes of QCLGF vs. ALF and NC vs. ALF with the same trend were 1610 (DEG3, 1581/29; upregulated and downregulated DEGs, DEGseq, respectively), DEG1 and DEG3 of genes were further clustered into nine ALF clusters (ACs) and nine QCLGF clusters (QCs) according to their expression profiles (Figures 4A, B). QC1, QC2 and QC3 displayed activated expression patterns in the ALF group compared to the NC group and the QCLGF group, while QC4, QC5, QC6, QC7, QC8, QC9 and QC10 were repressed in the ALF group compared to the NC group and the QCLGF group.




Figure 4 | Comparisons of gene expression profiles in the rat liver by RNA-seq among different treatment groups. (A) Principal component analysis showed that the NC group had distinct gene expression signatures compared with the ALF rats and QCLGF rats PC1 (explaining 77.68% of variation). (B) Heatmap of DEGs. Compared with the NC group, the number of differentially expressed genes (DEGs) in the ALF groups was 13553 (DEG1, 529/13024; upregulated and downregulated DEGs, DEGseq, respectively). Genes of QCLGF vs. ALF and NC vs. ALF with the same trend were 1610 (DEG3, 1581/29; upregulated and downregulated DEGs, DEGseq, respectively), DEG3 genes were further clustered into 10 QCLGF clusters (QCs) according to their expression profiles. (C) KEGG annotation of DEG3. (D) GO annotation analysis of DEG3.



DGE3 was subjected to both KEGG annotation and Gene Ontology (GO) term annotation analyses (Figures 4C, D). KEGG annotation of the significantly differentially expressed genes showed that more genes were annotated into the carbohydrate metabolism, lipid metabolism, signal transduction, immune system, and infectious disease: bacterial. GO annotation was mainly involved in the metabolic process, biological regulation and cellular process.



Quantitative Real-Time RT-PCR

To verify the differences in genes, real-time fluorescence quantitative PCR was conducted. The expression levels of THBS1 were significantly elevated in the ALF group compared with the NC group (P < 0.01, Wilcoxon rank sum test). The expression of THBS1 was significantly downregulated in all samples pre-treated with QCLGF (P < 0.05, Wilcoxon rank sum test). The expression levels of OSGIN1 were significantly downregulated in the ALF group (P < 0.05, Wilcoxon rank sum test). The expression levels of OSGIN1 were significantly upregulated in all samples pre-treated with QCLGF (P < 0.05, Wilcoxon rank-sum test) (Figure 5).




Figure 5 | Analysis of expression of DEG genes in rat liver using RT-qPCR. Expression levels of two candidate genes, Osgin1 (A) and Thbs1 (B) were measured. Wilcoxon ranksum test was applied to test the differences in gene expression levels among the three groups. (All data was presented as Mean ± SEM, *P < 0.05; **P < 0.01. n = 6 samples per group).






Discussion

Our study was consistent with a previous study showing that QCLGF could prevent the development of liver injury. Our study showed there is a significant difference in gut microbiota in normal control rats compared to ALF rats, suggesting the diversity of intestinal flora decreased in acute liver failure. It is of note that the gut microbiota of the QCLGF pretreatment group was not significantly different from that of the ALF rats, showing that QCLGF only adjusted part of the gut microbiota but could not completely reverse the disorders in the gut microbiota of the ALF rats. The relative abundance of the Proteobacteria phylum increases in acute liver failure, and QCLGF regulates this disorder. Similarly, both individuals with liver cirrhosis and those with non-alcoholic fatty liver disease have an enrichment of the Proteobacteria phylum (Qin et al., 2014; Shen et al., 2017). Another study has shown that the abundance of Proteobacteria is a sign of intestinal flora disorder, inducing metabolic disturbances of the host. So, that means QCLGF may reduce acute liver failure by regulating the abundance of opportunistic pathogens.

Blautia, Romboutsia, Parabacteroides, UCG-008 and Parasutterella genera were enriched and Ruminococcus, norank_f:Lachnospiraceae, Eubacterium_xylanophilum_group, Oscillibacter and Eisenbergiella genera were reduced in the ALF group. The significantly changed genus may be the hallmark bacteria of acute liver failure. Similarly, Blautia increased in stool in patients with nonalcoholic steatohepatitis (Shen et al., 2017). Parasutterella expression was related to chronic intestinal inflammation (Chen et al., 2018). Oscillibacter is reduced in obese people (Thingholm et al., 2019). QCLGF improved disturbed intestinal flora in acute liver failure rats, especially increased the abundance of Ruminoccocus significantly. which bromides hydrolysis non-digestible dietary polysaccharide and short chain fatty acid causes the release of nutrients such as glucose that may reach bacterial species within the mucus layer, potentially impacting other species growth and maintaining the homeostasis of intestinal flora, that plays an important role in decreasing fat accumulation in the liver and maintaining intestinal barrier function to reduce LPS levels in circulating blood. (Latham and Wolin, 1977; Crost et al., 2018; Iwao et al., 2020; Takeuchi et al., 2021). On the one hand, we think that QCLGF regulates the structure and abundance of intestinal microbiota and balances energy metabolism in the gut by maintaining homeostasis between intestinal microbiota communities. On the other hand, QCLGF reduces gram-negative bacteria such as proteobacteria to reduce the chance of LPS entering the circulating blood.

We found significant changes in amino acids, fatty acids and saccharides in ALF rats. Such as, the increased of Tyrosine and palmitic acid increased, and the decreased of l-proline, L-Lysine and L-threonine. These indicate abnormal carbohydrate metabolism in ALF. Compared to the normal group, the ALF group showed significantly less beta-D-1-thiogalactopyranoside, D(+)galactose, and D-mannitol in plasm, indicating abnormal glucose metabolism in rats with acute liver failure. In acute liver failure, hepatocytes die in large numbers, but the patient is in a hypermetabolic state (Walsh et al., 2000). Isopropyl beta-D-1-thiogalactopyranoside is a lactose mimic that induces the transcription process of the lactose operon in prokaryotes. Mannitol may decrease the toxic effect of acetaminophen on the liver (Kyle et al., 1987; Celikmen et al., 2016). Galactose can be directly absorbed by liver cells, and the glucose 1-phosphate can be generated into the glucose metabolism pathway for energy supply by the action of galactokinase-galactose-1-phosphouridyl transferase and uridine diphosphate galactose-isomerase, successively. QCLGF can increase the level of isopropyl beta-D-1-thiogalactopyranoside, D(+)galactose, and D-mannitol in plasma. This suggests that QCLGF reduces the degree of liver injury by carbohydrate metabolism.

To determine the effects of QCLGF, we not only performed plasma metabolomics but also made an analysis of rat liver gene expression from different treatment groups. Compared to normal rats, ALF rats had different gene expression profiles. Treatment with QCLGF significantly altered liver gene expression by upregulating and downregulating specific sets of genes. Among the GO terms and KEGG pathways that were significantly enriched by QCLGF pretreatment were those involved in carbohydrate metabolism and apoptosis, which were downregulated. In addition, compared to normal rats, ALF rats had distinct plasma metabolomic profiles. The metabolomics of rats pretreated with QCLGF were more similar to normal rats.

Oxidative stress-induced growth inhibitor 1 (OSGIN1) and Thrombospondin 1(THBS1) were among three groups identified by qRT-PCR. NRF2-regulated OSGIN1 to make P53 accumulate and translocate to the nucleus (Brennan et al., 2017). P53 is a protein target downstream of NRF2 and cooperates to protect cells against oxidative damage (Faraonio et al., 2006). Thus, QCLGF may protect liver cells against oxidative stress by upregulated OSGIN1. Furthermore, THBS1 was found to play an important role in glucolipid metabolism. The downstream targets of THBS1 include ECM proteins and cell surface receptors. One receptor is transforming growth factor-β1 (TGF-β1), which plays a critical role in fibration and inflammation, exacerbating hepatic steatosis, fibrosis and failure (Breitkopf et al., 2005; Bai et al., 2020; Jefferson et al., 2020). The upregulation of THBS1 can be stimulated by glucose, and the overexpression of THBS1 contributes to obesity-induced tissue inflammation and the development of metabolic syndrome (Wang et al., 2003; Wang et al., 2004; Matsuo et al., 2015).

Collectively, these data suggest that QCLGF alleviates liver injury effects mainly by adjusting gut microbiota and the galactose metabolism. However, our study has several limitations. Firstly, we merely proved the role of QCLGF in alleviating liver injury, but we did not validate components of QCLGF. In the future, we should produce a complete spectrum of the components of QCLGF to standardize QCLGF, thus avoiding the unintended side effects of some components and identifying potentially active ingredients. Secondly, we haven’t added sterile rats as a control group, so whether or not the efficacy QCLGF is affected by gut microbiota is not clear. Next we may join experiments that use sterile animal models as vectors to verify the effect of intestinal bacteria on QCLGF.



Materials and methods


Reagents

QCLGF was obtained from Beijing Tongrentang Drugstore. The QCLGF was comprised of 5 Chinese medicinal materials, including Rheum palmatum, dried rehmannia root, Magnolia officinalis Rehd et Wils, Taraxacum officinalae and Fructus aurantii, and the dosage of each medicine was 15g. D-Galactosamine was obtained from Sigma-Aldrich (St. Louis, USA; cat: G0500).



Animals

Male and female SD rats, all 8 weeks of age, were maintained under standard specific pathogen-free conditions and fed a normal rodent diet for 4 weeks.



Experimental Design

After four weeks of acclimatization, 18 SD rats (male and female, 12 weeks old) were randomly divided into four groups: (1) NC group (n = 6), pregavage of normal saline (1 ml/100g); (2) ALF group (n = 6), pregavage of normal saline (1ml/100 g); (3) QCLGF group (n = 6), pregavage of QCLGF (1 ml/100 g). The duration of interventions lasted for 5 days. Three rats were kept in each cage. Oral gavage once per day. The N, ALF, and QCLGF groups acted as the normal control group, disease model group, and QCLGF group, respectively. After 5 days, intraperitoneal injection of D-GalN (1.1 g/kg, dissolved in normal saline, with the pH adjusted to 7.2 with sodium hydroxide) was administered to the ALF group and the QCLGF group. After 24 hours, all the animals were anesthetized with diethyl ether, and specimens were quickly collected including abdominal aorta blood plasma, the left hepatic lobe, and cecal contents.



Assessment of Liver Damage

Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were determined using a multi-parametric analyzer (Chemray 240, Chemray 800, rayto, China). 1×1 cm liver tissues were cut from the left lobe, fixed in 4% formaldehyde, embedded in paraffin, sectioned, and stained with H&E. Pathological hepatic tissue damage was evaluated by HAI scoring (Knodell R. G. et al., 1981).



16S rRNA Gene Sequence Analysis

Each cecal contents sample was snap frozen in liquid nitrogen within minutes of donation and then kept at −80°C. Genomic DNA was extracted by a Feces DNA Kit from the cecal contents. The V3-V4 hypervariable regions of the bacteria 16S rRNA gene were amplified by PCR instrument (ABI GeneAmp® 9700, USA) with barcode-indexed primers 338F (5’-ACTCCTACGGGAG GCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTC TAAT-3’). The purified amplicons were pooled in equimolar concentration and paired-end sequenced on an Illumina Miseq platform (Illumina, San Diego, California, USA). Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 300) on an Illumina MiSeq platform according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).



Determination of Plasma Metabolites

Plasma metabolite levels were measured by GC-MS on the Agilent 8890B-5977B Gas-Chromatography-Mass Spectrometry Instrument (Agilent, USA). Sample by DB-5MS capillary column (40m × 0.25mm × 0.25µm, Agilent 122-5532G) separated into mass spectrometry. The chromatographic conditions: The injection port temperature was 260°C, the carrier gas was high purity helium, the carrier gas flow rate was 1 mL/min, the spacer purge flow rate was 3 mL/min, and the solvent was delayed 5.5 min. The operation conditions of the mass spectrometer were as follows: Electron bombardment ion source (EI), transmission line temperature was 310°C, ion source temperature was 230°C, quadrupole temperature was 150°C, electron energy was 70 eV. The SCAN mode was full SCAN mode. The SCAN range was from 50 to 500 m/Z. The SCAN frequency was 3.2 scan/s. MassHunter was used for the offline file Workstation Quantitative Analysis (V10.0.707.0) to obtain metabolite identification results and data matrix, combined with t-test and VIP (OPLS-DA) to screen the differential metabolites.



RNA-Seq Analysis of the Liver

Total RNA from liver tissue samples was extracted with TRIzol (Catalog No. 15596026; ThermoFisher, USA) according to the standard isolation protocol. The RNA libraries for sequencing were constructed using the VAHTS Universal V6 RNA-seq Library Prep Kit for Illumina (Catalog No. NR604-01) with 2 ug total RNA according to the manufacturer’s protocol. In brief, poly(A) + mRNA was enriched from the total RNA using the mRNA Capture Beads, and then the purified mRNA was randomly fragmented into sequences approximately 400 bp in length. A cDNA library was obtained with random hexamer primers. After the end repair of the cDNA fragments, adaptors were added to the other end of the cDNA products, and then the cDNA library was amplified by PCR. After validation by qPCR, libraries were finally sequenced on the Illumina HiSeqXTen platform using the PE150 module. DEGs were identified using the DESeq2 program with the cutoff threshold of P < 0.05 and the absolute value of log2 fold change (log2 FC) > 1. GO (http://www.geneontology.org/) and KEGG enrichment analyses (http://www.genome.jp/kegg) were performed using DEGs as the foreground genes and all genes as the background.



Real-Time Quantitative PCR

Total RNA was isolated from the liver using TRIzol reagent (Catalog No. 15596018; ThermoFisher) and then transcribed to cDNA using a Strand cDNA Synthesis Kit (Catalog No. 6210A; Takara). RT-qPCR was performed with LightCycler 480, and technical triplicates using TB Green reagent (Catalog No. RR420A; Takara). The expression levels were calculated with the 2^(-ΔΔCT) method, and the CT values were normalized using Gapdh as a reference gene. The target genes were Thbs1 and Osgin1.



Statistical Analysis

Statistical analyses were performed using GraphPad 7.0. Data are presented as the Mean ± SEM. The t test or Wilcoxon rank-sum test was used for comparisons between groups when appropriate. Bray–Curtis distance was calculated as the beta diversity measurement using the vegan package. The PERMANOVA test with the adonis package was used to calculate the differences in the structure of the community. The Capscale package was used to perform the PCoA of all samples based on the Bray–Curtis distance. P < 0.05 or BH-adjusted P < 0.05 was considered statistically significant. Metabolites were tentatively assigned by molecular formula matching and related information obtained from online databases such as the Human Metabolome Database (HMDB, http://www.hmdb.ca/spectra/ms/search) (Wishart et al., 2018). Pathway analysis was performed on the KEGG website (Kanehisa et al., 2017) (http://www.genome.jp/kegg/).
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As a life-threatening disease, stroke is the leading cause of death and also induces adult disability worldwide. To investigate the efficacy of the integrated traditional Chinese medicine (ITCM) on the therapeutic effects of acute ischemic stroke (AIS) patients, we enrolled 26 patients in the ITCM [Tanhuo decoction (THD) + Western medicine (WM)] group and 23 in the WM group. Thirty healthy people were also included in the healthy control (HC) group. ITCM achieved better functional outcomes than WM, including significant reduction of the phlegm-heat syndrome and neurological impairment, and improvement of ability. These facts were observed in different pretreatment gut enterotypes. In this paper, we collected the stool samples of all participants and analyzed the 16S rRNA sequence data of the gut microbiota. We identified two enterotypes (Type-A and Type-B) of the gut microbial community in AIS samples before treatment. Compared to Type-B, Type-A was characterized by a high proportion of Bacteroides, relatively high diversity, and severe functional damage. In the ITCM treatment group, we observed better clinical efficacy and positive alterations in microbial diversity and beneficial bacterial abundance, and the effect of approaching healthy people’s gut microbiota, regardless of gut enterotypes identified in pretreatment. Furthermore, we detected several gut microbiota as potential therapeutic targets of ITCM treatment by analyzing the correlations between bacterial abundance alterations and functional outcomes, where Dorea with the strongest correlation was known to produce anti-inflammatory metabolite and negatively linked to trimethylamine-N-oxide (TMAO), a biomarker of AIS. This study analyzed clinical and gut microbial data and revealed the possibility of a broad application independent of the enterotypes, as well as the therapeutic targets of the ITCM in treating AIS patients with phlegm-heat syndrome.
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1 Introduction

Stroke is the leading cause of death and long-term neurological dysfunction in the world. A recent study on the global burden of disease, injury, and risk factors shows that the global stroke mortality rate has dropped significantly, and the incidence rate has declined slowly. However, the incidence rate is still rising in China, with 331 to 360 of every 100,000 people being patients, ranking the first in the world. The overall Chinese male lifetime stroke risk is as high as 40% (GBD 2016 Stroke Collaborators, 2019). Acute ischemic stroke (AIS) is the most common type of stroke (60%–80%) (Benjamin et al., 2017). Large artery atherosclerosis (LAA) is the primary cause (40%). It occurs from the sudden interruption or severe reduction of blood flow in the cerebral blood supply arteries, which leads to hypoxia and glucose deficiency in the brain tissue and, further, the accumulation of metabolic waste. Energy-dependent neurons will be damaged as a consequence. The affected area of brain tissue comprises two main damage areas: the core area and the surrounding area (also called the ischemic penumbra). During acute cerebral infarction, irreversible cell damage occurs in the core brain tissue area. In contrast, the penumbra area is damaged but not completely dysfunctional, which might be rescued by prompt and effective treatment (Lo, 2008). Thus, saving the ischemic penumbra is the primary task in the treatment of AIS. In the past few decades, several methods have been developed as the standard treatment. Thrombolytic technology and interventional therapy play an irreplaceable role, successfully saving the lives of a large number of patients and acquiring a satisfactory prognosis of stroke. However, the strict timeliness and high cost limited the promotion. In addition, conventional Western medicine (WM) for antiplatelet aggregation, lowering lipids, and improving circulation usually lead to complications, and some patients have poor compliance.

AIS belongs to the category of “stroke/apoplexy” in Chinese medicine. The pathogenesis of stroke is complicated. According to the theory of traditional Chinese medicine, it is generally caused by an imbalance of yin and yang and disturbance of circulation of qi and blood. Wind, fire, phlegm, and blood stasis are the main pathological factors to cause AIS. Traditional Chinese medicine (TCM) and WM have their own advantages and disadvantages in the treatment of stroke. With the development of the TCM diagnosis strategy, the combination model of WM diagnoses and TCM syndrome differentiation has significantly affected the treatment of acute stroke (Wang et al., 2020). The evolution of syndromes in the acute phase of stroke is complex, and the phlegm-heat syndrome is the primary syndrome in the acute phase of stroke (Wang and Xie, 2013). Additionally, the team of integrated Chinese and Western medicine in the Department of Neurology of Xuanwu Hospital has simplified the classification based on years of clinical experiences, dividing the syndrome into four types: phlegm-heat syndrome, phlegm-dampness syndrome, Yin deficiency syndrome, and Qi deficiency syndrome (Song et al., 2019a). Based on this, the treatment targeting the particular syndrome achieved good outcomes. Phlegm-heat syndrome is the most common among the four types. Clinically, in addition to the symptoms and signs of neurological deficits, AIS patients with the phlegm-heat syndrome also show bad breath, yellow tongue coating, red tongue, sticky sputum, thirst for cold drinks, dry stool, and yellow urine. In order to solve phlegm-heat syndrome, we created a Tanhuo decoction (THD) with the effects of clearing heat, removing phlegm, and eliminating turbid. The decoction is combined with WM treatment to improve both the TCM syndromes and neurological deficits (Guo et al., 2021). We also found that THD has the effects of anti-inflammation, antiplatelet aggregation, and reducing fibrinogen (Song et al., 2019b).

The gut microbiota plays an important and mysterious role in the communication between the brain and the gut. Many studies have confirmed that gut microbiota is related to the risk factors of ischemic stroke, such as obesity, hyperlipidemia, diabetes, and hypertension (Hold, 2014). Gut microbiota and microbial metabolites directly or indirectly affect the occurrence and development of stroke. Additionally, medications will have different efficacies in individuals with different microbial communities. Pretreatment gut enterotypes vary in the human population and are required to be considered in personalized medicine, especially the gut microbiota-associated intervention (Wang, 2013).

In this study, we enrolled 49 AIS patients with the phlegm-heat syndrome. The patients were randomly separated and treated with international (ITCM) (both THD and WM) (n = 26) and WM (n = 23) and HC (n = 30), respectively. We performed 16S rRNA gene sequencing of stool samples before and after treatments. We then evaluated the improvement in AIS patients’ neurologic impairment, daily life disability, and phlegm-heat syndrome and the microbial alterations after treatment. The increase of several beneficial bacteria after ITCM treatment had been reported in our previous study. In the current research, we first evaluated the therapeutic effects of ITCM in phlegm-heat syndrome AIS patients with different pretreatment gut enterotypes and explored therapeutic targets in the ITCM treatment. This study first revealed the broad application of ITCM in AIS with varying enterotypes under the challenge of personalized medicine.



2 Materials and Methods

We enrolled 49 AIS patients and 30 healthy controls in this study. All cases were AIS with phlegm-heat syndrome, hospitalized in the Department of Neurology, Xuanwu Hospital, Capital Medical University, from January 2017 to December 2018. We adopted two treatments, the ITCM (both THD and WM) treatment and the WM. All patients were randomly assigned into two treatment groups, 26 cases in the ITCM treatment group and 23 cases in the WM treatment group.


2.1 Inclusion Criteria and Exclusion Criteria


2.1.1 Inclusion Criteria of AIS Patients in Treatment Groups

	All selected cases met the diagnostic criteria of ischemic cerebrovascular disease at the 4th National Cerebrovascular Disease Conference and were confirmed by CT or MRI examination of the head within 3 days of onset.

	The mechanism of infarction of the selected cases was classified into LAA type, according to TOAST (Trial of Org 10172 Acute Stroke Treatment) classification.

	The duration from stroke onset to treatment was less than 1 week, and the clinical data were complete.

	All the cases exhibited phlegm-heat syndrome in TCM syndrome differentiation.

	Carotid artery ultrasound and transcranial color Doppler (TCCD) examinations were performed.

	Vital signs are stable, and heart, liver, and kidney functions were normal.

	All selected participants signed an informed consent form before the start of the study and were approved by the Ethics Committee of Xuanwu Hospital of Capital Medical University.





2.1.2 Exclusion Criteria of AIS Patients in Treatment Groups

	Non-ischemic diseases diagnosed as intracranial hemorrhage or other causes based on CT or MRI; hemorrhagic transformation;

	Clear indications for anticoagulant therapy (cardiogenic embolism, such as atrial fibrillation and myocarditis);

	Received intravenous thrombolysis or interventional treatment after the onset;

	Patients with contraindications to aspirin;

	Use antibiotics after coinfection;

	Patients with arrangement for revascularization (interventional surgery or vascular surgery) within 3 months;

	Pregnant women, breastfeeding women, or women of childbearing age who have a pregnancy plan within 3 months;

	Severe heart, liver, and kidney dysfunction;

	Incomplete clinical data record;

	Patients who had been participating in clinical research of other drugs and equipment.





2.1.3 Inclusion Criteria of Healthy Controls

	There is no basic disease in any system of the body, and no organic lesions have been found in the recent physical examination.

	Gender, age, height, weight, and other basic data match the treatment group.

	Carotid ultrasound examinations were performed.

	All selected subjects signed an informed consent form before the start of the study and were approved by the Ethics Committee of Xuanwu Hospital of Capital Medical University.






2.2 Determination of Risk Factors

Positive smoking history: smoking with at least one cigarette per day for more than 1 year or quitting smoking in less than 6 months. Positive drinking history: daily drinking >2 standard volumes (1 standard drinking volume is equivalent to 120 ml of wine, 360 ml of beer, or 45 ml of white wine). Blood pressure ≥ 140/90 mm Hg is hypertension. Diabetes symptoms: fasting blood glucose ≥ 7.0 mmol/l, or blood glucose in oral glucose tolerance test (2 h) ≥ 11.1 mmol/l, or random blood glucose ≥ 11.1 mmol/l. Dyslipidemia: total fasting plasma cholesterol in (TCH) ≥ 5.50 mmol/l, or triglyceride (TG) ≥ 1.69 mmol/l, or low-density lipoprotein cholesterol (LDL-C) ≥ 3.10 mmol/l, or high-density lipid protein cholesterol (HDL-C) < 0.90 mmol/l, or meeting multiple criteria above. Hyperhomocysteinemia: homocysteine ≥ 15 μmol/l. Obesity: body mass index (BMI) ≥ 28.0 kg/m2. All the criteria of the risk factors above are from the World Health Organization standards.



2.3 Carotid Ultrasound and Transcranial Color-Coded Duplex Sonography Inspection

The Philips IU22 color Doppler ultrasound diagnostic instrument from the Netherlands was used, and the 3.0–9.0-MHz linear array and 2.0–5.0-MHz convex array probes were selected. The inspection was performed by the attending physician and above in the ultrasound department. The common carotid artery, carotid artery bifurcated internal carotid artery, and external carotid artery were detected. The intima-media thickness (IMT), lumen inner diameter, and blood flow velocity were measured. The IMT value of ICA was taken as the measured value of the intima media of the posterior wall of the blood vessel at a distance of 1.0 cm from the carotid bulb distal to the CCA. According to the standards of Li et al. and Touboul et al. (Li and Hua, 2009; Touboul et al., 2012), IMT < 1.0 mm is normal; IMT ≥ 1.0 mm is intima-media thickness; and IMT > 1.5 mm or greater than the surrounding normal IMT value of at least 0.5 mm or more than 50% of the surrounding normal IMT value, and the local structural change protruding toward the lumen is plaque formation. According to the peak systolic flow rate (PSV), end-diastolic flow rate (EDV), and average flow rate (Vm) to determine the degree of stenosis. Mild stenosis: PSV < 155 cm/s, EDV < 60 cm/s; moderate stenosis: 155 ≥ PSV ≤ 230 cm/s, 60 ≥ EDV ≤ 100 cm/s; severe stenosis: PSV > 230 cm/s, EDV > 100 cm/s; occlusion: no blood flow signal.

In transcranial color-coded duplex sonography (TCCD) inspection, we chose a 1.6-MHz pulse-Doppler probe to routinely detect the main intracranial artery. The middle cerebral artery (MCA), anterior cerebral artery (ACA) A1 segment, and posterior cerebral artery (PCA) were detected through the temporal window; the vertebral artery (VA) and basilar artery (BA) were detected through the occipital window. We detected the hemodynamic parameters of each artery. Vm was used to determine the degree of intracranial artery stenosis. Mild stenosis: 90 cm/s ≥ Vm ≤ 120 cm/s; moderate stenosis: 120 cm/s ≥ Vm ≤ 150 cm/s; severe stenosis: 150 cm/s ≥ Vm; occlusion: no continuous blood flow signal was detected at the depth of 45–60 mm along the trunk of the middle cerebral artery.



2.4 Observation Indicators

We recorded the clinical information for all participants, including age, gender, BMI, smoking history, drinking history, diabetes history, hypertension history, hyperlipidemia history, carotid ultrasound, cerebral artery ultrasound, head CT, total cholesterol (TCH), high-density lipoprotein (HDL), low-density lipoprotein (LDL), triglyceride (TG), fasting blood glucose (GLU), C-reactive protein (CRP), fibrinogen (Fib), D-dimer, folic acid, vitamin B12, and blood homocysteine amino acid. Additionally, the National Institute of Health Stroke Scale (NIHSS) score, modified Rankin Scale (mRS) score, Barthel Index (BI) score, and fire-heat score were used to evaluate the neurologic impairment, recovery of prognosis, ability of daily life, and phlegm-heat syndrome in AIS, respectively.



2.5 Rating Scale

NIHSS < 4 is mild impairment in the scaling of neurologic impairment, while NIHSS ≥ 4 is moderate to severe (Kim et al., 2013).

0 ≤ mRS ≤ 2 represents a good prognosis in the scaling of prognosis, while 3 ≤mRS ≤ 6 stands for a poor prognosis (Duan et al., 2011).

mRS > 2 or BI < 85 is regarded as disabled in the scaling of daily life activity (Duan et al., 2011).



2.6 Scale of Fire-Heat Score

Phlegm-heat syndrome is mainly manifested as thick yellow moss, less saliva, red tongue, dry mouth, bitter mouth, sticky mouth, wanting cold drinks, breath, fear of heat, and dry stool with a strong smell. According to the theory of Chinese medicine, “heat is the gradual progress of the fire, fire is the pole of heat,” and “fire” and “heat” are the symptomatic features that describe the different stages of thermal imaging. According to the “Diagnostic Criteria for Stroke Syndrome” (1994) generated by the National Collaborative Group on TCM Encephalopathy Research of the State Administration of TCM, the syndrome elements such as tongue quality, tongue fur, pulse, expression, complexion, tone, taste, cold and heat, and the situation of urine and stool are mainly observed. Among them, tongue quality, tongue fur, and stool situation are the key elements of observation. In the scaling of the phlegm-heat syndrome, fire-heat score ≥ 7 is the lowest cutoff of the phlegm-heat syndrome; 7 ≤fire-heat score ≤ 14 represents mild syndrome; 15 ≤fire-heat score ≤ 22 represents moderate syndrome; and fire-heat score ≥ 23 represents severe syndrome. The rating scale is shown in Supplementary Table 1.



2.7 Diagnostic Criteria for Ischemic Stroke

	Often onset in a quiet state;

	No obvious headache and vomiting at the time of onset;

	The onset is slow, and it gradually progresses or progresses in stages, which is related to cerebral atherosclerosis;

	Clear awareness or mild disorder within 1–2 days after the onset;

	There are symptoms and signs of the internal carotid artery system and/or vertebral–basal artery system;

	CT or MRI results.





2.8 Treatment Groups


2.8.1 Western Medicine Treatment Group

The Western medicine treatment includes the routine use of Western medicine and cerebral circulation. Aspirin enteric-coated tablets or clopidogrel is for antiplatelet aggregation. Atorvastatin calcium is used to lower lipid and stable plaque. Edaravone, alprostadil, and cinepazide maleate are used to improve circulation. The course of treatment is 7–10 days. Clinical data were recorded before and after treatment, including AIS indexes (fire-heat score, BI score, NIHSS score, and mRs score) and laboratory test results.



2.8.2 Integrated Chinese and Western Medicine Treatment Group

Each unit of THD consists of 9 g Coptidis Rhizoma, 5 g Rhei Radix et Rhizoma, 9 g Forsythia, 9 g Lophatherum gracile, and 9 g Bile Arisaema. We purchased the conformed herbs, which met the standards of China Pharmacopoeia (2015 edition), from Sinopharm Group Beijing Huamiao Pharmaceutical Co., Ltd. The company performed quality control of the herbs and determined the main chemicals via high-performance liquid chromatography. The decoction was prepared by Xuanwu Hospital Capital Medical University according to the standard production process (Guo et al., 2021). Patients in the ITCM group orally took one dose decoction a day, a half for the morning and a half for the evening, for 7 days. Clinical data were recorded before and after treatment. The same group of trained neurologists evaluated the functional impairment of WM and ITCM patients.




2.9 Stool Sample Collection, DNA Extraction, and 16S rRNA Sequencing

We performed 16S rRNA gene sequencing of stool samples from 49 AIS patients before and after treatments and 30 healthy controls. Following the manufacturer’s instructions, the microbial community genomic DNA from the fresh stool samples was extracted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA). The concentration and purity of DNA were monitored on 1% agarose gels. The primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were selected to amplify the V3–V4 regions of the 16S rRNA gene in the extracted DNA. The PCR amplification procedure of 16S rRNA was set as follows: 95°C for 3 min (initial denaturation); 27 cycles of 95°C for 30 s (of denaturing), 55°C for 30 s (annealing) and 72°C for 45 s (extension); 72°C for 10 min (extension); stored at 4°C. Then, the PCR production was paired-end sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, USA).



2.10 16S rRNA Analysis

We processed the demultiplexed paired-end sequences and constructed an amplicon sequence variant (ASV) table using the DADA2 pipeline in Qiime2 (version 2020.8.0) (Bolyen et al., 2019). The parameter settings were as follows: –p-trunc-len-f 295, –p-trunc-len-r 295, and default values for other parameters. We then annotated the ASVs using a naive Bayesian classifier method with 99% identity Greengenes rRNA database (version 13.8.99) (DeSantis et al., 2006). After that, the abundance matrices at the levels of phylum, class, order, family, and genus were created for each sample (Wang et al., 2019; Xu et al., 2020; Guo et al., 2021). The composition of gut microbiota of patients was typed into different enterotypes using the “DMM” R package (version 1.32.0) (Holmes et al., 2012). We chose the optimal number of enterotypes that minimized Laplace criteria. We performed principal coordinated analysis (PCoA) based on Bray–Curtis distance metrics to illustrate the taxonomic compositions of each sample using the pcoa function in R package “ape” (version 5.4.1) (Paradis and Schliep, 2019). Spearman correlation (R) between the bacterial abundance change and the clinical outcome was calculated using the corr.test function in “psych” R package (version 2.0.9) (Revelle, 2021), and the absolute correlation ≥ 0.35 was used as the cutoff. All the figures were plotted using R (version 4.0.2).



2.11 Statistical Analysis

Continuous variables were represented by mean ± standard deviation (SD). The two-tailed Student’s t-test with Welch’s correction and the two-tailed Wilcoxon rank-sum test were used to identify the differential continuous variables normally distributed and non-normally distributed, respectively. Differential discrete variables were tested using the chi-square test or two-tailed Fisher’s exact test. p ≤ 0.05 represented statistically significant.




3 Results


3.1 ITCM Achieved Better Clinical Outcomes Than WM

The patients enrolled in this study were all incipient AIS patients. There were no significant differences between the ITCM and WM groups in the basic information, especially in the risk factors of AIS, including age, BMI, blood cholesterol levels (TCH, LDL, HDL), smoking, hypertension, diabetes, and bad habits (drinking and smoking) (p > 0.05) (Table 1).


Table 1 | The basic information of the ITCM treatment group and WM treatment group.



The clinical outcomes were evaluated by the alterations of AIS indexes, including fire-heat, NIHSS, mRS, and BI scores. For fire-heat and NIHSS scores, we compared the values before and after treatments and compared the reduction of the values between treatment groups. The reduction of the two scores represented the alleviation of the phlegm-heat syndrome and neurological impairment, respectively. Based on mRS and BI scores, the numbers of disabled and abled patients before and after treatments were compared (abled, mRS ≤2 or BI ≥85).

The neurological impairment and phlegm-heat syndrome, reflected by NIHSS and fire-heat scores, were significantly reduced after either ITCM or WM treatments; however, disabled patients, reflected by mRS and BI scores, were only remarkably decreased in ITCM groups (p < 0.05, Table 2). Additionally, ITCM led to more reduction in NIHSS and fire-heat scores than WM (reduction of NIHSS, 2.11 ± 1.76 vs. 0.78 ± 0.85, p = 0.001; reduction of fire-heat score, 9.7 ± 2.35 vs. 3.13 ± 1.89, p = 0). These results revealed that ITCM achieved better clinical outcomes than WM.


Table 2 | Comparison in ITCM group for pretreatment and posttreatment.





3.2 Characterization of Enterotypes in AIS Patients Before Treatment

Compared to HCs, 17 genera were differentially abundant in AIS samples before treatment, especially Prevotella, Roseburia, and Ruminococcus (Supplementary Figure 1). Using the DMM R package (version 1.32.0), the gut microbiota of all patients before treatment was divided into two distinct gut enterotypes designated as Type-A (containing 31 samples) and Type-B (containing 18 samples). There was no significant difference in the distribution of the two enterotypes between the two treatment groups (p > 0.05). The detailed analysis methods were included in Materials and Methods. PCoA analysis showed high similarity among samples in the same enterotype and apparent dissimilarities between different enterotypes (Figure 1A). The taxonomic composition of the 49 AIS samples (Figure 1B) further exhibited the detailed differences among enterotypes. Compared to Type-B, microbial communities of Type-A were dominated by a high level of Bacteroides (Figures 1B, C) accompanied by a higher alpha diversity (Figure 1D). These results revealed the non-negligible heterogeneity in the gut microbial composition of AIS patients.




Figure 1 | Characterization of gut enterotypes in AIS samples. (A) PCoA based on Bray-Curtis distances at ASV level showed different taxonomic compositions between the two enterotypes. (B) Microbiota communities on the genus level. The samples in the left and right bar plots were ordered by the abundance of Bacteroides and Prevotella, respectively. (C) The abundance of Bacteroides in the two enterotypes. (D) Microbial diversity (Shannon index) of the two enterotypes. (E) mRs scores of the two enterotypes. The colors of bars represented the enterotypes. Red, Wm treatment; Blue, ITCM treatment. *p ≤ 0.05, ***p ≤ 0.001.



There were no significant differences between the two enterotypes in the measurements of AIS risk factors (p > 0.05, Supplementary Table 2). However, AIS patients with Type-B microbiota exhibited more severe disability, reflected by higher mRs scores (p = 0.071) (Figure 1E). 



3.3 Better Achievements of ITCM in AIS Regardless of Gut Enterotypes

ITCM achieved better therapeutic effects on both gut enterotypes, reflected by the significant reduction of NIHSS scores, mRs scores, fire-heat scores, and the remarkable increase of BI scores (Figures 2A–D). Also, the effect of ITCM was not weakened by the more severe pretreatment functional damage in Type-B patients. Instead, it led to more reduction of NIHSS scores in patients with Type-B gut enterotypes than Type-A (3.111 ± 2.147 vs. 1.412 ± 1.064, p < 0.05).




Figure 2 | The outcomes of AIS patients with different gut enterotypes and different treatments. (A–D) Clinical outcome of AIS patients with different gut enterotypes and different treatments. (E) Increase of microbial diversity (Shannon index) of AIS samples with different gut enterotypes and different treatments. (F–L) Increase of genus abundance in AIS samples with different gut enterotypes and different treatments. The colors of bars represented the treatment types. Red, Wm treatment; blue, ITCM treatment. NIHSS-, the decrease of NIHSS score; mRs-, the decrease of mRs score; BI+, the increase of BI score; fire-heat score-, the decrease of fire-heat score. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



Different treatments resulted in different changes in the gut microbiota of patients with the same enterotype. ITCM showed superior improvement of microbial diversity, elevating the diversity in both enterotypes. By contrast, WM slightly increased the diversity in the Type-B enterotype but decreased it in the Type-A enterotype (Figure 2E). Additionally, ITCM drove the gut microbial composition of AIS patients closer to HCs (Supplementary Figure 2).

For patients with the Type-A enterotype, 18 and 15 genera approached healthy subjects in ITCM and WM groups, respectively (Supplementary Figure 3A). Eight genera altered reversely after the two treatments. Particularly, while Bacteroides (an important lipopolysaccharide (LPS)-producing genus) increased after WM treatment, it decreased after ITCM treatment (Figure 2F). Besides, SCFA-producing bacteria Blautia, Coprococcus, Streptococcus, and Dorea decreased in the WM group but increased in the ITCM group (Figures 2G–J). These results revealed more positive bacterial alterations in the Type-A gut enterotype with the ITCM treatment, including the improved microbial diversity, the elevated SCFA-producing bacteria, and the inhibited LPS-producing bacteria.

For patients with the Type-B enterotype, 15 and 14 genera approached healthy subjects in the ITCM and WM groups, respectively (Supplementary Figure 3B). Two genera exhibited opposite changes in the two treatment groups. Streptococcus and Bifidobacterium (SCFA-producing bacteria) decreased in the WM group but increased in the ITCM group (Figures 2I, K). Lactobacillus, another SCFA-producing genus, also increased in the ITCM group (Figure 2L). In addition, Bacteroides were significantly increased after WM treatment but only slightly changed with ITCM treatment (Figure 2F). These results further disclosed ITCM’s advantages in the Type-B enterotype.

Our data proved the satisfactory effect of ITCM on clinical outcome, microbial diversity, and the elevation of beneficial genera, regardless of the enterotypes of AIS patients. By contrast, WM showed inferior therapeutic effects and exhibited unsatisfactory regulations of the microbial community in patients with different gut enterotypes.



3.4 The Functional Outcomes of AIS Were Closely Related to the Gut Microbiota

As mentioned above, the alleviation of phlegm-heat syndrome and neurological impairment was more significant in the ITCM group than that in the WM group (p < 0.05). By analyzing the correlation of the changes in the abundance of gut microbiota after treatments, we found that the superior therapeutic effect of ITCM may be related to the increase of some beneficial genera and the decrease of harmful genera in the gut microbiota of AIS patients.

The alleviation of phlegm-heat syndrome (reduction of fire-heat score) in AIS patients was positively correlated with Coprococcus and Dorea but negatively related to Parabacteroides and Phascolarctobacterium. The decrease of neurological impairment (reduction of NIHSS score) of AIS patients was negatively correlated with Clostridium and Pseudoramibacter_Eubacterium (Figure 3). We observed that all the bacteria positively correlated with functional outcomes were significantly upregulated after ITCM treatment but significantly downregulated after WM treatment; most of the bacteria negatively correlated with functional outcomes were significantly downregulated after ITCM treatment, but upregulated after WM treatment (Figure 3). In particular, in the ITCM group, Coprococcus and Dorea were significantly upregulated, while Clostridium, Parabacteroides, and Phascolarctobacterium were significantly downregulated. By contrast, reverse alterations were exhibited in the WM group.




Figure 3 | Genera changed differentially in the two treatment groups and correlations between the change of genus and clinical outcome. The first two columns represented the abundance changes of genera which were differentially altered in the two treatment groups. The third column represented the significance of abundance changes in the between-group comparison (Wilcoxon rank-sum test, p < 0.05). The last two columns represented the correlations between the change of genus and clinical outcome, where the clinical outcomes were evaluated by the decrease of NIHSS score or the fire-heat score *p ≤ 0.05; +, positive correlation; -, negative correlation.






4 Discussion

The pathogenesis of acute ischemic brain injury is complex, with many pathogenic factors. Modern pathological studies show that the occurrence of acute cerebral infarction is mainly connected with oxidative stress, inflammatory injury, immune injury, free radical injury, and other mechanisms (Manzanero et al., 2013). When cerebral ischemia occurs, the signal transduction system associated with the inflammatory response is activated in the human body, resulting in higher levels of inflammatory factors and mediators, such as C-reactive protein, interleukin, tumor necrosis factor, and coagulation factors (Acalovschi et al., 2003; Sánchez-Moreno et al., 2004). Elevated inflammatory levels result in the accumulation of large amounts of metabolites and then the severe irreversible damage of brain tissue, and consequently poor prognosis (Wang et al., 2014).

Understanding the etiology and pathogenesis of stroke is a continuous process improved by medical doctors of all generations in traditional Chinese medicine. From the “outer wind” treatment before Tang and Song dynasties to the “inner wind” theory of Jin and Yuan dynasties, then to the contemporary treatment of stroke targeting on “fire and poison” (Wang et al., 2015), “real heat” is always the therapeutic target (Meng and Gao, 2015). Theories of traditional Chinese medicine say: “The spleen and stomach are the foundation of life” and “stomach heat is the cause of blood turbidity”. The stomach heat, fluid transpiration, and thick blood facilitate the accumulation of metabolic waste and increase blood turbidity, slowing blood flow and aggravating blood stasis. Insufficiency of blood stasis generates internal heat, and then phlegm and blood stasis heat together form plaque. These cascading responses increase blood vessel stenosis and cerebrovascular accident. Based on the syndrome characteristics of cerebrovascular disease, Professor Gao Li combined modern etiology with pathology and imaging examination in syndrome analysis. The team of Gao also simplified the TCM syndromes of AIS into four types, where the phlegm-heat syndrome is the most common (Song et al., 2019a). In addition to neurological deficits, AIS with phlegm-heat syndrome exhibits bad breath, thick tongue coating, sticky sputum, abdominal distension, dry or poor stools, etc. According to these syndrome characteristics, we have developed THD to clear phlegm and heat. Rhei Radix et Rhizoma and Lophatherum Gracile can clear heat; Forsythia plays a role in detoxification; Coptidis Rhizoma has the function of removing dampness and heat; and Bile Arisaema clears heat and phlegm.

In this study, we used integrated medicine, including THD and WM, to treat AIS patients with phlegm-heat syndrome according to the principle of TCM syndrome differentiation, and set a WM treatment group. There was no statistical difference between the two treatment groups before treatment in terms of the measurements of AIS risk factors (p > 0.05). After treatment, we observed the significant clinical outcomes in the ITCM group in terms of better alleviation of the phlegm-heat syndrome and neurological impairment, and decreased numbers of disabled patients, compared to the WM group.

To illustrate the underlying mechanisms of the ITCM treatment at the microbial level, we analyzed the gut microbiota data before and after treatment. Our previous study observed a better improvement of several beneficial bacteria after ITCM treatment than after WM treatment (Guo et al., 2021). In the current study, we evaluated the effects of ITCM in different gut enterotypes. Due to the different taxonomic compositions, enterotypes exhibited distinguished metabolic patterns. Christensen et al. reported that different strategies were preferred in different enterotypes in a review on obesity management (Christensen et al., 2018). They pointed out enterotype as a pretreatment biomarker and emphasized its importance in the personalized management of patients. In our study, two gut enterotypes (Type-A and Type-B) were identified in the microbial communities of AIS samples before treatment. No dominant microbiota was identified in Type-B. By contrast, the Type-A enterotype was characterized by a high level of Bacteroides, higher diversity, and slighter functional damage of AIS. The heterogeneity caused by different enterotypes aroused our attention to the therapeutic effects of ITCM and WM treatments in different enterotypes. By comparing both clinical outcomes and microbial alterations with different treatments in a specific enterotype, we observed more robust effects of ITCM in all enterotypes. The advantages could be reflected by the superior clinical outcomes, the elevation of microbial diversity and beneficial genera, and the effect of approaching health people’s gut microbial composition. The clinical outcomes included the alleviation of the phlegm-heat syndrome, neurological impairment and disability, and the improvement of ability. Our data revealed the possibility of a broad application of ITCM treatment in AIS patients with the phlegm-heat syndrome.

The enterotypes identified in this study were confirmed by the previous studies to some extent (Arumugam et al., 2011; Liu et al., 2016). The Bacteroides-dominant Type-A enterotype was the most common enterotype in earlier researches. Another enterotype that was frequently reported was Prevotella dominated. Although this enterotype was not identified in the current study, some microbial samples in the Type-B enterotype (non-dominant microbiota) exhibited a high proportion of Prevotella. The developers of DMM methods (Holmes et al., 2012), which were applied for community typing in this study, mentioned that the number of community types was likely to grow with data size. Therefore, we believed that the Prevotella-dominated enterotypes could be identified in AIS patients with an enlarged sample size in the future. Moreover, more robust conclusions will be made at that time. Despite this pity, our data were still an innovative study that compared the ITCM and WM treatments in different enterotypes and evaluated the rationality of the universal promotion of ITCM in AIS patients. With the rising attention paid to the differential gut microbial composition in diagnosing and treating AIS, ITCM will increasingly exhibit its broad application value.

To investigate the mechanism of ITCM on the microbial level, we evaluated the correlations between the alterations of gut microbiota and the clinical outcome. We identified the bacteria which were altered, accompanied by a positive clinical outcome. The alleviation of the phlegm-heat syndrome and neurological impairment was positively correlated with Coprococcus and Dorea but negatively related to Clostridium, Parabacteroides, and Phascolarctobacterium. While Coprococcus and Dorea were upregulated after ITCM treatment, Clostridium, Parabacteroides, and Phascolarctobacterium decreased. The alterations were opposite in the WM group. In our previous study, according to previous studies and our findings, we proposed a hypothesis that ITCM will mediate the gut bacteria and subsequently downregulate the sterile inflammation and platelet aggregation by reducing the levels of LPS and TMAO and then inhibit the aggravation of AIS (Guo et al., 2021). In the current study, Dorea, Coprococcus, and other four bacteria (Blautia, Streptococcus, Bifidobacterium, Lactobacillus) were upregulated by ITCM in both Type-A and Type-B patients. Some of them have negative associations with LPS and TMAO (Riedel et al., 2006; Rodes et al., 2013; Gregory et al., 2015; Manor et al., 2018; Qiu et al., 2018; Borges et al., 2019). Berberine and Rhein, the active ingredients in Coptidis Rhizoma and Rhei Radix et Rhizoma, were reported to enhance these bacteria (Zhang et al., 2012; Zhang et al., 2015; Zhang et al., 2020). These pieces of evidence further supported our previous hypothesis and provided its reasonability in AIS patients with different enterotypes.

In this study, we found that ITCM was more effective in AIS patients with the phlegm-heat syndrome, regardless of the pretreatment gut enterotypes. It could not only improve the TCM symptom characteristics but also promote the recovery of neurological function and daily life ability. In our previous study, we also observed a lower incidence of cerebrovascular events within 3 and 6 months after the treatment in the ITCM group than in the WM group, which revealed that the long-lasting benefit after ITCM treatment is completed. The long-term benefit of ITCM on gut microbiota is an important topic that requires further exploration; nevertheless, our current study is strong evidence of the satisfactory effects of ITCM from clinic to gut microbiota.
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Objective

Gut microbiota have been thought to play a role in the emergence of obesity and metabolic disorders, thus dietary fiber may be an effective strategy for the management of obesity by modulating the gut microbiota. The aim of the present study was to investigate the effects of konjaku flour (KF) supplementation on treating obesity and regulating intestinal microbiota in obese adults.



Methods

In a 5-week, randomized, double-blind, place-controlled trial, sixty-nine obese volunteers aged 25 to 35 with body mass index ≥28 kg/m2 were randomly assigned to receive KF or placebo (lotus root starch). Obesity index, blood parameters, and gut microbiota were analyzed.



Results

KF remarkably reduced the body mass index (BMI), fat mass, percentage body fat (PBF), serum triglyceride (TG), glycated hemoglobin A1c (HbA1c), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) levels in the patients (p <0.05 or p <0.01). Meanwhile, high-throughput sequencing and bioinformatics analysis showed that the konjac flour treatment notably increased the α-diversity and changed the β-diversity of intestinal microflora in patients (p <0.01). Moreover, konjac flour could also evidently increase the abundance of some of the beneficial microorganisms related to obesity of patients, such as Lachnospiraceae, Roseburia, Solobacterium, R. inulinivorans, Clostridium perfringens, and Intestinimonas butyriciproducens, and reduce the abundance of the harmful microorganisms, such as Lactococcus, Bacteroides fragilis, Lactococcus garvieae, B. coprophilus, B. ovatus, and B. thetaiotaomicron (p <0.01). Specifically, C. perfringens was significantly negatively correlated with serum total cholesterol (TC) (p <0.01).



Conclusion

These results suggested that KF can achieve positive effects on treating obesity, which manifest on reducing BMI, fat mass, blood glucose, and blood lipid, improving hepatic function, and also regulating intestinal microfloral structure. Therefore, changes in gut microbiota may explain in part the effects of KF.





Keywords: obesity, gut microbiota, konjaku flour, obesity index, blood parameters



Introduction

Obesity can be said to be one of the biggest health care challenges in the industrialized world. In the past few decades, the prevalence of obesity has been increasing worldwide (Mullin and Delzenne, 2014). Currently, there are more than 1 billion overweight or obese adults in the world (Bouchard, 2000). A growing epidemic is threatening all countries. Therefore, the American Medical Association (AMA) declared obesity as a disease in June 2013 (Funk et al., 2016). Treating the huge burden of obesity-related diseases to society urgently requires effective methods to manage this public health problem (Schwiertz et al., 2010; Chang et al., 2015).

The gut microbiota may be regarded as an “organ” that contributes to metabolism and plays a role in energy storage. The human gut microbiota is composed of trillions of bacteria. Recent studies on animal models and human subjects have shown that there are differences in the composition of the gut microbiota associated with obesity (Ley et al., 2005). In addition, the evidence so far shows that the intestinal microbiota affects systemic metabolism by affecting energy balance, inflammation and intestinal barrier function, integrating peripheral and central food intake regulatory signals, thereby changing body weight (Kang and Cai, 2017). At the same time, these data indicate that the types of intestinal commensal bacteria may play a pathogenic or protective role in the development of obesity (Kang and Cai, 2017). The evidence so far suggests that manipulation of the gut microbiome may represent an effective treatment method for preventing or managing obesity, so dietary fiber may be an effective strategy for improving and managing obesity by regulating the gut microbiota (Kang and Cai, 2017). Diet has an impact on the composition of the gut microbiota (Hildebrandt et al., 2009; Jumpertz et al., 2011; Wu et al., 2015), and these bacteria have been proposed to participate in the development of obesity and diabetes (Ley et al., 2006; Brugman et al., 2006; Cb et al., 2010).

Konjac flour (KF) mainly contains konjac glucomannan (KGM), which is a water-soluble polysaccharide (dietary fiber), made from the tuber of the Araceae perennial plant Konjac K. Koch (Zhang et al., 2005). For centuries, it has been cultivated in Asian countries as a food source and a traditional Chinese medicine ingredient. Konjac products are listed as one of the “Top Ten Health Foods” by the World Health Organization (Chua et al., 2010; Tester et al., 2012; Li et al., 2013). The important health benefits of KF include lowering cholesterol (Davé and Mccarthy, 1997), normalizing the concentration of triglycerides (TG) in the blood (Lee and Dugoua, 2011), improving blood sugar levels (Martino et al., 2013), immune function (Chen et al., 2003), and promoting intestinal activity (Chiu and Stewart, 2012), and wound dressing (Onitake et al., 2015). KF is considered to be a non-digestible dietary fiber, which can resist hydrolysis through the action of digestive enzymes in the human intestine (Huang et al., 2015). Therefore, KF is of great significance for maintaining the homeostasis of the intestinal flora and protecting the intestinal barrier, so it is often referred to as a prebiotic. However, to date, there is little clinical information on the effects of KF on body weight, obesity-related diseases, and gut microbiota after dietary KF supplementation.

The purpose of this study was to examine the clinical efficacy of KF in obese adults. The obesity index, blood parameters and gut microbiota were analyzed.



Materials and Methods


Study Population

Participants in the clinical trial were recruited from December 2015 to April 2017 in the Nutrition Department of Yunnan First People’s Hospital in Kunming, China. Considering the influence of daily diet on gut microbiota, we make sure participants had relatively similar diet structure by questionnaires that included: (1) the number of midnight snack: hardly eat, 1–2 times/week, 3–4 times/week, or almost eat every day; (2) type of night snack: fruit, fried food, sweet cakes, dairy products, starch food, fried food and starch food, or cakes and fruit; (3) control the type of diet: controlling staple food quantity, increasing vegetable quantity, prohibiting sweet cakes and sugary drinks, prohibiting fat meat and animal viscera, prohibiting fried food, not controlling diet, or controlling staple food quantity, fat meat and animal viscera; (4) Beverage type: none, carbonated beverage, juice, milk tea and coffee tea, or tea; (5) Weekly alcohol intake. Of the 90 registered obese adults whose diet structure is roughly as follows: (1) the number of midnight snack: 1–2 times/week; (2) type of night snack: fried food; (3) control the type of diet: controlling staple food quantity; (4) Beverage type: carbonated beverage; (5) almost no alcohol consumption.) screened, 69 were included. According to a simple randomization procedure (computer random number), the participants were randomly assigned to one of the two treatment groups. The subjects included men and non-pregnant women aged between 25 and 35 years with a body mass index (BMI) ≥28 kg/m2.

Subjects are excluded if they are taking drugs that may affect weight changes, namely, antidiabetic drugs, lipid-lowering drugs, or antifungal drugs, or if they have endocrine, cardiovascular, thyroid, or chronic liver disease. If they underwent surgery to lose weight, took probiotics or antibiotics within one month, or if their weight changed more than 5% within three months, then subjects were also excluded.



Study Design

This is a 5-week double-blind, placebo-controlled trial. The subjects were randomly assigned to one of the two groups and received 10 g of lotus root starch placebo or KF per day (5 g lotus root starch placebo or 150 ml of warm water plus KF 15 min before breakfast and dinner) (Figure 1). By emphasizing the intervention personnel and participants, blindness and balance are strictly maintained. Also, all investigators, staff, and participants were unaware of the outcome measurement and test results. This study was approved by the Ethics Committee of Kunming University of Science and Technology School of Medicine. All volunteers provided written informed consent before the study.




Figure 1 | Flowchart shows the recruitment and retention of patients in the study.





Laboratory Analysis

Height was measured at the beginning of the study, and weight and waist circumference were measured at weeks 0 and 5. At baseline and week 5, the subjects received a DXA scan (Hologic QDR 4500, Hologic, Inc., Bedford, MA, USA) to measure fat mass and body fat percentage. Blood samples were collected at recruitment (week 0) and at the end of the trial (week 5). Serum glucose, HbA1c, serum total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), triglycerides (TG) and liver function indicators (aspartate aminotransferase) (AST) and an automatic biochemical analyzer was used to measure alanine aminotransferase (ALT). Stool samples were collected at recruitment (week 0) and at the end of the trial (week 5). After collecting the stool sample, it was transported to the laboratory in an ice box and stored at −80°C for microbiota analysis.



Fecal DNA Extraction and Illumina Miseq Sequencing

To analyze the microbial content, the QIAamp DNA Stool Mini Kit (Qiagen, USA) was used to extract total genomic DNA from stool samples according to the manufacturer’s instructions. Forward primer F-5’CCTACGGGRSGCAGCAG3’ and reverse primer R-5’GGACTACVVGGGTATCTAATC3’ were used to amplify the bacterial 16S rRNA gene V3–V4 region. The PCR method and DNA purification were performed according to the Illumina Miseq 16S metagenomic sequencing library preparation protocol. For the first round of PCR, the PCR mix (25 µl) contained 12.5 µl 2× KAPA HiFiHotStartReadyMix (KAPA Biosystem, Woburn, MA, USA), 2.5 µl microbial genomic DNA (5 ng/µl) and 5 µl amplicon for PCR, respectively with Forward (1 μM) and reverse (1 μM) primers. The PCR protocol followed was: 95°C initial denaturation for 3 min, then 25 cycles of amplification, 95°C denaturation for 30 s, 55°C annealing for 30 s, 72°C extension for 30 s, and finally 72°C extension for 5 min. Gel electrophoresis was used to observe the PCR product to confirm the size of the amplicon (630 bp). In the second round, the PCR products were purified using AMPure XP beads. Index PCR used Nextera XT Index Kit to connect dual index and Illumina sequencing adapters. Index PCR was performed on all purified DNA using MJ Research PTC-200P thermal cycler (MJ Research, Waltham, USA). PCR mix (50 μl) contained 25 μl 2× KAPA HiFiHotStartReadyMix, 5 μl Nextera XT Index 1 Primers (N7XX) (1 μM), 5 μl Nextera XT Index 2 Primers (S5XX) (1 μM), 10 μl PCR pure water, and 5 μl purified DNA. PCR conditions are: initial denaturation at 95°C for 3 min, then denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, 8 cycles of amplification, and finally extension at 72°C for 5 min. Gel electrophoresis was used to visualize the indexed PCR amplicons to confirm the amplification of the appropriate size product (630 bp). Then AMPure XP beads were used to purify the indexed PCR products. The purified index PCR product was quantified on a NanoDrop ND2000 spectrophotometer (Thermo Scientific, Wilmington, DE), diluted to a working concentration of 20 ng/μl with 10 mM Tris pH 8.5, and combined equimolar amounts (100 ng). After separating the products by electrophoresis on a 2% agarose gel, a Zymo clean Gel DNA Recovery Kit (Zymo Research Corp., Irvine, CA, USA) was used to recover and concentrate the PCR products of the correct size. The final combined DNA concentration was measured by using the Invitrogen Qubit platform (52.4 ng/μl).

The large number of 16S rRNA gene reads generated by the Illumina Miseq sequencer were initially quality trimmed using Illumina standard software tools. The 16S rRNA readings were processed according to the previously described QIIME pipeline (Caporaso et al., 2010). In short, 97% homology with USEARCH and NCBI’s 16SMicrobial dataset (https://github.com/mtruglio/QIIME_utilities) and taxonomy were used to cluster sequences into operational taxa (OTU).



Bioinformatics and Statistics Analysis

The intestinal microbial analysis pipeline was based on Qiime1 (http://qiime.org/) and R (https://www.r-project.org/). The data are expressed as the mean ± SD. For cross-sectional analyses of baseline characteristics and comparison of the relative abundance of each taxonomic group, differences were indicated using the Paired two-tailed Student’s t-test. P-value less than 0.05 was considered as statistical significance.

Based on the RDP classifier version 2.2 algorithm, the Greengene database was used to annotate OTU classification information. The OTU abundance data are normalized using the standard sequence number corresponding to the sample with the least sequence. Check the relative proportions of each OTU at the phylum, class, order, family, genus, and species level. QIIME versions 1.7.0 and R 3.4.1 were used to analyze the diversity of Alpha (within the community) and beta (between the communities). For beta diversity, unweighted (considering the presence or absence of each species) UniFrac was used to generate principal coordinate analysis (PCoA) plots. The unweighted paired group method that used arithmetic mean (UPGMA) clustering was used as a hierarchical clustering method to explain the distance matrix using average links. A Spearman correlation analysis was performed to determine the correlation. A p-value of ≤0.05 is considered statistically significant.




Results


Effects of KF Treatment on Obesity Index and Blood Parameters

Ninety subjects began the study. A total of 38 KF subjects and 31 control subjects completed the study for a total study retention rate of 76.7%. Before the intervention, there were no significant differences in the obesity index and blood parameters between the KF and placebo groups (Table 1). The consumption of KF and placebo did not cause any adverse effects (Table 1). Body mass index (BMI), fat mass, percentage body fat (PBF), triglyceride (TG), glycated hemoglobin A1c (HbA1c), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were significantly reduced in KF consumers (Table 1) (p <0.05 or p <0.01). There were no significant differences in the control group (Table 1).


Table 1 | Obesity index and blood parameters in obese patients at the baseline and/or after placebo and KF treatment.





Effects of KF Treatment on the Diversity and Richness of the Gut Microbiota

Gut microbial alpha diversity metrics, which take into consideration of both richness and evenness, as indicated by the observed species, Chao1 index, Simpson index, and Shannon index. The observed species and Chao1 index significantly increased in the AKF group compared to the BKF group (p = 0.0235 and p = 0.0044) (Figures 2A, B). However, the observed species, Chao1 index, Simpson index, and Shannon index significantly decreased in the AP compared to the BP group (p = 0.0104, p = 0.0102, p = 0.0317, and p = 0.0274) (Figures 2A–D). These results suggested that KF treatment significantly increased gut microbial alpha diversity.




Figure 2 | KF treatment on gut microbiota richness and diversity. (A–D) α-diversity of the intestinal microbiota was measured by observed species (A), Chao 1 index (B), inverse Simpson index (C), and Shannon index (D). Venn diagram illustrated overlap of OTUs in the gut microbiota among the samples (E). (F) β-diversity demonstrated that samples after treatment tender to cluster together and away from the samples before treatment. §p <0.05 versus BP and *p <0.05, ** p <0.01 versus BKF. BP, before placebo; AP, after placebo; BKF, before konjaku flour; AKF, after konjaku flour.



In order to better understand the richness shared between each group, a Venn diagram showing the overlap between the groups was developed. The analysis showed that only 449 of the total richness of 1,743 OTUs were shared among all samples (Figure 2E). The BP group had 674 OTUs, the AP group had 576 OTUs, the BKF group had 946 OTUs, and the AKF group had 1,014 OTUs (Figure 2E). In order to measure the degree of similarity between microbial communities, a principal coordinate analysis was used to calculate β diversity (Figure 2F). The principal coordinate analysis demonstrated that samples after KF treatment tender to cluster together and away from the samples before treatment. These data demonstrated that KF treatment remarkably improved richness and diversity of intestinal microbiota.



Effects of KF Treatment on the Gut Microbiota Composition

Gut microbiota composition significantly changed before and after treatment with KF.

At the phylum level, the relative abundance of Actinobacteria and Acidobacteria were significantly increased in the AKF group compared to the BKF group (p <0.05) (Figure 3A).




Figure 3 | The phyla, family, and genera are significantly different in different groups. (A) The relative abundance of the first 18 different phyla; (B) The relative abundance of the first 35 different families; (C) The relative abundance of the first 35 different genera. By subtracting the average abundance and dividing by the standard deviation of all samples, the abundance profile is converted to a Z-score. When the row abundance is lower than the average, the Z score is negative (shown in blue). §P <0.05 with BP and *p <0.05, **p <0.01 with BKF.



At the family level, the relative abundance of Lachnospiraceae, Bacillaceae, Aerococcaceae, Solirubrobacteraceae, 288-2 and RB41 significantly elevated after treatment with KF, while there was relative abundance of Sporolactobacillaceae significantly reduced after treatment with KF (p <0.05) (Figure 3B and Table S1). Furthermore, placebo treatment reduced the relative abundance of Bifidobacteriaceae and Leuconostocaceae in the AP group compared to the BP group (p <0.05) (Figure 3B and Table S1).

At the genus level, the relative abundance of Roseburia, Lachnoclostridium, Erysipelotrichaceae UCG-003, Lachnospiraceae NK4A136 group, Lachnospiraceae UCG-004, Fusicatenibacter, Lachnospiraceae UCG-003, Clostridium sensu stricto 13, Howardella, Intestinimonas, Bacillus, Holdemania, Epulopiscium, Candidatus, Soleaferrea, Solobacterium, Solirubrobacter, and Abiotrophia significantly increased after KF treatment, while Lactococcus, Eubacterium brachy group, Sporolactobacillus, Geobacillus, and Silanimonas significantly reduced (Figure 3C and Table S1). In addition, the relative of abundance of Dorea significantly reduced in the AP group compared to BP group (p <0.05) (Figure 3C and Table S1).

At the species level, the relative abundance of Roseburia inulinivorans, Clostridium perfringens, Intestinimonas butyriciproducens, Actinomyces graevenitzii, Clostridium sp. ATCC 29733, and Solobacterium moorei significantly elevated in the AKF group compared to the BKF group, while the relative abundance of the Bacteroides fragilis, Lactococcus garvieae, Bacteroides coprophilus, Bacteroides ovatus, Bacteroides caccae, Bacteroidales bacterium ph8, Bacteroides thetaiotaomicron, and Geobacillus stearothermophilus significantly reduced in the AKF group compared to the BKF group (p <0.05) (Figures 4A–N). Moreover, the relative abundance of B. fragilis and B. caccae significantly increased in the AP group compared to BP group (p <0.05) (Figures 4A–N).




Figure 4 | Relative abundance at species levels across groups. (A) Roseburia inulinivorans, (B) Bacteroides fragilis, (C) Lactococcus garvieae, (D) Bacteroides coprophilus, (E) Bacteroides ovatus, (F) Bacteroides caccae, (G) Clostridium perfringens, (H) Bacteroidales bacterium ph8, (I) Bacteroides thetaiotaomicron, (J) Intestinimonas butyriciproducens, (K) Actinomyces graevenitzii, (L) Clostridium sp. ATCC 29733, (M) Solobacterium moorei, (N) Geobacillus stearothermophilus. §p < 0.05 versus BP and *p <0.05, versus BKF.



Altogether, KF treatment can increase some beneficial bacteria and decrease some harmful bacteria.



Gut Microbiota Associated With Obesity Index, Blood Parameters

At the phylum level, five phyla were significantly correlated with obesity index and blood parameters (p <0.05 or p <0.01) (Figure 5A). Proteobacteria was related to obesity. For blood parameters, Proteobacteria was significantly and positively correlated with serum AST and ALT content (p <0.01).




Figure 5 | The relationship between obesity indexes or/and blood parameters and taxon across groups is estimated by Spearman’s correlation analysis. (A) The 18 top altered phylum, (B) the 35 top family, (C) the 35 top genera, (D) the 35 top genera species. *p <0.05 and **p <0.01.



At the family level, thirteen families were significantly correlated with obesity index and blood parameters (p <0.05 or p <0.01) (Figure 5B). Prevotellaceae was related to obesity. For blood parameters, Prevotellaceae was significantly and positively correlated with serum FBG content (p <0.01).

At the genus level, sixteen genera were significantly correlated with obesity index and blood parameters (p <0.05 or p <0.01) (Figure 5C). Erysipelotrichaceae UCG.003 and Lachnospiraceae NK4A136 were related to KF treatment. For blood parameters, Erysipelotrichaceae UCG.003 was significantly and negatively correlated with serum FBG content (p <0.01). Lachnospiraceae NK4A136 group was significantly and negatively correlated with serum ALT content (p <0.01).

At the species level, fifteen species significantly correlated with obesity index and blood parameters (p <0.05 or p <0.01) (Figure 5D). Bacteroides ovatus were related to KF treatment. For obesity index, B. ovatus abundance was significantly and negatively correlated with BMI and WHR (p <0.01). For blood parameters, C. perfringens were significantly and negatively correlated with serum TC and LDL content (p <0.01).

Altogether, these bacteria can influence obesity index and blood parameters.




Discussion

Obesity is a multi-factor problem, and many related factors need to be considered when designing interventions that may be successful. Recent literature provides evidence that the gut microbiota may be related to the cause of obesity. In this regard, we conducted this study to evaluate the effect of KF consumption on the body weight and fat mass of obese subjects. The consumption of KF led to some beneficial changes in the health indicators of overweight and obese subjects.

KF consumption impacts on obesity indexes and blood parameters. BMI, fat mass, serum PBF, HbA1c, TG, AST, and ALT significantly decreased in KF consumers (p <0.05 or p <0.01).

The gut microbiome has a major impact on obesity, metabolic syndrome, liver steatosis, and the metabolic balance of the host immune system (Zhang et al., 2017). Intestinal flora imbalance is related to obesity and metabolic disorders (Lynch and Pedersen, 2016). KF treatment significantly increased α diversity of the intestinal microbiota in obese subjects. Reduced diversity of the gut microbiota is associated with obesity, systemic inflammation, and metabolic diseases. In contrast, increased microbial diversity is associated with improved metabolic health (Sonnenburg and Backhed, 2016).

KF treatment also altered the structure of gut microbiota. At the phylum level, the abundance of Actinobacteria and Acidobacteria were significantly increased in KF consumers (p <0.01). Clarke et al. (2013) found that treatment of diet-induced obese mice resulted in significant increase in the relative proportion of Actinobacteria. At the family level, the relative abundance of Lachnospiraceae, Bacillaceae, Aerococcaceae, Solirubrobacteraceae, 288-2 and RB41 remarkably elevated in KF consumers, while the relative abundance of the Sporolactobacillaceae significantly reduced in KF consumers (p <0.05). Several studies suggested that the relative abundance of Lachnospiraceae significantly decreased in patients with cirrhosis and fatty liver (Chen et al., 2011; Bajaj et al., 2012; Zhu et al., 2013). Moreover, Clarke et al. (2013) found Lachnospiraceae was negatively correlated with body weight.

At the genus level, the relative abundance of Roseburia, Lachnoclostridium, Erysipelotrichaceae UCG-003, Lachnospiraceae NK4A136 group, Lachnospiraceae UCG-004, Fusicatenibacter, Lachnospiraceae UCG-003, Clostridium sensu stricto 13, Howardella, Intestinimonas, Bacillus, Holdemania, Epulopiscium, Candidatus, Soleaferrea, Solobacterium, Solirubrobacter, and Abiotrophia significantly increased in KF consumers (p <0.05, p <0.01 or p <0.001), while the relative abundance of Lactococcus, Eubacterium brachy group, Sporolactobacillus, Geobacillus, and Silanimonas significantly reduced in KF consumers (p <0.05). Some studies demonstrated that the relative abundance of Roseburia significantly reduced in obese mice (Dewulf et al., 2011; Neyrinck et al., 2011). Neyrinck et al. (2011) found the increase of Roseburia and also the decrease of body weight and fat mass were in diet-induced obese mice treated with prebiotic wheat arabinoxylan. Roseburia is one of the main producers of butyrate. Butyrate can regulate the function and migration of neutrophils, inhibit the expression of vascular cell adhesion molecule-1 induced by inflammatory cytokines, increase the expression of tight junction proteins in colonic epithelial cells, and reduce the release of cells from human immune cells factors and chemokines to exert anti-inflammatory effects (Nicholson et al., 2012). Therefore, n-butyrate or specific types of butyrate-producing gut bacteria may be a new target for restoring host immune function and barrier integrity and regulating energy metabolism (Nicholson et al., 2012). n-Butyrate can also be used directly by colonic epithelial cells to produce ketone bodies and carbon dioxide (Nicholson et al., 2012). Andoh et al. (2016) demonstrated the relative abundance of Solobacterium reduced significantly in obese patients. Some studies also found Lactococcus significantly increased in diet-induced obese mice. Furthermore, treatment of diet-induced obese mice resulted in the significant increase of Roseburia and the marked decrease of body weight and fat mass (Ravussin et al., 2012; Jung et al., 2016).

At the species level, the relative abundance of R. inulinivorans, C. perfringens, I. butyriciproducens, A. graevenitzii, C. sp. ATCC 29733, and S. moorei significantly elevated in KF consumers, while the relative abundance of the B. fragilis, L. garvieae, B. coprophilus, B. ovatus, B. caccae, B. bacterium ph8, B. thetaiotaomicron, and G. stearothermophilus significantly reduced in KF consumers (p <0.05). R. inulinivorans and I. butyriciproducens are the main producers of butyrate, and they are potential probiotics (Flint et al., 2007; Kläring et al., 2013). Zuo et al. (2011) found that the relative abundance of C. perfringens markedly reduced in obese participants. Vael et al. (2011) showed that a high concentration of B. fragilis in infants between 3 weeks and 1 year old is associated with a higher risk of obesity in the future. Collado et al. (2008) showed that high concentrations of B. fragilis are associated with excessive weight gain during pregnancy. L. garvieae is one of the pathogenic bacteria (O’Connor et al., 2015). Heo et al. (2016) had shown that probiotics and Garcinia cambogia extract alleviated weight gain and adiposity in HFD fed mice, in part via differentially modulating the composition of intestinal microbiota, namely, a significant decrease in the relative abundance of L. garvieae. Andoh et al. (2016) found that the relative abundance of B. coprophilus and B. ovatus dramatically increased in obese patients. Dicksved et al. (2008) also demonstrated that subjects with Crohn’s disease had a higher relative abundances of B. ovatus. Giongo et al. (2011) found the relative abundance of B. ovatus significantly increased in type 1 diabetes (T1D)-associated autoimmune children who are at high genetic risk for this disorder compared to non-autoimmune individuals. It is known that B. thetaiotaomicron can decompose many other indigestible dietary plant polysaccharides (Xu et al., 2003). Hooper et al. (2001) found that B. thetaiotaomicron could regulate production of ileal epithelial fucosylated glycans for its own nutritional benefit. Furthermore, Armougom et al. (Samuel and Gordon, 2006) found B. thetaiotaomicron was related to obesity

Additionally, in all of the significantly changed gut microbiota after KF treatment, Erysipelotrichaceae UCG.003, Lachnospiraceae NK4A136 group, B. ovatus and C. perfringens were dramatically correlated with obesity index and blood parameters. Erysipelotrichaceae UCG.003 was dramatically and negatively correlated with PBF (p <0.01). Lachnospiraceae NK4A136 group was significantly and negatively correlated with serum AST and ALT content (p <0.01). Altogether, these results suggest that these bacteria play important roles in the development of obesity.


Conclusion

KF intervention could reduce obesity indexes and blood parameters, regulate the diversity and composition of the gut microbiota, accelerate growth of good bacteria, and inhibit growth of maleficent bacteria. In addition, changes in the microbiota have a strong correlation with obesity index and blood parameters. These findings support that the anti-obesity and other effects of KF may be mediated through its selective regulation of the microbiota. The duration of trial treatment is short, which maybe a limitation of our study. Then we would focus on KF and make further investigation.
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Non-alcoholic fatty liver disease (NAFLD) remains a common disease with a significant health and economic burden worldwide. The gut microbiota (GM) and bile acids (BAs), which play important roles in the gut-liver axis, have been confirmed to jointly participate in the development of NAFLD. GM not only regulate bile acids’ synthesis, transport, and reabsorption by regulating other metabolites (such as trimetlyl amine oxide, butyrate), but also regulate dehydrogenation, dehydroxylation and desulfurization of bile acids. Meanwhile, disordered bile acids influence the gut microbiota mainly through promoting the bacterial death and lowering the microbial diversity. Although weight loss and lifestyle changes are effective in the treatment of NAFLD, the acceptability and compliance of patients are poor. Recently, increasing natural plants and their active ingredients have been proved to alleviate NAFLD by modulating the joint action of gut microbiota and bile acids, and considered to be promising potential candidates. In this review, we discuss the efficacy of natural plants in treating NAFLD in the context of their regulation of the complex interplay between the gut microbiota and bile acids, the crosstalk of which has been shown to significantly promote the progression of NAFLD. Herein, we summarize the prior work on this topic and further suggest future research directions in the field.
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1 Introduction

Non-alcoholic fatty liver disease (NAFLD), characterized by excessive lipid deposition in hepatocytes, has become the most common chronic liver disease worldwide. Clinically, the spectrum of histopathology ranges from simple steatosis (NAFL) and non-alcoholic steatohepatitis (NASH) to liver cirrhosis (Friedman et al., 2018b; Powell et al., 2021). Currently, the global incidence of NAFLD has greatly increased to an estimated prevalence of 25% among adults (NCD Risk Factor Collaboration, 2017; Hales et al., 2018; Zhou et al., 2019a). Until now, the best characterization of the mechanisms underlying NAFLD is provided in the “two hit” theory proposed by Day in 1998; this theory suggests that on the basis of hepatic lipid accumulation caused by developed insulin resistance, the “two hit” from other factors is required to trigger the pathological procession of NAFLD (Day and James, 1998; Friedman et al., 2018b). However, the exact mechanism underlying metabolic disorders in NAFLD remains unclear. The “gut-liver axis,” first proposed by Marshall in 1998, is essential in the regulation of systemic metabolism, gut hormone release, and the immune response (Marshall, 1998). The gut microbiota (GM) and bile acids (BAs), which play important roles in the gut-liver axis, have been confirmed to jointly participate in the development of NAFLD (Chavez-Talavera et al., 2017; Kolodziejczyk et al., 2019; Aron-Wisnewsky et al., 2020).

The GM is defined as a complex and dynamic microbial ecosystem in the gut, composed of symbiotic bacteria, archaea, fungi, and viruses, (Zmora et al., 2019). Several studies have shown that the GM and its metabolites could be used as key signaling factors to regulate the host’s glucose and lipid metabolism, insulin resistance, immunity, and inflammation in NAFLD (Aron-Wisnewsky et al., 2020). BAs, a metabolite of GM, are a class of amphiphilic molecules synthesized from cholesterol (Li and Chiang, 2014). Significant evidence has suggested that BAs could participate in NAFLD by regulating glucose and lipid metabolism and energy homeostasis (Arab et al., 2017). Meanwhile, the crosstalk between the GM and BAs can significantly promote the progression of NAFLD (Jia et al., 2018; Winston and Theriot, 2020; Agus et al., 2021). Thus, the interplay between GM and BAs may be a promising target for the prevention and treatment of NAFLD.

Natural plants, including plants and active ingredients, have been proven as effective treatments of NAFLD (Liu et al., 2017; Leng et al., 2020; Xin et al., 2021). The therapeutic effects of natural plants have attracted increasing attention. Furthermore, the potential regulatory effects of natural plants on intestinal dysbacteriosis and BA metabolism have been reported (Meng et al., 2018; Leng et al., 2020). Thus, this review aimed to discuss the efficacy of natural plants, which act by regulating the interplay between GM and BAs, against NAFLD.



2 The Interplay of GM-BAs in NAFLD

The human GM is rich in various species, including those of Firmicutes, Bacteroides, Proteobacteria, and Actinomycetes in the gut (Eckburg et al., 2005). Early evidence linking gut dysbiosis and NAFLD has shown that the abundance of gram-negative bacteria increases, whereas that of gram-positive bacteria decreases during the course of NAFLD, indicating that microbial populations are altered in NAFLD patients (Ley et al., 2006). A large number of metabolites, including BAs, lipopolysaccharides, short-chain fatty acids (SCFAs), and inflammatory factors, are produced following host–microorganism interactions. The content of BAs, especially secondary BAs, increases significantly in the serum of hosts with NAFLD (Jiao et al., 2018). Meanwhile, the interplay between GM and BAs has been shown to maintain host homeostasis in NAFLD (Jiao et al., 2021). When colonizing germ-free mice with the feces of wild type or humans, the total BA content was obviously reduced (Sayin et al., 2013).


2.1 Microbial Regulation of BAs in NAFLD

The GM regulates the synthesis, transport, and reabsorption of BAs via regulation of metabolites and the farnesoid X receptor (FXR). Moreover, the GM can also modify primary BAs to secondary BAs with enzymes such as bile salt hydrolase (BSH) through dehydrogenation, dehydroxylation, and desulfurization. All of this research has been clarified and discussed below, with the mechanisms represented in Figure 1.




Figure 1 | Microbial regulation of Bile Acids in NAFLD. ①: Microbial modification of primary BAs to secondary BAs. ②: Microbial regulation of BAs synthesis. ③: Microbial regulation of BAs transport, and reabsorption. (BESP, bile salt export pump; MRP2, multidrug resistance protien 2; BAs, bile acids; BSH, bile salt hydrolase; β-MCA, β-murocholic acid; CA, Cholic acid; CDCA, Chenodeoxycholic acid; CYP7A1, cytochrome P450 family 27 subfamily A member 1; CYP7B1, cytochrome P450 family 7 subfamily B member 1; DCA, deoxycholic acid; FXR, farnesoid X receptor; FFA, free fatty acid; IBABP, ileal bile acid binding protein; LCA, lithocholic acid; NAFLD, non-alcoholic fatty liver disease; SHP, small heterodimer partner; SREBP-1, sterol regulatory element binding protein-1; TβMCA, tauro-β-muricholic acid; TC, total cholesterol; TMAO, trimethylamine oxide; UDCA, ursodeoxycholic).




2.1.1 Microbial Regulation of BAs Synthesis, Transport, and Reabsorption

The synthesis of BAs is complex, including reaction steps catalyzed by more than a dozen enzymes. BAs are synthesized in pericentral hepatocytes and can be fulfilled via two different pathways. Specifically, the classical pathway, which accounts for 75% of BA synthesis, is initiated by the 7a-hydroxylation of cholesterol catalyzed by cytochrome P450 family 27 subfamily A member 1 (CYP7A1). In a case-control study, trimethylamine oxide (TMAO), the metabolites from GM, significantly increased BA synthesis by upregulating hepatic CYP7A1 mRNA levels in patients with NAFLD (Tan et al., 2019). Correspondingly, the alternative pathway is initiated by the 27-hydroxycholesterol of cholesterol catalyzed by CYP27A1 and further hydroxylated by cytochrome P450 family 7 subfamily B member 1 (CYP7B1) in the liver. This pathway accounts for approximately 9–25% of BA synthesis. After antibiotic treatment, hepatic CYP7B1 was upregulated in high-fat diet (HFD)-fed hamsters, contributing to a more hydrophilic BA profile with increased tauro-β-muricholic acid (TβMCA) (Sun et al., 2019a). Therefore, the GM regulates the expression of several enzymes in the BA synthesis pathway to promote NAFLD. Furthermore, the alternative pathway predominantly generates Chenodeoxycholic acid (CDCA), whereas the classical pathway generates both CDCA and Cholic acid (CA), which are called primary BAs (Chiang, 2013). Rodents also produce α-murocholic acid (α-MCA) and β-murocholic acid (β-MCA) as primary BAs. Sheng confirmed that butyrate, the metabolite of GM, significantly decreased the content of β-MCA by activating hepatic FXR-small heterodimer partner (SHP) signaling in HFD-fed mice (Sheng et al., 2017). However, the regulation of β-MCA by GM may be attributed to unknown enzymes.

Independent of the synthetic route, the carboxylic acid group from CA/CDCA conjugated the peroxisomes of glycine or taurine to form conjugated BAs (G/TCA and G/TCDCA, respectively) in humans (Jia et al., 2018). This conjugation with taurine alone occurred to form TCA/TCDCA in rodents. Subsequently, conjugated BAs are actively transported into bile via the bile salt export pump (BSEP) and may be stored in the gall-bladder until being released into the duodenum after ingestion of a meal. Approximately 95% of BAs are reabsorbed from the intestine, predominantly as conjugated BAs in the distal ileum, by the apical sodium-dependent bile acid transporter (ASBT), and recirculate via the portal vein to the liver, from where they are secreted again (Ticho et al., 2019). Treatment with FXR-stimulatory Bacteroides dorei-derived metabolites could strongly induce ileal bile acid binding protein (IBABP) and organic solute transporter (OST) α, thereby improving the obesity phenotype, including body weight gain, liver damage, and lipid metabolism in HFD-fed mice (Zhang et al., 2015). Overall, GM can regulate the synthesis, transport, and reabsorption of BAs via its metabolites or FXR in the progression of NAFLD.



2.1.2 Microbial Modification of Primary BAs to Secondary BAs

In addition, GM participates in the biotransformation of BAs via the catalysis of microbial enzymes, thereby changing the composition of BA pools in NAFLD. Hydrolysis mediated by BSH transforms conjugated BAs into unconjugated BAs. BSH, an intracellular enzyme encoded by the bsh gene (Song et al., 2019), has been extensively identified in gastrointestinal microorganisms, including Lactobacillus, Bifidobacterium, Enterococcus, Clostridium, and Bacteroides (Ridlon et al., 2006). Different intestinal bacteria are associated with different BSH activities. The levels of taurine and glycine-metabolizing bacteria that express BSH enzymes were enhanced in the gut of patients with NAFLD, significantly increasing the production of secondary BAs (Jiao et al., 2018).

Next, unconjugated BAs were further transformed into deoxycholic acid (DCA) and lithocholic acid (LCA) via 7α-dehydroxylation or ursodeoxycholic (UDCA) by 7-alpha-hydroxysteroid dehydrogenase (HSDH). Sydro et al. indicated a clear association between the 7α-dehydrogenase related to Bacteroides and Lactobacillus, and the primary conjugated BA composition in patients with NASH (Sydor et al., 2020). Recently, Yu et al. analyzed the associations between GM and the concentrations of primary and secondary BAs in fecal samples of children with NAFLD. Further, a reduction in Eubacterium and Ruminococcaceae bacteria, which express BSH and 7α-dehydroxylation, was significantly positively correlated with the level of fecal LCA (Yu et al., 2021).

Furthermore, the main conclusions of the previous studies are consistent with those observed in rodents. In HFD-fed mice, higher abundance levels of the genus Lactobacillus and increased BSH activity resulted in decreased levels of TβMCA, a substrate of BSH, and a potent FXR antagonist (Gonzalez et al., 2016). Another study also confirmed that an 8 week HFD significantly increased abundance levels of Extibactermuris, related to 7α-dehydroxylation, metabolizing CA to DCA in mice (Streidl et al., 2021). Similarly, Bacteroides expressing HSDH and 7-alpha HSDH were enriched to further modify unconjugated BAs into UDCA in the gut microbiome of HFD-fed rats (Jiao et al., 2018).




2.2 BAs Influence the GM in NAFLD

Despite this, the interplay between the GM and BAs is not a one-way street. BAs can further influence the structure and function of the GM. After administration of obeticholic acid (OCA), the levels of gram-positive bacteria increased in humans, whereas that of Firmicutes bacteria increased in mice (Friedman et al., 2018a). Sevelamer, a BA sequestrant, reversed this increase in Lactobacillus and decreased the levels of Desulfovibrio in HFD-fed mice (Takahashi et al., 2020). Other promising studies have shown that BAs exert direct and indirect effects on the GM (Figure 2).




Figure 2 | BAs influence GM in NAFLD. (BAs, bile acids; CA, Cholic acid; CDCA, Chenodeoxycholic acid; C3GnT, Core 3 O-glycan; DCA, deoxycholic acid; FXR, farnesoid X receptor; Muc2, mucin 2; NAFLD, non-alcoholic fatty liver disease; G-β-MCA, glycine-β-muricholic acid; TUDCA, tauro-ursodeoxycholic).




2.2.1 BAs Directly Affect the GM

The direct action of BAs on GM has been shown to promote cell death via membrane regulation. In the intestinal lumen, BAs exert direct antimicrobial activity based on their detergent properties to shape the GM (Schubert et al., 2017). Free bile acids (FBAs), including CA, DCA, and CDCA, dissipated the transmembrane electrical potential (DeltaPsi). In the human intestine, the populations of Lactobacillus and Bifidobacterium are controlled in part by the accumulation of CA. As this accumulation must occur during bacterial growth in the intestine, growth inhibition may be associated with the accumulation of FBAs. Taking these observations together, although FBAs disturb the membrane integrity, leading to leakage of proton and other cellular components, they also reduced the internal pH levels of bacteria with rapid and stepwise kinetics and, at certain concentrations, dissipated DeltapH. High concentrations of BAs can decrease the internal pH of Lactobacilli and Bifidobacteria, and reduce the production of ATP, ultimately inducing bacterial death (Kurdi et al., 2006).



2.2.2 BAs Indirectly Affect the GM

In addition to exerting strong direct effect, the indirect effects by which BAs regulate GM through signaling factors also have significant consequences. Basic experiments have confirmed the role of FXR in regulating the structure of intestinal bacteria (Inagaki et al., 2006). Zhang et al. confirmed that oral G-β-MCA administration altered the gut microbial community structure, notably reducing the ratio of Firmicutes to Bacteroidetes in NASH mice. This revealed that metabolic improvement was dependent on intestinal FXR (Zhang et al., 2016). In addition, TUDCA has been shown to increase the Bacteroidetes/Firmicutes ratio and the abundance of Faecalibacterium and Akkermansia in mice with NAFLD. The growth of bacterial genera might be related to the upregulation of mucin 2 (Muc2) and Core 3 O-glycan (C3GnT), which provide a substrate for the growth of intestinal bacteria (Wang et al., 2018).





3 Natural Plants Regulate the Interplay Between GM and BAs in the Treatment of NAFLD

Although weight loss and lifestyle changes are effective in the treatment of NAFLD (Vilar-Gomez et al., 2015; Khoo et al., 2017), the acceptability and compliance of patients are poor. Currently, the use of synthetic drugs for the treatment of NAFLD remains limited. Despite the numerous options for the tested pharmaceuticals, none of them are satisfactory in treating NAFLD. However, increasing evidence has indicated that natural plants efficiently exhibit anti-NAFLD properties, with lower toxicity and side effects, and may be useful in regulating the joint action of GM and BAs (Liu et al., 2017). Therefore, we summarized the new studies on Natural plants that have indicated that they exert anti-NAFLD properties by modulating the interplay between GM and BAs. All these are clarified and discussed below, with the mechanisms presented in Tables 1, 2.


Table 1 | Natural plants regulate the interplay between GM and BAs in the treatment of NAFLD.




Table 2 | Active ingredients in natural plants regulate the interplay between GM and BAs in the treatment of NAFLD.




3.1 Plants


3.1.1 Food Plants


3.1.1.1 Tea

Tea, processed from the leaves of Camellia sinensis, is one of the most widely consumed beverages worldwide. This drink is characterized by high levels of an antioxidant that has been shown to prevent different types of metabolic syndromes, cardiovascular diseases, obesity, and type 2 diabetes (Bag et al., 2022). Huang et al. indicated that consumption of Pu-erh tea significantly increased the content of fecal conjugated BAs by decreasing the BSH activity, which was linked to a reduction in the levels of Lactobacillus, Bacillus, Streptococcus, and Lactococcus, resulting in the inhibition of intestinal FXR-FGF15 activation. The excretion of BAs was enhanced in the feces as the expression of CYP27A1 and CYP7B1 increased in the liver, thereby reducing hepatic lipid deposition in HFD-fed mice (Huang et al., 2019).

Huangjinya black tea is a natural photosensitive tea containing abundant free amino acids. This drink has been proven to ameliorate hepatic steatosis by reducing hepatic triglyceride (TG), free fatty acid (FFA), and lipid accumulation in HFD-fed mice. Furthermore, Huangjinya black tea consumption could also significantly reverse GM disruption and increase the ratio of primary/secondary BAs (Xu et al., 2020).



3.1.1.2 Whole Grain

Whole grains contain the endosperm, germ, and bran of the original seeds, in contrast to refined grains, in which the germ and bran are removed during the milling process (Aune et al., 2016). The whole grain, rich in dietary fiber, is considered to have a beneficial effect on the risk reduction of NAFLD (Berna and Romero-Gomez, 2020). Sun et al. confirmed that oats and tartary buckwheat-based food (OF) reduced the hepatic total cholesterol (TC) and TG levels in HFD-fed hamsters. Furthermore, it can change the overall structure of the gut microbiota. Specifically, the relative abundance of Erysipelotrichaceae, Ruminococcaceae, and Lachnospiraceae decreased, whereas that of Eubacteriaceae increased. Meanwhile, the excretion of fecal BAs increased and the concentration of SCFAs (acetic acid, propionic acid, butyric acid, and total short-chain fatty acids) increased significantly after OF intervention (Sun et al., 2019b).

Another study revealed that wheat gluten consumption resulted in higher fecal BA excretion, thereby reducing the hepatic TC and TG levels in HCD-diet hamsters. Moreover, the enhanced fecal BAs may be related to an increase in hepatic CYP7A1 levels. Furthermore, it has been shown that the relative abundance of Firmicutes and Erysipelas decreased, whereas that of Bacteroides, Bacteroides, and Rumenococcus increased (Liang et al., 2019).



3.1.1.3 Legumes

Legumes are defined as the pods or fruits of plants belonging to the botanical families Leguminosae or Favaceae, which includes soybeans, peanuts, green/dry beans, and lentils (McCrory et al., 2010). These seeds are a good source of protein, fiber, B vitamins, minerals, and polyphenols, and are considered as low-glycemic-index foods (Rebello et al., 2014). Populations with high legume consumption (peas, beans, lentils) have a low risk of cancer and chronic degenerative diseases (Campos-Vega et al., 2013).

Micioni et al. found that lentils significantly reduced serum TC and LDL levels in HCD-fed rats. Furthermore, the contents of fecal BAs were enhanced, resulting in an increased excretion of BA in feces. In addition, the abundance of Bifidobacteria and the level of butyric acid markedly increased after intervention with lentils (Micioni Di Bonaventura et al., 2017). Inagaki et al. demonstrated the effect of pea pods on decreasing serum TC and TG levels in HS-fed SD rats. Meanwhile, the upregulation of fecal BAs and the abundance of bifidobacteria were observed significantly (Inagaki et al., 2016).



3.1.1.4 Plant Oil

Plant oil, rich in dietary omega-3 long-chain polyunsaturated fatty acids (LCPUFA), comprises important biomolecules that have been shown to regulate hepatic lipid metabolism (Manson et al., 2019; Maattanen et al., 2020). For example, wild melon seed oil (CO) supplementation reduced the body weight, liver weight, and hepatic TC and enhanced the excretion of fecal BAs, upregulating the gene expression of hepatic CYP7A1 in HCD-fed hamsters. Meanwhile, CO intervention favorably altered the relative abundances of Eubacteriaceae, Clostridiales_vadinBB60_group, Ruminococcaceae, Streptococcaceae, and Desulfovibrionaceae at the family level (Hao et al., 2020).

In another study, oral consumption of sacha inchi oil alleviated hepatic fat accumulation in HFD-fed rats. Furthermore, the imbalance of the GM was reversed, embodied by decreasing abundances of Enterobacteriaceae and Escherichia and increasing ratios of Roseburia, Turicibacter, and Butyrivibrio. Meanwhile, the content of CA, GCA, TCDCA, and TCA significantly decreased after sacha inchi intervention (Li et al., 2020).



3.1.1.5 Grapes

Grapes are one of the most highly consumed fruits worldwide. In addition to being a rich source of vitamins and fiber, the skin and seeds of grapes contain abundant polyphenols, specifically proanthocyanidins. The proanthocyanidin-rich grape seed extract is beneficial against many diseases, including inflammation, cardiovascular disease, hypertension, diabetes, cancer, peptic ulcers, and microbial infections.

Han et al. indicated that grape extract (GE) decreased liver weight, accompanied by a decline in adipocyte size and hepatic fatty deposits in HFD-fed mice. Additionally, GE restores dysbiosis of the GM by augmenting the observed species, enhancing the Firmicutes-to-Bacteroidetes ratio, and increasing the abundance of the Bifidobacterium, Akkermansia, and Clostridia genera. The restoration of Akkermansia, Clostridium, and Bifidobacterium was negatively correlated with the concentrations of TαMCA, TβMCA, and TCA, but positively correlated with DCA (Han et al., 2020).




3.1.2 Plant Herbs


3.1.2.1 Scutellaria baicalensis

Scutellaria baicalensis Georgi. (Lamiaceae) is a plant of the genus Lamiaceae, whose root is commonly used as a medicine. This medicinal plant is widely distributed in China, Russia, Mongolia, North Korea, and Japan. To date, over 40 compounds have been isolated and identified from Scutellaria baicalensis, including flavonoids, terpenoids, volatile oils, and polysaccharides. The compounds and extracts exhibit a wide range of pharmacological activities, including effects on the immune system, liver protection, antioxidant effects, and other pharmacological effects (Zhao et al., 2019).

Zhao et al. found that Radix scutellariae water extract (WESB) improved hepatic steatosis, inflammation, and ballooning of hepatocytes in HFD-fed rats. Of note, the abundance of Lactobacillus, which exhibits significant negative correlations with certain fecal-conjugated BAs (TCDCA, GUDCA, and TUDCA), was significantly decreased in the feces of HFD-fed rats after treatment with WESB. Moreover, this effect might be related to the activation of hepatic CYP7A1 and the inhibition of FXR expression in the intestine rather than in the liver (Zhao et al., 2021).



3.1.2.2 Ganoderma lucidum (Gl)

Gl, commonly referred to as “Lingzhi” in Chins, is one of the best-known medicinal mushrooms, and has been used in herbal medicines worldwide for more than two thousand years. In recent decades, Gl-related biological and pharmacological research has focused on the bioactive compounds extracted from its fruiting bodies, including polysaccharides, triterpenoids, sterols, proteins, and peptides, which comprise constituents with numerous biological activities such as antioxidant, anti-inflammatory, immunomodulatory, hypoglycemic, and hypolipidemic activities (Lu et al., 2020).

Several studies have shown that the consumption of low and high doses of Gl extracts almost entirely prevented the accumulation of lipids in the liver of high-cholesterol diet-fed mice. Analyses of hepatic cholesterol and triglyceride levels confirmed this histological analysis. These effects were associated with a significant increase in the excretion of fecal bile acids and an increase in CYP7A1 gene expression in the liver. Furthermore, the relative abundance of Lactobacillus significantly increased after intervention with Gl (Meneses et al., 2016).

Sandra et al. showed that Mexican Gl extracts prevent hepatic fatty acid synthesis and accumulation through the downregulation of genes involved in lipogenesis. Furthermore, the Gl extract activated one of the major BA synthesis pathways via CYP7B1-mediated hydroxylation of cholesterol. In addition to gene modulation, the administration of Gl extracts also modulates the composition of the gut microbiota, triggering an increase in abundance of the Lactobacillaceae family and the genus Lactobacillus (Romero-Cordoba et al., 2020).



3.1.2.3 Grifola frondosa (GF)

Grifola frondosa (Dicks.) Gray is a widely consumed edible and medicinal fungus. Ancient books record that it can boost qi and fortify the spleen, moisten the lungs, and protect the liver. Over the past three decades, GF polysaccharides have been shown to possess various promising bioactivities, including antitumor, immunomodulation, anti-oxidation, and anti-hyperglycemia, and can also effectively act on the skin and hematopoietic stem cells (He et al., 2017).

Pan et al. found that the levels of serum ALT/AST and hepatic lipid accumulation were significantly decreased in GF-treated HFD-fed rats. Furthermore, GF consumption significantly enhanced the excretion of BAs in the cecum. In addition, a higher abundance of Butyricimonas was observed in the GF group (Pan et al., 2018).





3.2 Active Ingredients

Previously, we reviewed the efficacies and modes of action of plants regulating the interplay between GM and BAs in NAFLD. It is important to note that many of the active ingredients of these plants can exert the same medicinal effects as the source plant itself. Therefore, from the perspective of the chemical structure, we divided these active ingredients into polysaccharides, oligosaccharides, polyphenols, ketones, and other active ingredients.


3.2.1 Polysaccharides

Polysaccharides, which are natural macromolecules composed of monosaccharides, are among the most important members of the biopolymer family. To date, more than 300 natural polysaccharide compounds have been identified and are ubiquitously present in plants, animals, and microorganisms, where they engage in a variety of physiological functions. Several pharmacological and clinical studies have shown that plant polysaccharides have multiple functions, such as immune regulation, anti-inflammatory, antiviral, and hypoglycemic (Kouakou et al., 2013; Chen and Huang, 2018).


3.2.1.1 Guar Gum and Pectin

Guar gum, a naturally occurring polymer, is a galactomannan obtained from the ground endosperm of Cyamopsis tetragonolobus or Cyamopsis psoraloides. Pectin is a heteropolysaccharide abundant in the cell wall of plants and is obtained mainly from fruits (citrus and apple). In HFD-fed rats, guar gum and pectin significantly decreased hepatic TG and TC levels. Furthermore, guar gum increased the cecal amounts of CA, CDCA, and UDCA, as well as α-, β-, and ω-MCA to a greater extent, whereas that of DCA and HDCA were reduced. In contrast, differences in BA composition between pectin groups were less obvious, but the cecal levels of α- and ω-MCA were higher in rats. Meanwhile, these two fibers decreased the cecal abundance of Oscillospira and an unclassified genus in Ruminococcaceae, while increasing that of an unclassified family in RF32 (Ghaffarzadegan et al., 2016).



3.2.1.2 G. frondosa Polysaccharides

G. frondosa polysaccharides (GFP), derived from the plant Grifola frondosa, exerts various biological activities, such as antitumor, hypoglycemic, antioxidant, and immune regulatory activities. Li et al. found that GFP markedly alleviated hepatic lipid accumulation and steatosis in HFD-fed rats. In addition, the excretion of fecal BAs was also promoted by significantly increasing the mRNA expression of CYP7A1 and BSEP after oral administration of GFP. Meanwhile, GFP supplementation significantly increased the proportion of Helicobater, Intestinimonas, Barnesiella, Defluviitalea, Ruminococcus, Flavonifractor, and Paraprevotella, but decreased the relative abundances of Clostridium-XVIII, Butyricicoccus, and Turicibacter (Li et al., 2019).



3.2.1.3 Polysaccharides From Chlorella pyrenoidosa (CPP)

The microalgae Chlorella pyrenoidosa is considered a valuable and nutritious microalga, which contains a variety of polysaccharides, carotene, chlorophylls, and polyunsaturated fatty acids in abundance. The pharmacological effects of Chlorella phytochemicals include anti-inflammatory, antitumor, and antioxidant activities. Moreover, CPP is regarded as an effective hypolipidemic agent. Wan et al. demonstrated that CPP could effectively inhibit hepatic lipid accumulation in HFD-fed rats. In addition, CPP accelerates the metabolism of total cecal BAs, while increasing the relative abundance of lactobacilli in the intestines (Wan et al., 2020).




3.2.2 Oligosaccharides

Oligosaccharides are saccharide polymers containing a small number of monosaccharides, which are obtained by direct extraction from natural sources, hydrolysis of polysaccharides, or enzymatic and chemical synthesis from disaccharides; they play an important role in preventing obesity and other metabolic diseases (McCranie and Bachmann, 2014).

Hu et al. showed that administration of citrus pectin oligosaccharides (POS) markedly reduced liver weight and hepatic TC in HF-fed mice. In addition, the relative abundances of specific bacterial groups in the feces and the concentrations of their metabolites were higher after POS intervention. Furthermore, we observed significant correlations among Bifidobacterium, Lactobacillus, and Bacteroides and fecal BAs, as well as hepatic CYP7A1 reductase (Hu et al., 2019).



3.2.3 Polyphenols

Polyphenols are a large and heterogeneous group of phytochemicals, including multiple sub-classes such as flavonoids, stilbenes, phenolic acids, and lignans (Manach et al., 2005), which have shown promise in the management of many diseases due to their antioxidant, anti-inflammatory, anti-fibrotic, and metabolic regulation functions. Several hundred different polyphenols are found in plant-based foods, including tea, coffee, legumes, cereals, plant-derived beverages, and chocolate (Khan et al., 2008).

Huang et al. indicated that HFD-fed mice receiving the polyphenol theabrownin exhibited significant decreases in hepatic TG and TC levels. Additionally, the abundance of BSH-producing Lactobacillus, Bacillus, Streptococcus, and Lactococcus genera decreased, as did the BSH activity in mice treated with theabrownin. Conjugated BAs inhibit intestinal FGF15/FGF19-FGFR4 signaling, coupled with increased activation of hepatic FXR-SHP signaling in the liver, thereby increasing CYP7B1 levels to promote BA synthesis (Huang et al., 2019).


3.2.3.1 Phenolic Acids

Xie et al. revealed that Kudingcha dicaffeoylquinic acid (diCQA), made from Kudingcha, decreased the hepatic and adipose tissue masses in HFD-fed mice. It can also induce functional differences in microbial communities consisting of several metabolic pathways, including primary bile acid biosynthesis and secondary bile acid biosynthesis. Furthermore, the relative abundances of Bifidobacterium and Akkermansia were shown to increase after treatment with diCQAs (Xie et al., 2019).



3.2.3.2 Flavonoids

Naito et al. confirmed that EGCG significantly inhibited the HFD-induced increase in histological fatty deposits and TG accumulation in the liver, and improved intestinal dysbiosis. Meanwhile, inhibition of 7a-dehydroxylation, associated with abundance of the Akkermansia and Parabacteroides genera, was shown to decrease the conversion of CA to TCA in the intestine (Naito et al., 2020).

He et al. found that after pure citrus total flavonoid (PTFC) intervention, the degree of fatty changes, infiltration of inflammatory cells, and ballooning of hepatocytes in the liver of HFD-fed mice were significantly reduced. Furthermore, while the relative abundances of Bacteroides and Artemisiaceae increased, the content of toxic BAs (TDCA, DCA, TCA, CA) and the ratio of secondary BAs/primary Bas were enhanced. This revealed that PTFC could alleviate NAFLD by co-regulating GM and BA metabolism (He et al., 2021).




3.2.4 Polyketides

Polyketides consist of a large group of natural biomolecules that are normally produced by bacteria, fungi, and plants. These molecules are clinically important because of their anti-cancer, anti-microbial, anti-oxidant, and anti-inflammatory properties (Xu et al., 2021). Monascus pigments (MPs) from red yeast rice significantly ameliorate lipid metabolism disorders by inhibiting hepatic lipid accumulation and steatosis in HFD-fed rats. Furthermore, the excretion of fecal BAs was also promoted by oral administration of MPs. Meanwhile, some beneficial GM (such as Oscillibacter sp., Ruminococcus albus, and Clostridium sp.) were found to be negatively correlated with serum and hepatic lipid indicators (Zhou et al., 2019b).



3.2.5 Alkaloids

Alkaloids, as a class of natural ingredients derived from traditional Chinese medicines, have previously been shown to inhibit proliferation, metastasis, and angiogenesis; change cell morphology; promote apoptosis and autophagy; and trigger cell cycle arrest (Liu et al., 2019).

Rhizoma coptidis (RC) alkaloids reduced body weight gain, serum TG, and hepatic lipid accumulation in HFHC-fed mice. Furthermore, RC alkaloid feeding significantly increased the abundance of Sporobacter termitidis, Alcaligenes faecalis, and Akkermansia muciniphila in the gut of mice, whereas that of Escherichia coli, Desulfovibrio C21_c20, and Parabacteroides distasonis was suppressed. The synthesis of bile acids was increased by the upregulation of CYP7A1 (He et al., 2016).



3.2.6 Triterpenoids

Triterpenoids (TTP) are widely distributed in higher plants and are of interest because of their structural diversity and broad range of bioactivities. TTP possesses antioxidant, metabolic-regulating, immunomodulatory, and anti-inflammatory activities, suggesting its application as an alternative therapy in some chronic diseases (Ren and Kinghorn, 2019).

2α-OH-protopanaxandiol (GP2), a metabolite of gypenosides in vivo, has been shown to protect mice from HFD-induced obesity and improve glucose tolerance. Moreover, GP2 treatment inhibited the activity of BSH and decreased the abundance of species of the genera Brucella and Desulfovibrio from Proteobacteria and the genera norank_f_Bacteroidales_S24-7_group from Bacteroidetes, thereby increasing the content of TβMCA in the intestine. TβMCA induced GLP-1 production and secretion by reducing the transcriptional activity of nuclear FXR, thereby ameliorating metabolic syndrome (Xie et al., 2020).





4 Discussion

In this review, we discussed and summarized the new findings regarding the effects of natural plants on the regulation of interplay between GM and BA to improve NAFLD. We systemically discussed the joint action between the GM and BA in the pathogenesis of NAFLD. These components show a strong interrelationship. The GM regulates BA synthesis, transport, and reabsorption via expression of metabolites and FXR, while also promoting the conversion of primary BAs to secondary BAs via enzyme activity. Conversely, BAs can directly inhibit the growth of intestinal flora by acting on bacterial membranes. In addition, it can indirectly affect the structure and growth of intestinal bacteria. In addition, we comprehensively reviewed the management of joint action between GM and BAs in NAFLD, in terms of the evidence regarding Natural Plants. These Natural Plants could act as reference for further drug research and discovery to treat NAFLD.

In recent years, a number of studies have shown the potential of food and herb plants as treatments for diet-induced NAFLD. We summarized that the main ingredients in plant foods, which worked effectively, might be attributed to dietary fiber, plant protein, and LCPUFA. Meanwhile, frequent changes in the GM mainly include alterations in the abundance of Bacteroides, Bifidobacterium, Parabacter, Prevotella, and Clostridium after intervention with plant foods. However, the changes in BAs modulated by the plant food profile did not show regularity. In addition, plant herbs, such as Scutellaria baicalensis, Rhizoma coptidis, Ganoderma lucidum, and Grifola frondosa, can also significantly improve the disturbance of GM and BA spectra caused in NAFLD, most of which are anti-NAFLD drugs commonly used in clinical settings. Furthermore, the abundance of Escherichia coli, Bacteroides, Lactobacillus, and Monascus changed frequently after drug treatment. Notably, most drugs improved NAFLD by acting on hepatic CYP7A1, indicating that the BA synthesis pathway accounts for a large proportion of treatment with plant herbs. From the perspective of pathogenesis, both foods and drugs improved glucose/lipid metabolism, insulin resistance, and inflammation in NAFLD. Interestingly, alterations in lipid metabolism were the most obvious, indicating the importance of this pathway.

In addition, active ingredients, including polysaccharides, oligosaccharides, polyphenols, alkaloids, and triterpenoids, can effectively regulate joint action in NAFLD. In the intestine of NAFLD hosts, the active substances mainly regulate the relative abundance of Deferrobacterium, Akkermania, Parabacter, Bifidobacterium, Clostridium, Bacteroides, and Desulfovibrio. Meanwhile, the synthesis pathway of hepatic BAs and modification of primary BAs were significantly modulated after intervention with active ingredients. Also, hepatic lipid metabolism plays a major role in the effect on active ingredients against NAFLD.

However, some limitations in this field remain. Although natural plants have been shown to regulate the interplay of GM and BAs in NAFLD, most studies have not fully clarified the regulatory effect on the interaction between GM and Bas, except for theanbrownin, suggesting that the potential mechanisms of many natural plants need to be further explored. In addition, it remains unclear whether some natural plants can be used as clinical drugs or dietary supplements. Meanwhile, heterogeneity between NAFLD patients should be considered in the clinical setting. Furthermore, the stability and safety of the natural plants need to be confirmed both in vivo and in vitro. Nevertheless, more in-depth research should be conducted to explore the potential mechanism of the interaction between GM and BAs to better reveal the therapeutic effect of natural plants on NAFLD.
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Jujube (Ziziphus jujuba Mill.) fruit (JF) is widely consumed as food in Asian countries due to its potential effects for human health. As a traditional Chinese medicine, JF is often used to treat anorexia, fatigue and loose stools caused by spleen deficiency syndromes in China, but the mechanism underlying this effect has not been thoroughly elucidated. In this study, a rat model of spleen deficiency syndromes was adopted to investigate the therapeutic effect of JF extract and its possible mechanism by metabolomics analyses of plasma and urine as well as the intestinal flora analysis. The results showed that the changes in plasma and urine metabolites caused by spleen deficiency were reversed after administration of JF, and these changed endogenous metabolites were mainly involved in retinol metabolism, pentose and glucuronate interconversions, nicotinate and niacinamide metabolism pathways. The 16S rDNA sequencing results showed that JF could regulate intestinal flora imbalance caused by spleen deficiency. The covariance analysis of intestinal flora structure and metabolome indicated that Aerococcus may be a candidate strain for predicting and treating the metabolic pathways of spleen deficiency and related disorders. In summary, it can be revealed that spleen deficiency, which alters metabolic profiles and the intestinal flora, could be alleviated effectively by JF extract.
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Introduction

Spleen deficiency is a typical clinical symptom in traditional Chinese medicine (TCM), mainly referring to various diseases caused by deficiency or imbalance of Yin and Yang, Qi and Xue of the spleen (Wang et al., 2020). In the theory of TCM, “spleen” is completely different from the spleen organ in Western medicine. The spleen is a comprehensive structural and functional concept that includes not only the spleen in modern anatomy, but also the stomach, pancreas and lymphatic system (Zhang et al., 2016). Spleen deficiency syndrome is clinically manifested by loss of appetite, indigestion, fullness and drowsiness after eating, fatigue, white face and tongue, weight loss, abdominal distension, loose stools or diarrhea, etc., which is a common subhealth state described by Chinese medicine (Lin et al., 2018; Ma et al., 2019; Peng et al., 2020; Shi et al., 2020). The occurrence and development of spleen deficiency will also be closely related to gastrointestinal digestive dysfunction, intestinal inflammatory lesions, low immune status (Wang et al., 2015; Xue et al., 2018), and water metabolism disorders (Cao et al., 2018; Camilleri et al., 2019). Interestingly, in TCM, most patients with cancer cachexia were diagnosed with spleen deficiency (Zhang et al., 2020c). Spleen deficiency has developed into an increasingly non-negligible health problem. Although spleen deficiency is not life-threatening, it seriously affects the patient’s health and quality of life. The research on spleen deficiency has received increasing attention from experts and scholars.

Jujube fruit (JF), the mature fruit of Ziziphus jujuba Mill. (Rhamnaceae) is widely consumed as food in Asian countries due to its potential effects for human health. It has also been used as a traditional herbal medicine for thousands of years. According to the earliest Chinese medical monograph, Shennong Ben Cao Jing (300 BC−200 AD), JF was considered one of the excellent herbal medicines (Chen and Tsim, 2020). TCM believes that JF has the effect of reinforcing spleen and stomach, and is commonly used for the treatment of anorexia, fatigue and loose stools related to deficiency syndromes of the spleen and of hysteria in woman (Gao et al., 2013). Phytochemical studies have shown that JF contains a variety of chemical constituents, including triterpene acids, flavonoids, saponins, alkaloids, phenolic acids, polysaccharides, amino acids, and other components (Guo et al., 2013; Guo et al., 2015; Bai et al., 2016). Although JF has been used for thousands of years to nourish the spleen and benefit the stomach, and modern pharmacological studies have confirmed the efficacy of JF, its overall effect on the body and the biological mechanism have not been elucidated.

Due to the diversity of chemical components of JF and the complexity of drug-organism interactions, it is not feasible to reveal the multi-component synergistic and multi-target characteristics of herbal medicines using only a single index or a simple superposition method (Jin et al., 2016). Metabolomics is a holistic approach to the analysis of endogenous low-molecular-weight metabolites in various biological samples, which allows simultaneous monitoring of multiple metabolic pathways and reasonable speculation on the regulation of these pathways based on metabolite expression (up- or down- regulation) data (Zhang et al., 2020a). This concept is consistent with the integral and systematic characteristics of TCM theory, which focuses on harmonizing the overall internal and external environment of the human body, maintaining the balance of physiological functions of the body, and then improving its immunity and resistance (Li et al., 2015; Wang et al., 2018). Therefore, metabolomics has been widely used in efficacy evaluation and clarification of possible mechanisms of TCM (Yan et al., 2020; Yang and He, 2020). Meanwhile, the application of metabolomics to animal models of spleen deficiency has been reported in the literatures (Liu et al., 2020; Huang et al., 2020).

Notably, the balance of intestinal flora is crucial to human health, and it plays an important role in maintaining normal intestinal functions, including peristalsis, digestion, absorption, barrier, metabolism, and immunity (Xu et al., 2017). More and more studies have shown that herbal medicine can exert therapeutic effects by regulating intestinal flora metabolism, such as kidney Yang deficiency syndrome, acute liver injury, colon cancer, hypertension, etc. (Chen et al., 2019; Liu et al., 2019; Ji et al., 2020; Qi et al., 2020). Spleen deficiency is also considered to be closely related to the imbalance of intestinal flora (You et al., 2020). Therefore, exploring and revealing the relationship between metabolomics and structural alterations of intestinal flora of spleen deficiency can not only enrich and improve the essence of spleen deficiency, but also provide means to discover drugs for treating spleen deficiency and clarify its molecular mechanism.

For the above purpose, UHPLC-Q-TOF/MS was used in this study to analyze the plasma and urine metabolomics of spleen-deficiency rats after JF intervention, and 16S rDNA sequencing was used to analyze the composition of their intestinal flora. Furthermore, covariance analysis of metabolites with specific intestinal flora profiles was performed to reveal potential links between changes in host metabolome and intestinal flora structure. Through the above research, this study aimed to elucidate the potential mechanism of JF for tonifying spleen and stomach from the perspective of metabolomics and intestinal flora, which can also provide reference for relevant research.



Materials and Methods


Materials

JF was collected in Cangzhou, Hebei Province and Sennae Folium were collected in Hainan Province, China. The herbs were identified as the dried fruits of Ziziphus jujuba Mill. and dried leaves of Cassia acutifolia Delile, respectively, by professor Jin-ao Duan, Nanjing University of Chinese Medicine. After collection, the JF (JF-20161018) and Sennae Folium (SF-20160923) voucher specimens were deposited in the Jiangsu Collaborative Innovation Center of Chinese Medicinal Resources Industrialization, Nanjing University of Chinese Medicine under closed and dry conditions at 25 ± 5°C. Shen-Ling-Bai-Zhu granule (SL) was purchased from the Beijing Tong Ren Tang Pharmaceutical Co., Ltd.

Acetonitrile and formic acid were both obtained from Merck KGaA (Darmstadt, Germany). Methanol was purchased from TEDIA Company Inc. (Fairfield, USA). D-xylose was purchased from Aladdin reagent Co., Ltd. (Shanghai, China). Deionized water was purified by a Milli-Q system (Millipore, Bedford, USA).



Preparation of Extract

Sennae Folium (1.5 kg) was refluxed with 15 L water for extraction twice, 30 min each time. The extract was combined after filtration, and the solvent was concentrated at 60°C to obtain the decoction of Sennae Folium containing 1 g of raw drug per ml. JF (1 kg) was cut in half and extracted twice with 6 L water at reflux for 3 h each time. The filtrate was combined and the solvent was recovered to obtain JF decoction with crude drug content of 1.35 g/ml. The extracts were stored at -30°C and diluted with pure water to the required dose when needed. The positive control drug Shen-Ling-Bai-Zhu granule was dissolved in distilled water to prepare the solution containing 0.56 g granule per ml.



Animals

Male Sprague-Dawley rats (200 ± 20 g) were provided by Zhaoyan New Drug Research Center Co., Ltd (Suzhou, China). Permit number: SCXK (SU) 2013-0003. Animals were housed in Drug Safety Evaluation Center of Nanjing University of Chinese Medicine, Nanjing, China. Animal welfare and all protocols of the study were approved by the Animal Ethics Committee of Nanjing University of Chinese Medicine. These rats received food and water ad libitum.

After 7 days of acclimatization, the rats were randomly divided into 6 groups with 6 rats in each: control group (C); model group (M); positive control group (SL, orally administered Shen-Ling-Bai-Zhu granule with the dose of 5.6 g/kg); low dose JF group (JFL, orally administered JF extract with the dose of 2.7 g crude herbs per 1 kg rat weight), medium dose JF group (JFM, orally administered JF extract with the dose of 6.75 g crude herbs per 1 kg rat weight) and high dose JF group (JFH, orally administered JF extract with the dose of 13.5 g crude herbs per 1 kg rat weight). Except for the control group, the other rats were given Sennae Folium extract by intragastric administration at a dose of 10 g/kg for continuous 10 days. During the 10-day modeling process, the rats in each treatment group were given Shen-Ling-Bai-Zhu granule or JF by oral administration. The rats in the control group and model group were given the same amount of water by gavage. The administered volume was 10 ml/kg for each rat, each time. The animals’ weight was recorded every two days.



Sample Collection and Determination of Biochemical Indicators

After the last administration, fresh feces of rats were collected in a sterile centrifuge tube and stored in a refrigerator at -80°C for further determination of intestinal flora. On the 10th day of gavage, the rats were fasted in metabolic cages, and 12 h urine samples were collected. All samples were immediately centrifuged at 1000 ×g for 10 min after collection. Then, the supernatant was separated and stored at -80°C until analysis. After gavage of 5% D-xylose solution for 2 hours on the 11th day, 10% choral hydrate (350 mg/kg, intraperitoneal injection) was used for anesthesia. Blood samples (4 ml) of rats were collected by abdominal aortic intubation approach into 5 ml blood sample collection container with EDTA.K2. Then, 800 µl of whole blood were used to measure peripheral blood routine which mainly includes white blood cell count (WBC, 109/l), red blood cell count (RBC, 1012/l), lymphocyte ratio (LYMPH, %), monocytes ratio (MONO, %), neutrophils ratio (GR, %) and platelet count (PLT, 109/l) by ADVIA120 type fully automatic blood analyzer (Bayer, Germany). The rest of the whole blood samples were centrifuged at 1000 ×g for 10 min. The supernatant of plasma samples was separated and stored at -80°C until UHPLC-QTOF/MS analysis. The rest of the rat blood samples was collected into a blood sample collection container without EDTA.K2. The blood samples were immediately centrifuged at 1000 ×g for 10 min. The supernatant of serum samples was separated and stored at -80°C for further determining the contents of gastrin and somatostatin, and the activities of cholinesterase and amylase by using enzyme-linked immunosorbent assay (ELISA). All ELISA kits were purchased from Nanjing Jiancheng Bioengineering Institute (Jiangsu, China), and each step of the experiment was strictly in accordance with the kit instructions. The content of D-xylose in serum was determined with the commercially available assay kits (Nanjing Jiancheng Bioengineering Institute, China). The spleen and small intestine tissues were quickly removed. The spleen was stripped and weighed, and the spleen index was calculated according to the following formula: spleen index = spleen weight/body weight (g/kg). The small intestine tissues were stored in 4% paraformaldehyde for pathological analysis.



Histopathological Analysis

The small intestine tissues fixed with 4% paraformaldehyde solution were dehydrated, embedded in paraffin, and cut into 4-μm-thick slices. The slides were stained with hematoxylin and eosin (H&E), then observed under light microscopy at 200× using an optical microscope.



Metabolomics Study on Plasma and Urine

Plasma and urine samples were thawed at room temperature before preparation. Methanol (300 µl) was added into each plasma (100 µl) and urine sample (100 µl) to precipitate protein. Afterwards, the mixture was vortexed for 60 s and centrifuged at 16060 ×g for 15 min. Then, 200 µl supernatant of the plasma and urine samples was used for UHPLC-MS analysis. Besides, the quality control (QC) sample was prepared to monitor the reproducibility and stability of the acquisition system. The plasma (or urine) samples were randomly selected from the control and model groups and mixed together as the QC samples, respectively. The QC samples were analyzed every nine samples throughout the whole analytical run.

Experiments was carried out on a Waters Acquity UPLC™ system (Waters Corp., Milford, MA, USA) using a Grace VisionHT C18 column (100 mm × 2.0 mm, 1.5 µm). The column temperature was 35°C during the analysis. The mobile phase was composed of 0.1% formic acid solution (A) and acetonitrile (B) at a flow rate of 0.4 ml/min. The gradient eluting conditions for plasma samples were as follows: 0-3 min, 95%-55% A; 3-13 min, 55%-5% A; 13-14 min, 5% A; the UHPLC elution conditions for urine samples were as follows: 0-8 min, 95%-70% A; 8-11 min, 70%-30% A; 11-13 min, 30%-5% A; 13-14 min, 5% A. The 2 µl sample volume was injected for analysis.

Mass spectrometry was accomplished on a Waters Synapt™ QTOF/MS (Waters Corp., Milford, MA, USA) equipped with an electrospray ionization (ESI) source in both positive and negative ion mode. The parameters of ionization source were set as follows: source temperature of 120°C, capillary voltage of 3 kV, desolvation temperature of 350°C, sampling cone voltage of 30 V, extraction cone voltage of 2 V. The desolvation and cone gas were both nitrogen, and set respectively at the flow rate of 600 and 50 L/h. The scan range was between m/z 100 to 1000 Da. The scan time, interval scan time and collision energy were set respectively at 0.5 s, 0.02 s and 6 eV throughout the whole experiments. Leucine-enkephalin was used as the lock mass which is generating an [M + H] + ion (m/z 556.2771) and [M − H] − ions (m/z 555.2615) in positive and negative modes, respectively. The concentration of Leucine-enkephalin was set at 200 pg/ml and the infusion flow rate was 50 μl/min.

The obtained UHPLC-QTOF/MS data of all samples were analyzed by Masslynx software (version 4.1, Waters Corp. Milford, MA, USA) for peak detection and alignment. For data collection, the method parameters were set as that: retention time range 1.0-14.0 min, mass range 100-1000 Da, mass tolerance 0.05 Da, and noise elimination level 20. Then EZinfo 2.0 software was used to analyze the resulting data by its principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA) and orthogonal projection to latent structures (OPLS) analysis. All variables obtained from UHPLC-MS data sets were mean-centered and scaled to pareto variance before using PCA, PLS-DA and OPLS-DA. The quality of the model was described by the cross-validation parameter Q2 and R2Y of PLS-DA score plots, which indicated the predictability of the model and the total explained variation for the X matrix, respectively. In this study, the variables with variable importance in the projection (VIP) > 1 were considered to be influential for the separation of samples in the score plots generated from PLS-DA analysis (Lenz and Wilson, 2007). Once potential biomarker candidates had been selected from the data analysis, they were mainly identified by online HMDB. Pathway analysis was performed with MetaboAnalyst 3.0.



Gut Flora Analysis

Feces samples were used to extract DNA using the MoBio PowerSoil® DNA Isolation Kit (12888). The extracted DNA was determined by molecular size using 0.8% agarose gel electrophoresis and quantified using UV spectrophotometry. The V4 highly variable region of 16S rDNA was amplified, and the pre-amplified primer sequence was the specific primer 520F (5’-tag +GCACCTAAYTGGGYDTAAAGNG-3’), and the post-amplified primer sequence was 802R (5’-TACNVGGGTATCTAATCC-3’). The PCR amplification products were detected by electrophoresis using 2% agarose gel; the PCR products were mixed in equal concentrations according to the PCR products, and the PCR products were detected by electrophoresis using 2% agarose gel after sufficient mixing, and the target fragments were cut and recovered. PCR products were mixed quantitatively and then used to construct gene libraries using Illumina’s TruSeq Nano DNA LT Library Prep Kit. Finally, 2 × 300 bp double-end sequencing was performed with MiSeq Reagent Kit V4 (600 cycles). The raw data after sequencing were double-ended spliced using FLASH 1.2.7 software (http://ccb.jhu.edu/software/FLASH/). Finally, according to the Index information (i.e. Barcode sequence) corresponding to each sample, the concatenated sequences were identified and assigned to the corresponding samples (exact match of Index sequences is required), thus obtaining the valid sequence of each sample. During the high-throughput sequencing process, a series of erroneous or questionable sequences may be generated. In order to ensure reliable and accurate analysis results, QIIME software was applied to the valid sequences obtained by the above extraction to identify the questionable sequences, and finally USEARCH was called by QIIME software to check and reject the chimeric sequences, so as to obtain high-quality sequences. High-quality sequences with similarity higher than 97% were grouped into an Operational Taxonomic Unit (OTU) using UCLUST software, and OTUs with abundance values lower than 0.001% of the total sequencing of all samples were removed, and sequences with rare OTUs removed were compared with the relevant database Greengenes. The structural composition of the microbial community was obtained by performing abundance, Beta diversity analysis, LEfSe analysis and statistical analysis of the community results of species at each taxonomic level for OTUs.



Correlation Analysis Between Metabolites and Intestinal Flora

The Pearson correlation coefficient was used to show the relationship between the parameters (linear correlation) and the correlation coefficient was always between -1 and +1. If the absolute value of the correlation coefficient was closer to 1, the better the linear relationship. In this experiment, Pearson correlation coefficients r > 0.6 and r < - 0.6 were used to indicate significant positive and significant negative correlations, respectively.



Statistical Analysis

Data were expressed as mean ± SD, and SPSS 22.0 statistical software was used for statistical processing. ANOVA analysis of variance was used when the data were normally distributed and the variances were homogeneous for comparisons between multiple groups; otherwise, Kruskal-Wallis test was used.




Results


Assessment of Spleen Deficiency Model and Reinforcing Spleen Effect of JF Extract

The results of the appearance index, peripheral blood routine and biochemical indicators are shown in Figure 1A. Compared with the control group, the weight, weight increasing rate, lymphocyte ratio (LYMPH) and the levels of serum amylase, D-xylose and gastrin were significantly decreased in the model group, while spleen index, white blood cell count (WBC), monocyte ratio (MONO), platelet count (PLT) and the levels of serum cholinesterase and somatostatin were significantly increased. Compared with the literatures (Zhao et al., 2020; Chen et al., 2021), the above results indicated that the spleen deficiency model induced by Sennae Folium was successful. After the administration of JF, the above indicators tended to recover to the normal levels. HE staining results of small intestine tissues in each group are shown in Figure 1B. Microscopic observation showed that there were more eosinophil infiltration in intestinal mucosa lamina propria, and local small-scale necrosis and exfoliation of intestinal mucosa epithelium in model group rats. The tissue injury score was significantly different from that of the blank group. The high-dose JF group (JFH) showed a significant improvement of the injury caused by Sennae Folium, which indicated that JF can alleviate the symptoms of spleen deficiency.




Figure 1 | Determination of appearance indicator, peripheral blood routine and biochemical indicators (A); pathological sections of small intestine HE staining (B). WBC: white blood cell count; LYMPH: lymphocyte ratio; MONO: monocytes ratio; PLT: platelet count. (C) control group; (M) model group; (SL) positive group; (JFL) low dose group of JF extract; (JFM) medium dose group of JF extract; (JFH) high dose group of JF extract. Data are expressed as means ± SD, n = 6. #P < 0.05, ##P < 0.01: model vs control; *P < 0.05, **P < 0.01: treatment vs model.





Metabolism Analysis

The separation and raw data collection of plasma and urine samples were performed by UHPLC-QTOF/MS. In order to explore the overall changes of metabolite groups in the rats of spleen deficiency model group, PCA and OPLS-DA methods were used to perform pattern recognition on the plasma/urine metabolic profile data of the control and model group rats to obtain the sample distribution maps, which could reflect the degree of similarity and difference between the samples. As shown in the PCA score plots (Figures 2A1–A4), plasma and urine samples from the model group (M) and the control group (C) showed significant clustering in both positive and negative ion patterns, indicating that metabolic abnormalities occurred in the spleen deficient rats compared to the control group. The potential markers of interest (marked in red boxes) were subsequently extracted from the S-plots (Figures 2C1–C4) constructed by OPLS-DA (Figures 2B1–B4). The metabolites in plasma and urine samples were identified based on MS/MS data, KEGG, HMDB 3.6 and PubChem, and a total of 31 metabolites were annotated (22 metabolites from plasma and 9 metabolites from urine). The mass spectrometry data and their changing trends in the model group compared to the control group are shown in Table S1.




Figure 2 | PCA scores plots (A), OPLS-DA scores plots (B) and S-plots of OPLS-DA (C) for plasma (1, 2) and urine (3, 4) of model group (red) vs. control group (black) in positive (1, 3) and negative (2, 4) ion mode; summary of pathway analysis in plasma and urine with MetPA (D). (1) D-glutamine and D-glutamate metabolism; (2) retinol metabolism; (3) pentose and glucuronate interconversions; (4) alanine, aspartate and glutamate metabolism; (5) nicotinate and niacinamide metabolism; (6) ether lipid metabolism; (7) selenoamino acid metabolism; (8) glycolysis or gluconeogenesis; (9) arginine and proline metabolism; (10) steroid hormone biosynthesis.



The UHPLC/Q-TOF/MS data of normal, model, SL, JFL, JFM and JFH groups in positive and negative ion mode were analyzed by PLS-DA analysis to obtain the changes in the control, model and each administration group of rats (Figure 3). The relative levels of 31 endogenous metabolites in plasma and urine of rats were statistically examined, and the results (Figure 4) showed that 21 endogenous metabolites (except PM2) in plasma and 6 (except UN2, UN5 and UN8) in urine of the JF administration groups were returned to normal levels in different degrees compared with the model group, which indicated that the abnormal metabolism of spleen-deficiency rats was effectively improved.




Figure 3 | PLS-DA score plots of rat plasma and urine samples classifying the C, M, SL, JFL, JFM and JFH in both positive and negative modes. (A) ESI+ mode of plasma; (B) ESI- mode of plasma; (C) ESI+ mode of urine; (D) ESI- mode of urine.






Figure 4 | Changes in the relative intensity of target metabolite of plasma and urine identified by UHPLC-QTOF/MS. (C) control group; (M) model group; (SL) positive group; (JFL) low dose group of JF extract; (JFM) medium dose group of JF extract; (JFH) high dose group of JF extract. Data are expressed as means ± SD, n = 6. #P < 0.05, ##P < 0.01: models vs control; *P < 0.05, **P < 0.01: treatment vs model.



In order to explore the possible pathways of JF extract on spleen deficiency rats, endogenous metabolites in Table S1 were imported into MetaboAnalyst 4.0 database (https://www.metaboanalyst.ca/faces/ModuleView.xhtml). The metabolic pathways with effect values greater than 0.1 were selected as the potential target pathways (Wang et al., 2012). Twenty-seven metabolic pathways were constructed, which were important for the host response to the spleen deficiency. As shown in Figure 2D, after the intervention of JF, the retinol metabolism, pentose and glucuronate interconversions, nicotinate and niacinamide metabolism, ether lipid metabolism, selenoamino acid metabolism and steroid hormone biosynthesis pathways in spleen deficient rats were improved. Among them, retinol metabolism, pentose and glucuronate interconversions, nicotinate and niacinamide metabolism were filtered out as the most important metabolic pathway for their high impact-value.



Gut Flora Analysis

The structure and diversity of intestinal flora in rats with spleen deficiency caused by Sennae Folium were analyzed by 16S rDNA sequencing, and the regulation effect of JF on the abnormal intestinal flora was investigated. Taxonomic composition analysis of the intestinal flora (Figures 5A, B) showed that: at the phylum level, there was no significant difference in the overall structure of the microflora in each group, among which Firmicutes had the highest relative abundance, followed by Proteobacteria and Bacteroidetes; at the genus level, the relative abundance was higher for Lactobacillus, followed by Peptostreptococcaceae_ukn, Lachnospiraceae_ukn and Enterobacteriaceae_ukn.




Figure 5 | Effects of JF extract on the structure of intestinal flora in spleen-deficiency rats. The percent of community abundance at the phylum (A) and genus (B) levels. LEfSe hierarchical tree (C) of between control group and model group.



By LEfSe analysis (Figure 5C), differential flora was found at the taxonomic levels of phylum, order, family and genus in the feces of rats in spleen deficiency model group compared with the control group. A total of 31 differential genera were found in the genera classification of the bacteriophages, among which Allobaculum, Turicibacter, Corynebacterium, Sutterella, Coprococcus, Akkermansia, Bifidobacterium, Proteus, Aerococcus, Enterococcus, Epulopiscium, Morganella, Collinsella, and Brevibacillus were upregulated in the model group, while Psychrobacter, Anaerostipes, Dehalobacterium, Ruminococcus, Oscillospira, Streptococcus, Desulfovibrio, and Lactobacillus showed a down-regulation trend in the model group. JF could improve the relative abundance of Allobaculum, Turicibacter, Corynebacterium, Proteus, Aerococcus, Enterococcus, Epulopiscium, Morganella, Collinsella and Brevibacillus in the spleen deficiency model in varying degrees (Figure 6).




Figure 6 | Average relative abundance of difference features flora in feces of all groups. (C) control group; (M) model group; (SL) positive group; (JFL) low dose group of JF extract; (JFM) medium dose group of JF extract; (JFH) high dose group of JF extract. Data are presented as mean ± SD, n = 6. #P < 0.05, ##P < 0.01: model vs control; *P < 0.05, **P < 0.01: treatment vs model.





Covariation Analysis Between Intestinal Flora Structure and Metabolome

To reveal the potential associations between structural changes in the intestinal flora and changes in the host metabolites, Pearson correlation coefficients were calculated for 31 potential biomarkers identified and differential flora (at the phylum and genus levels) to generate correlation matrices. As a result, a map of intestinal flora-host metabolites interactions in the pathological state of spleen deficiency was constructed, as shown in Figure 7. A total of four genera were positively correlated with five potential differential metabolites (r > 0.6), including Desulfovibrio with taurocholic acid (PM14), Streptomyces with niacinamide (UN3) and 17α-hydroxypregnenolone (UN8), Epulopiscium with 3-methyl-1-hydroxybutyl-ThPP (PM17), and Aerococcus with niacinamide (UN3), 17α-hydroxypregnenolone (UN8) and vitamin A (UN9). Four genera were found to be negatively correlated with five potential biological metabolites (r < -0.6), such as Lactobacillus with LysoPC (22:4(7Z,10Z,13Z,16Z)) (PM16), Desulfovibrio with 5-amino-6-(5’-phosphoribitylamino) uracil (PM20), Streptococcus with LysoPC (22:6(4Z,7Z,10Z,13Z,16Z,19Z)) (PM5), and Dehalobacterium with all-trans-hexaprenyl diphosphate (PM18) and DHAP (10:0) (PM21). These relationships suggested that the gut microbiota can influence host metabolism and the associated metabolic pathways furthermore.




Figure 7 | Correlation analysis between potential biomarkers and differential intestinal flora.






Discussion

Spleen deficiency is a common clinical symptom in TCM, which is a comprehensive pathological change of multiorgan and multisystem weakened functions, mainly due to reduced digestion and absorption function. Based on the TCM theory of “bitter cold injures the spleen”, the classical animal model of spleen deficiency caused by Sennae Folium was used in this experiment (Zhang et al., 2020b; Zhang et al., 2021). The blood routine, organ index, pathological sections and a series of physiological and biochemical indexes closely related to the model of spleen deficiency were selected to evaluate the traditional efficacy of JF in tonifying the spleen. The results showed that JF could improve the activity of amylase which was a key enzyme for digestion and absorption of sugars. The increase of its activity means that JF could enhance the metabolism and absorption of nutrients and improve the digestive function of spleen-deficiency rats (Haq et al., 2020). After the administration of JF, the level of gastrin was increased, which could stimulate the secretion of gastric acid, pepsin and trypsin (Zhao et al., 2011), promote the contraction of gastric antrum, increase the flow of gastric mucosa, and nourish the mucosa of gastrointestinal tract. The decrease of somatostatin content indicated that JF could reduce the inhibitory effect on gastric emptying and intestine peristalsis, enhance the secretion of gastric acid and pepsin, as well as the absorption of carbohydrates, amino acids and other nutrients in the small intestine (Rai et al., 2015; Schubert and Rehfeld, 2020). By reducing the white blood cell count and increasing lymphocyte ratio in the blood, JF were found to enhance immunity and relieve inflammation. JF also demonstrated intestinal protection by alleviating small intestinal tissue damage caused by spleen deficiency. Taken together, it could be hypothesized that JF can achieve the effect of nourishing the spleen by regulating digestive system, immune system and energy metabolism.

To determine the metabolic changes related to the spleen deficiency model in rats and the interventional role of JF, metabolomic studies were performed on their plasma and urine samples based on UHPLC-QTOF/MS technology. After multilevel statistical analysis, 31 potential biomarkers were identified, which were involved in D-glutamine and D-glutamate metabolism, retinol metabolism, pentose and glucuronide interconversion, alanine, aspartate and glutamate metabolism, nicotinate and niacinamide metabolism, ether lipid metabolism, selenoamino acid metabolism, glycolysis or gluconeogenesis. Differential metabolites and corresponding metabolic pathways seem to have diagnostic and prognostic functions in spleen deficiency, but these need to be further investigated. After intervention with JF, the retinol metabolism, pentose and glucuronate interconversions, nicotinate and niacinamide metabolism, ether lipid metabolism, and selenoamino acid metabolism were improved in spleen deficiency rats. The results showed that JF could nourish the spleen, and the possible mechanism of invigorating spleen could be presumed by metabolomics.

The potential biomarkers of retinyl palmitate (PM11), retinyl ester (PM15) and vitamin A (retinol, UN9) were all involved in the retinol metabolism. Vitamin A presented as different molecules forms, mainly including retinol, provitamin A carotenoids, and retinyl esters (Borel and Desmarchelier, 2017). Retinyl palmitate is also a retinyl ester, the main form of dietary prefabricated vitamin A (Ribaya-Mercado et al., 1994). Vitamin A is essential to human health and plays important roles in vision, growth, fertility and immune functions (Underwood, 1994). The metabolism of plasma retinyl palmitate, retinyl ester and urine vitamin A (retinol) in the rats of model group were disordered compared to those in the control group. It could be speculated that the spleen deficiency leads to the disorder of retinol metabolism, which may cause the impairment of vision, growth, fertility and immune function. Besides, it has been reported that the administration of taurocholic acid (PM14) could enhance vitamin A absorption in rats, and studies revealed that a complex correlation existed between vitamin A metabolites and bile acid (Saeed et al., 2017). The level of taurocholic acid in model rats’ plasma was down-regulated, which indirectly confirmed that the retinol metabolism has been disordered on the other hand.

Deoxycholic acid 3-glucuronide (PM6) is a metabolite of deoxycholic acid generated in the liver by UDP glucosyltransferase and involved in pentose and glucuronate interconversions. Deoxycholic acid and taurocholic acid (PM14) are both bile acids, used as detergents to dissolved fats for intestinal absorption, and then reabsorbed by themselves. Bile acids were physiological detergents that facilitate excretion, absorption, and transport of fats, sterols and other hydrophobic nutrients in the intestine and liver (Claudel et al., 2005). They stimulate bile flow and intestinal motility, regulate lipid secretion and glucose levels, which are essential for the solubilization and absorption of dietary lipids and fat-soluble vitamins (Keely et al., 2022; Mohammed et al., 2022). It has been implicated in the regulation of all the key enzymes for cholesterol homeostasis. At the same time, there are significant effects on gastrointestinal motility and secretory function, intestinal barrier permeability, apoptosis, glucose metabolism and inflammatory response regulation (Panek-Jeziorna and Mulak, 2017). In addition, studies have shown a complex interaction between bile acids and intestinal flora, while bile acids are also essential chemical communication components linking the intestinal flora and the intestinal immune system (Biagioli et al., 2021). Bile acids induce diarrhea by increasing colonic viability and secretion, and affect inflammation and microbiota (Camilleri and Vijayvargiya, 2020). The disorder of deoxycholic acid 3-glucuronide and taurocholic acid indicated the dysfunction of pentose and glucuronate inter-conversions (Zhang et al., 2012). Furthermore, it could be found that bile acids were involved in the pathological process of spleen deficiency and may be a key factor for digestion and absorption.

Niacinamide (UN3) is considered as one of the main participate in nicotinate and niacinamide metabolism and also an indispensable compound of coenzyme niacinamide adenine dinucleotide (NAD). Niacinamide participates in oxidation-reduction reactions, intervenes in energy metabolism and other physiological processes, plays an important role in lipid metabolism, carbohydrate anaerobic decomposition and tissue respiration hyper-oxidation processes (Mejía et al., 2018). When it participates in the NAD salvage pathway in mammals, the process needs adenosine triphosphate (ATP) to execute. The depletion of ATP affects NAD regeneration, and results in the accumulation of niacinamide (Skordi et al., 2007; Yu et al., 2017). In this study, increase of niacinamide in urine may be due to ATP depletion which is subsequently excreted in urine, which speculated that the metabolism of nicotinate and niacinamide in rats with spleen deficiency induced by Sennae Folium was interfered. In addition, nicotinate and niacinamide metabolism are involved in protein and sugar metabolism and are associated with inflammatory responses. Nicotinate has also been proved to alleviate intestinal inflammation and promote the repair of intestinal mucosal barrier injury (Li et al., 2017). After JF intervention, the content of niacinamide decreased, which was considered to be related to the improvement of diarrhea symptoms in spleen deficiency rats, the regulation of nicotinate and niacinamide metabolism, the alleviation of intestinal smooth muscle contraction and the decrease of energy demand.

After JF intervention, the relative contents of retinyl palmetate, retinyl ester, vitamin A, deoxycholic acid 3-glucuronide, taurocholic acid and niacinamide returned to the normal level. The results indicated that JF can improve spleen deficiency by altering retinol metabolism, pentose and glucuronate interconversions, nicotinate and niacinamide metabolism, so as to regulate digestive and absorption system, immune system and energy metabolism system. In addition, the metabolites with significant changes should be validated in subsequent experiments to confirm their roles.

Based on 16S rDNA sequencing technology, the structure of intestinal flora from phylum to genus was found to be altered in spleen-deficiency rats compared with the control group. The administration of JF significantly improved the elevated relative abundance of Allobaculum, Turicibacter, Corynebacterium, Proteus, Aerococcus, Enterococcus, Epulopiscium, Morganella, Collinsella and Brevibacillus caused by spleen deficiency. Aerococcus is a conditioned pathogen that can cause osteomyelitis, septic arthritis, meningitis, endocarditis, bacteremia and other infections (Sahu et al., 2021). It has been reported that Aerococcus could regulate the immune response through the production of pro-inflammatory cytokines (Curty et al., 2017). Proteus is highly abundant in inflammatory bowel disease and induces colitis in specific pathogen-free (SPF) mice (Srivastava et al., 2020). The relative abundance of Aerococcus and Proteus increased significantly in model group, indicating that the occurrence of intestinal inflammation caused by spleen deficiency, which is consistent with the results of pathological section. Enterococcus is a potential pathogen (Ponziani et al., 2018), and is associated with impaired intestinal permeability, which can induce a higher susceptibility to intestinal inflammation through the production of gelatinases that damage the epithelial barrier (Li et al., 2019). Corynebacterium is a clinically important bacterium, which can be regarded as a nosocomial infection pathogen related to sepsis, endocarditis, surgical wound infection, especially often causes infections in patients with low immune function (De Carvalho et al., 2021). Morganella was originally thought to be the cause of diarrheal disease, and it is now considered to be an important conditioned pathogen (Singh et al., 2015). Turicibacter is a common bacterium in the gastrointestinal tract and feces of humans and animals, but its ecological role and pathogenic potential remain unclear (Auchtung et al., 2016). It was evident that JF extract could improve and alleviate the symptoms of spleen deficiency rats by reducing the number of pathogenic microorganisms, such as Corynebacterium, Proteus, Aerococcus and Morganella.

The relationship between potential biomarkers and differential intestinal flora was evaluated by correlation analysis in this study. The results demonstrated that niacinamide (UN3), 17α-hydroxypregnenolone (UN8) and vitamin A (UN9) were the differential metabolites highly expressed in the model group. Niacinamide is considered to be a compound mainly involved in the metabolism of nicotinate and niacinamide, and plays an important role in lipid metabolism, anaerobic decomposition of carbohydrates, and hyperoxidation of tissue respiration (Mejía et al., 2018). 17α-Hydroxypregnenolone is the precursor of adrenal and gonadal steroid hormones, and often used as a sign of congenital adrenal hyperplasia and gonadal dysfunction (McKenna et al., 1977; Včeláková et al., 2007). Vitamin A participates in retinol metabolism and has a variety of physiological functions such as maintaining normal visual function, promoting cell growth and differentiation, regulating immune system function, and inhibiting tumor growth (Carazo et al., 2021). Aerococcus, as a conditioned pathogen, can regulate the immune response by production of pro-inflammatory cytokines, and its relative abundance is presumed to be elevated due to spleen deficiency diarrhea (Curty et al., 2017). According to Pearson’s correlation coefficient, Aerococcus was found to be positively correlated with niacinamide, 17α-hydroxypregnenolone, and vitamin A in urine, while JF was able to improve the elevated relative abundance of Aerococcus caused by spleen deficiency. It could be speculated that the elevated relative abundance of Aerococcus could further drive the pathological process of spleen deficiency by affecting retinol metabolism, nicotinate and niacinamide metabolism. Aerococcus may be a candidate strain for predicting and treating spleen deficiency and related disordered metabolic pathways.

In conclusion, this study combined plasma and urine metabolomics and 16S rDNA sequencing technology to explore the mechanism of JF in improving spleen deficiency rats, and to find the correlation of related metabolites and intestinal flora. The results suggested that JF may exert its spleen-supplementing effect by regulating retinol metabolism, pentose and glucuronate interconversions, nicotinate and niacinamide metabolism and intestinal flora diversity in spleen-deficiency rats. Aerococcus may be a candidate strain for predicting and treating spleen deficiency and related disordered metabolic pathways. Importantly, these findings highlight the potential importance of the gut microbiota on the spleen-supplementing activities of JF, presenting a new perspective on the mechanism of this herbal medicine, which would lay a foundation for further development of JF in clinical and daily health care application. Further work should focus on determining the most effective ingredients in JF for supplementing spleen. Moreover, fecal microbiome transplantation can be performed to analyze the key pathways triggered by JF.
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Traditional Chinese herbal medicine often exerts the therapeutic effect of “treating different diseases with the same method” in clinical practice; in other words, it is a kind of herbal medicine that can often treat two or even multiple diseases; however, the biological mechanism underlying its multi-path and multi-target pharmacological effects remains unclear. Growing evidence has demonstrated that gut microbiota dysbiosis plays a vital role in the occurrence and development of several diseases, and that the root cause of herbal medicine plays a therapeutic role in different diseases, a phenomenon potentially related to the improvement of the gut microbiota. We used local intestinal diseases, such as ulcerative colitis, and systemic diseases, such as type 2 diabetes, as examples; comprehensively searched databases, such as PubMed, Web of Science, and China National Knowledge Infrastructure; and summarized the related studies. The results indicate that multiple individual Chinese herbal medicines, such as Rhizoma coptidis (Huang Lian), Curcuma longa L (Jiang Huang), and Radix Scutellariae (Huang Qin), and Chinese medicinal compounds, such as Gegen Qinlian Decoction, Banxia Xiexin Decoction, and Shenling Baizhu Powder, potentially treat these two diseases by enriching the diversity of the gut microbiota, increasing beneficial bacteria and butyrate-producing bacteria, reducing pathogenic bacteria, improving the intestinal mucosal barrier, and inhibiting intestinal and systemic inflammation. In conclusion, this study found that a variety of traditional Chinese herbal medicines can simultaneously treat ulcerative colitis and type 2 diabetes, and the gut microbiota may be a significant target for herbal medicine as it exerts its therapeutic effect of “treating different diseases with the same method”.
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1 Introduction

In the past decade or so, with the development of research projects such as the Human Microbiome Project and Human Intestinal Metagenome Project (Metagenomies of the Human Intestinal Tract, MetaHIT), human cognition in the field of gut microbiota has made significant progress, and the publication of relevant research results has increased exponentially (Illiano et al., 2020). Based on the evidence gathered so far, the impact of gut microbiota on health is profound and complex. Healthy gut microbiota not only prevent potentially harmful bacteria in the gut from entering the blood circulation, but also regulate metabolism and the immune system as well as provide nutrients and energy to the body. Furthermore, disorders associated with the gut microbiota are involved in the occurrence and development of various diseases, and altering this state by adjusting the diet, taking intestinal microecological agents, and even flora transplantation potentially reverse the development process of a variety of diseases to a certain extent, thus providing a novel idea for clinical treatment (Valdes et al., 2018).

Ulcerative colitis (UC) and type 2 diabetes mellitus (T2DM) are diseases closely linked to the state of the gut microbiota. As an important type of inflammatory bowel disease (IBD), UC is characterized by a continuous inflammatory response in the colorectal mucosa, which involves the rectum and damages the colon to varying degrees. Clinically, recurrent attacks and relief of alternating diarrhea, abdominal pain, mucus, pus, and blood stool are the main symptoms (Ananthakrishnan, 2015). T2DM is the main type of diabetes (accounting for > 90%), and its initial elevated blood sugar is often caused by insulin resistance. Over time, insulin production by islet beta cells gradually becomes insufficient, resulting in persistent hyperglycemia (Cho et al., 2018). Globally, the incidence of both diseases is increasing annually, and clinical evidence reveals that UC can significantly increase the risk of T2DM (Li et al., 2021c), which may be related to immune inflammation caused by intestinal flora disturbance (Jurjus et al., 2016).The combination of UC and T2DM is a difficult clinical problem. On the one hand, glucocorticoids, the first-choice treatment for UC, potentially aggravate blood-glucose fluctuation and render blood-glucose control difficult; on the other hand, hyperglycemia also makes it increasingly difficult to repair the damaged intestines of patients with UC, thus posing hidden threats to postoperative recovery (Maconi et al., 2014).

Traditional Chinese medicine (TCM) has a long history of application in China and East Asia and has significant advantages in the treatment of various complex diseases. “Treating different diseases using the same method” is an important constituent of the theoretical system of TCM; that is, when two or more diseases have the same core pathogenesis, TCM doctors may prescribe similar or exact treatments. In recent years, researchers have conducted several studies to explore the scientificity; for example, network pharmacology research has found that different diseases have related or the same pathogenesis, and TCM can play a therapeutic role in two or more diseases by regulating these core targets (Su et al., 2022). In addition, several omics studies have explored and confirmed the common characteristics of different diseases from the perspective of genes, proteins, and metabolites, and regulating these key targets is of great significance in disease treatment (Chang et al., 2018; Yang, 2019; Liu et al., 2020). Moreover, we found gut microbiota disorders to also be related to the emergence and development of a variety of diseases, and restoration of the intestinal microecology may also be a potentially important link to TCM‘s therapeutic role in “treating different diseases using the same method”.

Accumulating evidence suggests that many herbal medicines or their herbal compounds, such as Rhizoma Coptidis and Gegen Qinlian decoction, potentially play a therapeutic role in UC and T2DM (Zhang et al., 2013; Tian et al., 2019), and their pharmacological effects are related to the regulation of the gut microbiota. However, due to the lack of a comprehensive summary of relevant research, the utility of gut microbiota as a potential target to explain the effects of “treating different diseases with the same method” is yet to be fully elucidated. Therefore, the purpose of this review is to use UC and T2DM as examples to explain the role of the gut microbiota in the multi-pathway treatment mechanisms of TCM.



2 The Relationship Between UC and T2DM


2.1 Clinical Evidence of the Relationship Between the Two Diseases

Several studies have reported a correlation between UC onset and T2DM. A Danish, population-based cohort study found that patients with UC were significantly more likely to develop T2DM, and this risk was highest in the first year of IBD diagnosis and could persist for more than two decades (Jess et al., 2020); meanwhile, two cross-sectional studies also found the odds of suffering from T1D to increase significantly in patients with UC, a phenomenon possibly related to immune-system dysregulation (Kappelman et al., 2011; Halling et al., 2017). Moreover, a meta-analysis of five clinical studies confirmed that UC was associated with an increased risk of diabetes (odds ratio [OR]/relative risk [RR] = 1.33, 95% confidence interval [CI]: 1.03 to 1.71) (Jurjus et al., 2016). However, a retrospective cohort study from South Korea found that Crohn’s disease may increase the risk of developing diabetes; however, there was no statistical difference in patients with UC (Kang et al., 2019). In addition, UC may also promote the occurrence of other metabolic disorders besides diabetes, such as obesity, metabolic syndrome, and non-alcoholic fatty liver disease, among others (Hyun, 2021). What is the reason for this pathological phenomenon? To reveal the causes of this pathological phenomenon, researchers explored the topic from the perspective of genetics and found that there was some overlap in the susceptibility genes of patients with IBD and those of patients with metabolic diseases, such as diabetes (Lees et al., 2011).



2.2 Multiple Hypoglycemic Drugs Have Therapeutic Potential for UC

A retrospective study from Taiwan, China, found that patients with diabetes taking metformin had a significantly lower risk of developing UC, and a series of experimental studies found metformin to have a therapeutic effect on UC (Tseng, 2021), possibly by reducing intestinal tissue inflammation, maintaining normal mitochondrial structure, and protecting intestinal barrier integrity by regulating the TGF-β, NF-κB, LKB1/AMPK, and JNK pathways (Pandey et al., 2017; Deng et al., 2018; Samman et al., 2018; Wang et al., 2019; Liu et al., 2021). Another study found that the mucosal protective effect of metformin in UC mouse models was associated with an increased profusion of Akkermansia muciniphila (Ke et al., 2021). In addition, the simultaneous use of metformin and heat shock protein 90 potentially modulates HSP90/NLRP3 interaction and induces autophagy, thereby inhibiting colonic inflammation (Saber and El-Kader, 2021). Moreover, the co-administration of metformin and another hypoglycemic drug, empagliflozin, potentially exerts pharmacological effects on UC through the AMPKα/mTOR/NLRP3 signaling pathway and IL-23/IL-17 axis (Youssef et al., 2021).

In addition to metformin, other antidiabetic drugs may have potential therapeutic actions for UC. A randomized controlled clinical study confirmed that rosiglitazone, a thiazolidinedione hypoglycemic drug, was effective in the treatment of mild to moderately active UC (Lewis et al., 2008); however, a retrospective study did not support the conclusion that thiazolidinediones can treat UC (Lund et al., 2011). In addition, gliclazide, an insulin secretagogue, has also been shown to improve intestinal inflammation in UC rats via the PPARγ, NF-κB, and MAPK signaling pathways (Arafa et al., 2020). Several studies have also focused on the therapeutic potential of GLP-1 receptor agonists in UC, and Bang-Berthelsen et al. confirmed that GLP-1R mRNA tends to decrease by observing tissue samples from the colonic inflammation area of patients with IBD. GLP-1R-knockout IBD-model mice also showed the abnormal proliferation of microbial species in their feces and were more prone to intestinal damage, whereas the GLP-1 receptor agonist Exendin-4 and human GLP-1 analog liraglutide potentially reduced colonic inflammation through immunomodulation (Zatorski et al., 2019).



2.3 The Common Phenotypes Between UC and T2DM


2.3.1 Gut Microbiota

A substantial body of research has provided evidence for the role of gut microbiota in the progression of UC and T2DM. The proportion of certain anti-inflammatory butyrate-producing bacteria, such as Faecalibacterium prausnitzii and Roseburia spp., decreased in the gut of patients with UC and animal models. Although some proinflammatory bacteria, such as Fusobacterium and Escherichia coli, were enriched, the diversity of the gut microbiota also demonstrated a downward trend (Pavel et al., 2021). Butyrate is a type of short-chain fatty acid (SCFA) that plays a protective role in the intestinal barrier and maintains the barrier integrity of epithelial cells by regulating the proliferation and development of intestinal epithelial cells; due to the imbalance of the microbiota structure, the total content of butyrate in the gut of patients with UC also decreases (Xu et al., 2021b). In people with T2DM, there are certain similarities in gut-microbiota changes. The abundance of some beneficial bacteria, such as Bifidobacterium, Bacteroides, Roseburia, Faecalibacterium, and Akkermansia, showed a downward trend (Xu et al., 2021b). However, numerous other opportunistic pathogens showed an upward trend (Qin et al., 2012). Similarly, the abundance of butyrate-producing bacteria and content of butyrate in the intestinal tract also tended to decrease in some prediabetic and T2DM populations; when this trend was reversed, the disturbance of glycometabolism also improved (Arora and Tremaroli, 2021). In addition, other intestinal metabolites, such as tryptophan and bile acids, also cause disorders in patients with UC and T2DM (Liu et al., 2022).



2.3.2 Intestinal Barrier

The intestinal barrier comprises mechanical, chemical, immune, and biological barriers. Once the intestinal mucosa is damaged, bacteria and their derived toxins may infiltrate the blood circulation, enter the peripheral tissues, and induce metabolic inflammatory reactions. Intestinal-barrier damage in individuals with UC includes not only apoptosis, necrosis, and necroptosis in intestinal epithelial cells, but also disorders in tight junction protein expression, such as decreases in ZO-1 and claudin-4 and an increase in claudin-2 (Hyun, 2021). This pathological damage also occurs in individuals with T2DM. Through a retrospective analysis of capsule endoscopy data of patients with T2DM, Zhong et al. found that the incidence of intestinal villous edema and Lewis score (obtained based on intestinal villous edema, ulceration, and pathological strictures) were significantly higher than those in non-T2DM patients, and the Lewis score was positively correlated with the severity of insulin resistance (Zhong et al., 2016). Lipopolysaccharides (LPS) are important components of the cell wall of gram-negative bacteria and are released during the death and lysis of bacteria. Under physiological conditions, low concentrations of non-pathogenic LPS can be detected in circulation; however, in the state of gut-microbiota dysbiosis and intestinal mucosal damage, LPS molecules proliferate in the intestine and “leak” into the blood circulation (Cani et al., 2012). Through a prospective clinical analysis, Shen et al. found the serum LPS level in patients with T2DM to be significantly higher than that in non-T2DM patients, and LPS was positively correlated with blood-glucose fluctuation, indicating that poor blood sugar control in the short term potentially causes damage to the intestinal mucosa (Shen et al., 2019). Similarly, animal experiments further confirmed that the T2DM model also had abnormal tight junction protein expression and chronic immune inflammation in the intestinal tissue (Zhang et al., 2020); nonetheless, the degree of intestinal injury was far less than that in UC.



2.3.3 Chronic Inflammation

UC pathogenesis is the result of a combination of multiple pathogenic factors, and diffuse mucosal inflammation is the main symptom (Dai et al., 2021). Recent studies have found the abnormal production of inflammatory cytokines and activation of related signaling pathways in individuals with T2DM, and gut-microbiota disorders and intestinal-barrier injury both play important roles in the pathological process of inflammation, similar to that in UC (Hotamisligil, 2006). Normally, the inflammatory response in UC is limited to the colon and rectum, while chronic inflammation in T2DM is systemic, especially in tissues or organs closely related to the pathogenesis of T2DM, such as the liver, pancreas, and fatty tissue. There are numerous overlapping inflammatory signaling pathways involved in UC and T2DM, of which the nuclear factor kappa B (NF-κB)-related pathway is representative (Jurjus et al., 2016). NF-κB plays a central role in the development of various chronic inflammatory diseases. In the resting state, NF-κB bound to the kappa-B (I-κB) inhibitor is blocked in the cytoplasm in an inactive form; however, under the influence of bacterial components (e.g., LPS), proinflammatory cytokines (e.g., TNF-α, IL-1, etc.), or viruses, the inhibitor of NF-κB kinase is activated, inducing the phosphorylation of I-κB and promoting the nuclear translocation of NF-κB (Ben-Neriah and Karin, 2011). In individuals with UC, elevated NF-κB levels in the nucleus of colonic tissue promote the release of a series of proinflammatory factors encoded by the NF-κB signaling pathway, aggravate the local inflammatory response and tissue damage, and destroy the integrity of the intestinal barrier (Lu and Zhao, 2020). In the T2DM model, increased NF-κB levels widely exist in the intestine, pancreas, and insulin-target organs (Zhang et al., 2020), and are closely related to chronic inflammation, oxidative stress, insulin resistance, and several complications (Sahukari et al., 2020). In addition, multiple other inflammatory signaling pathways may be involved in these two diseases, such as transforming growth factor-β (TGF-β), tumor necrosis factor-α (TNF-α), and peroxisome proliferator-activated receptor (PPAR), among others (Jurjus et al., 2016; Hong et al., 2018).




2.4 Summary

Overall, clinical studies have found a significant correlation between the occurrence of UC and T2DM, and antidiabetic drugs such as metformin can also play a significant role in the treatment of UC. In addition to genetic factors, gut-microbiota disturbance may be the “common ground” that leads to the pathogenesis of both UC and T2DM, and it not only promotes the occurrence of local inflammation in the intestinal tract, but also damages the intestinal mucosal barrier, leading to the “leakage” of LPS and the occurrence of chronic systemic inflammatory response. Thus, targeting the gut microbiota potentially exerts therapeutic effects in both UC and T2DM.




3 TCM Research Progress in the Treatment of UC and T2DM

To comprehensively summarize the progress of TCM research regarding the treatment of UC and T2DM simultaneously, we searched databases such as PubMed, Web of Science, and China National Knowledge Infrastructure and identified individual herbs or Chinese herbal formulations (Tables 1, 2), and thoroughly excavated molecular mechanisms from the perspective of gut microbiota, intestinal barrier, and inflammatory response.


Table 1 | Research progress of individual herb or herbal extracts for the simultaneous treatment of UC and T2DM.




3.1 Individual Herbs or Herbal Extracts

Berberine and curcumin are well-known herbal extracts whose hypoglycemic effects have been confirmed by multiple clinical studies (de Melo et al., 2018; Liang et al., 2019); moreover, these two extracts have also proven to improve intestinal inflammation (Zhang et al., 2016; Li et al., 2020). Berberine is an active alkaloid isolated from Rhizoma coptidis, and the regulation of the intestinal microbiota is a key target for berberine’s multiple pharmacological effects (Habtemariam, 2020; Cheng et al., 2021). In animal models of UC and T2DM, berberine increased the number of beneficial bacteria and reduced the potential pathogenic bacteria, thereby reducing inflammatory cell infiltration, repairing the intestinal mucosal barrier, and playing a role in the treatment of UC (Liao et al., 2020). In addition, it potentially reduces serum LPS levels, thus alleviating the chronic inflammatory state by downregulating the TLR/NF-κB signaling pathway (Zhang et al., 2019). Curcumin, a polyphenol extracted from Rhizoma curcumae longae, can repair dysregulated gut microbiota and exert various pharmacological effects. On the one hand, it can regulate the balance of Treg/Th17 cells in patients with UC and inhibit the expression of inflammatory factors, such as IL-6 and IL-17A (Zhong et al., 2021); on the other hand, it also prevents the LPS “leakage,” inhibits the occurrence of systemic inflammatory responses, and protects pancreatic islets and insulin target organs (Huang et al., 2021).

In the TCM theory system, Radix astragali seu Hedysari, Rhizoma atractylodis macrocephalae, and Radix ginseng are considered to have the effect of “invigorating qi” and potentially treat various debilitating diseases. Radix astragali seu Hedysari is a perennial Compositae plant, and its extract has been shown to increase butyrate-producing bacteria in the intestine, modulate the PI3K signaling pathway in T2DM mice (Gong et al., 2021), and repair the damaged intestinal mucosal barrier in mice with UC by reducing the pathogenic bacteria Escherichia spp. and Shigella spp. (Peng et al., 2020). Rhizoma atractylodis macrocephalae is often used as a beneficial spleen herb in China because of its unique advantages in improving gastrointestinal dysfunction (Yang et al., 2021a). Polysaccharides are important active ingredients of Atractylodes macrocephala, and Feng et al. found Atractylodes polysaccharides to increase beneficial bacteria, such as Lactobacillus and Butyricicoccus, affect the metabolic process of amino acids and bile acids, and reverse the damaged intestinal-tissue structure in UC model mice (Feng et al., 2020); in addition, its ethanol extract can also repair intestinal mucosal injury and reduce serum IL-1β and LPS levels in T2D mice (Zhang et al., 2017). Saponins are the main active components of ginseng and have anti-inflammatory and metabolic regulatory effects (Gao et al., 2020). In mouse models of UC and T2D, ginsenosides regulate gut microbiota, thereby improving intestinal mucosal damage and a series of inflammatory reactions (Wei et al., 2020; Long et al., 2022).

Furthermore, some herbs, such as Folium mori, Radix salviae miltiorrhizae, and Radix scutellariae, among others, also have dual therapeutic effects on UC and T2D, and more details are summarized in Table 1.



3.2 Chinese Herbal Formulae

Chinese herbal formulae are an ingenious combination of several herbs under the guidance of TCM theory, which are characterized by multicomponent, multitarget, and synergistic effects (Qiu, 2007). Gegen Qinlian decoction (GGQLD), Huanglian Jiedu decoction (HLJDD), and Huangqin decoction (HQD) are considered to have the “clearing heat” effect, and modern research suggests that they have obvious anti-inflammatory effects and could be widely used in acute or chronic inflammatory diseases (Gao et al., 2017). GGQLD was first recorded in the book Treatise on Febrile and Miscellaneous Diseases written by Zhongjing Zhang, mainly comprising Gegen (Radix puerariae), Huangqin (Radix scutellariae), Huanglian (Rhizoma coptidis), and Gancao (Radix glycyrrhizae). The effects of GGQLD on the treatment of UC and T2DM are closely related to gut-microbiota regulation, and in the dextran sulfate sodium (DSS)-induced UC rat model, it potentially increased the relative abundance of the Lachnospiraceae_NK4A136_group and Roseburia (Li et al., 2021); in a T2DM rat model, it potentially increased butyric acid-producing bacteria, such as Faecalibacterium, Roseburia, Clostridium XIVa, and beneficial bacteria, such as Flavonifractor and Acetatifactor (Xu et al., 2020; Tian et al., 2021). In addition, GGQLD may also increase the expression of ZO-1 and occludin and downregulate inflammatory factors IL-6, IL-1β, TNF-α, IFN-γ, and IL-17 in both disease models, thereby repairing the intestinal mucosal barrier and reducing the level of inflammation in the intestine and circulation. Additionally, Shenling Baizhu Powder (SLBZP) and Lizhong Decoction (LZD) are considered to have the effect of “invigorating the spleen and regulating the stomach”, while Banxia Xiexin Decoction and Wumei Decoction are the representative formulae for treating diseases characterized by the cold-heat complex. In modern clinical practice, the above formulae have been widely used in various gastrointestinal and metabolic diseases, and the gut microbiota may be a potential key target. More details are listed in Table 2.


Table 2 | Research progress of herbal formulae for the simultaneous treatment of UC and T2DM.






4 Discussion


4.1 Gut Microbiota: A Potential Key Target of Herbal Medicine in the Simultaneous Treatment of UC and T2DM

Over 1,000 species of gut microbiota constitute a complex ecosystem that interacts with the host, and some pathological changes, such as the imbalance of flora structure, proliferation of pathogenic bacteria, and disorder of flora metabolites, may disturb the host’s homeostasis, leading to the occurrence of a variety of diseases (Geng et al., 2022). By analyzing the above articles, it is evident that the regulatory effects of TCM on the gut microbiota are mainly manifested in the following aspects (Figure 1).




Figure 1 | TCM’s therapeutic effect of treating UC and T2DM using the same method. TCM, traditional Chinese medicine; UC, ulcerative colitis; T2DM, type 2 diabetes mellitus; LPS, lipopolysaccharide; SCFAs, short chain fatty acids; BAs, bile acids; Trp, tryptophan.




4.1.1 Regulation of the Microbiota Structure

The diversity of the gut microbiota form the basis of its physiological functions, and a reduction in diversity has been confirmed to be closely related to the occurrence of various diseases. Both clinical and basic studies have confirmed that some patients with UC and UC mouse models induced by DSS decrease gut microbiota diversity (Xu et al., 2021a; Zhuang et al., 2021), and after exclusive enteral nutrition and chemical drug treatment, α-diversity indicators show an upward trend (Radhakrishnan et al., 2022). Similarly, decreased diversity has been observed in individuals with T2DM and in high-fat-fed mouse models (Nyavor et al., 2019; Balvers et al., 2021). As described in Tables 1, 2, most TCMs, such as curcumin and Rhizoma atractylodis macrocephalae, restore the diversity of flora, which may be one of the factors for treating different diseases using the same method. However, berberine (the main component of Rhizoma Coptidis) was confirmed to reduce bacterial diversity in both UC and T2DM models, possibly be due to its strong antibacterial efficacy (Li et al., 2021b), and its therapeutic effect on UC and T2DM may be similar to that of antibiotics. In addition, Huanglian Jiedu decoction, which uses Huanglian as the main drug, also reduced the bacterial diversity in UC mice.

Studies have demonstrated that the increased abundance of Firmicutes is associated with the development of obesity, and an upward trend in high-fat-fed animal models of T2DM has also been observed (Abenavoli et al., 2019). Some clinical studies have confirmed that the Bacteroidetes population is reduced in patients with UC, and this status could also be altered by microbiota transplantation; however, some studies have drawn contrary conclusions (Shi et al., 2016). As shown in the table, some TCMs have a clear regulatory effect on Firmicutes and Bacteroides, and most of them reduce the Firmicutes/Bacteroides ratio, which may be related to their therapeutic effect on the disease; however, considering the complexity of the gut microbiota, this conclusion requires further investigation.



4.1.2 Increasing Beneficial Bacteria

Bifidobacterium is an important probiotic that exists in human and animal intestines and is closely related to a variety of physiological and pathological phenomena in the body. In both UC and T2DM, the abundance of Bifidobacterium has exhibited a downward trend (Prosberg et al., 2016; Gurung et al., 2020), and probiotics containing Bifidobacterium potentially play an adjuvant role in the treatment of these two diseases (Tiderencel et al., 2020; Yao et al., 2021), which may be related to the regulation of intestinal immunity, inhibition of mucosal inflammation and oxidative stress, and protection of the intestinal barrier (Hampe and Roth, 2017). As indicated in the tables, the mechanism of action of curcumin and some prescriptions, such as SLBZP and LZD, on UC may be related to the regulation of Bifidobacterium spp. Akkermansia muciniphila, which has been a research topic of interest in recent years, can increase the integrity of the intestinal barrier by activating the Toll-like receptor 2 signaling pathway and promoting the production of IL-10, increasing the level of endocannabinoids in the intestine, among other substances. (Everard et al., 2013; Naito et al., 2018) Similar to that of Bifidobacterium, the Akkermansia muciniphila population was also significantly reduced in UC and T2DM individuals, and some Chinese herbal extracts, such as berberine and Rhein, could effectively increase the abundance of this bacterium in the gut. Lactobacillus is also a probiotic with various effects, such as mucosal protection and promotion of intestinal peristalsis. Compared to inactive UC, the abundance of Lactobacillus in the intestinal tract of active UC has also shown a downward trend (Prosberg et al., 2016), and several Chinese herbal extracts potentially promote the proliferation of Lactobacillus in the UC model, which may also be an important factor for the efficacy of Chinese herbs. Moreover, we noticed that although some Lactobacillus species are also beneficial for the treatment of T2DM (Miraghajani et al., 2017), the Chinese herbs and Chinese herbal formulations listed in Tables 1, 2 did not increase the abundance of Lactobacillus in the T2DM model.



4.1.3 Inhibition of Opportunistic Pathogens

Opportunistic pathogens in the gut microbiota are also important targets of TCM in the treatment of UC and T2DM. The impact of pathogenic Escherichia-Shigella on the host cannot be ignored; it not only affects the host through virulent factors, such as enterotoxins, adhesin fimbriae, and Shigella-like toxins, but also potentially damages the intestinal mucosa and affects the expression of intestinal tight junction proteins by destroying the host-cell actin cytoskeleton and stimulating the secretion of intestinal pro-inflammatory cytokines (Pawłowska and Sobieszczańska, 2017). In addition, the abundance of the opportunistic pathogens Enterobacter and Enterococcus was also negatively correlated with glucose and lipid metabolism and inflammatory indicators (Fei and Zhao, 2013; Patterson et al., 2016). TCM extracts, such as berberine and curcumin, and formula LZD potentially reduce the abundance of these bacteria, which may be the key factor for their therapeutic effect.



4.1.4 Regulation of Gut Microbiota Metabolites

In addition to the gut microbiota, the relationship between gut-related metabolites and diseases has attracted extensive interest from researchers (Liu et al., 2022). Butyric acid, an important component of SCFAs, plays an important role in inhibiting intestinal inflammation and maintaining intestinal mucosal barrier integrity. The protective effects of butyric acid on the intestinal barrier are multifaceted. First, it can activate G protein-coupled receptors, which in turn activate their downstream signaling pathways and affect the differentiation and migration of intestinal immune cells. Second, butyrate can also activate PPARs; promote the expression of tight junction proteins; ensure intestinal barrier function; inhibit the activation of the NF-κB signaling pathway, that is, the expression of inflammatory factors; and promote the secretion of intestinal antimicrobial peptides (Silva et al., 2018). In addition to its effects on the gut, butyrate can directly regulate the host’s glucose and lipid metabolism, body weight, and appetite, among others, and plays an important role in maintaining the host’s metabolic homeostasis (Zhang et al., 2021a). In the intestines of patients with UC and T2DM, the content of butyric acid and abundance of butyrate-producing bacteria tend to decrease, and the intake of dietary fiber, prebiotics/probiotics, or direct supplementation with butyric acid preparations all potentially play an adjuvant-treatment role (Coppola et al., 2021; Zhang et al., 2021a). The tables show that some Chinese herbs not only directly increase the content of butyric acid in the intestine but also promote the proliferation of the following butyric acid-producing bacteria: Prevotella, Faecalibacterium, Butyricicoccus, and Roseburia, thus exerting therapeutic effects in both diseases.

Tryptophan (Trp) is also a key gut metabolite that can affect various intestinal and metabolic diseases (Agus et al., 2018). The aromatic hydrocarbon receptor (AhR) ligand, the metabolite produced by intestinal Trp-decomposing microorganisms, showed a decreasing trend in the intestines of patients with IBD (Lamas et al., 2016), and recent studies have confirmed that, as a key immunomodulator, AhR ligands potentially induce a variety of cellular and epigenetic mechanisms to attenuate inflammation (Cannon et al., 2021). Trp is also important for glucose and lipid metabolism in the host. A clinical study found that the levels of hemoglobin A1c, total cholesterol, low-density lipoprotein cholesterol, and apolipoprotein B-100 were lower in the high tertile of Trp than in the low tertile (Wang et al., 2022). Indolepropionic acid and indoleacrylic acid are substances commonly formed after Trp decomposition, both of which are beneficial for restoring the function of the intestinal epithelial barrier and reducing the inflammatory response. Another study found that higher serum IPA levels were associated with a reduced risk of developing T2DM and improved insulin secretion (Ballan and Saad, 2021). In addition, abnormalities in synthesis, metabolism, and related signal-transduction pathways of bile acids (BAs) have been observed in patients with UC and T2DM. As the cometabolite of “host and gut microbiota,” BAs potentially promote the repair of intestinal mucosa and affect the secretion of intestinal hormones (e.g., GLP-1) through takeda G protein-coupled receptor 5 (TGR 5) and farnesoid X receptor (FXR) pathways (Bromke and Krzystek-Korpacka, 2021; Xie et al., 2021). LPS molecules are vital components of the outer membrane of Gram-negative bacteria. Excessive LPS levels in the intestinal tract and circulation can trigger an immune inflammatory response and lead to the progression of UC and T2D (Usuda et al., 2021). Overall, the imbalance of the above gut-related metabolites/derivatives caused by gut microbiota disorders is a common pathological link between UC and T2D and is also a potential target of TCM’s therapeutic effects.




4.2 Improvement of the Intestinal Barrier and Inflammatory Response: Important Links for Herbal Medicine in Treating UC and T2DM

The intestinal barrier effectively prevents harmful substances in the intestine, such as pathogenic microorganisms, various biological macromolecules, and antigens, from entering the blood circulation. In the above studies, intestinal tight junction proteins were the most commonly used indicators for assessing intestinal damage. When stimulated by factors such as inflammation and oxidative stress, the protein function is damaged and the density of the intestinal barrier is reduced, leading to the “leakage” of inflammatory substances and LPS molecules into the blood circulation, resulting in the occurrence of chronic systemic inflammation (Monaco et al., 2021). Occludin and claudin are transmembrane proteins and ZO is a peripheral membrane scaffold protein, all of which are indispensable components of intestinal tight junctions (Vancamelbeke and Vermeire, 2017). In the studies listed in the tables, various Chinese herbs appeared to modulate the expression of these proteins and play a role in enhancing intestinal permeability.

During UC onset, the production of inflammatory cytokines, such as TNF-α and INF-γ, by lymphocytes and lamina propria immune cells in the inflammatory intestinal epithelium potentially induces the expression of apoptosis-related proteins, such as caspase-1 in the epithelial cells, while inhibiting the expression of anti-apoptotic proteins, such as Bcl-2, thus inducing apoptosis of epithelial cells. At this time, the epithelial cells adjacent to the apoptotic cells cannot effectively seal the space left by the apoptotic cells; that is, the intestinal tight junctions are damaged and intestinal mucosal permeability is increased (Xie et al., 2022a). Presumably, intestinal mucosal damage is an inevitable result of an immune inflammatory response in patients with UC, thus eventually leading to the formation of a vicious circle between the two. However, in the T2DM model, increased permeability of the intestinal barrier is an important inducer of systemic inflammation, and LPS is an important mediator of the connection between the intestine and peripheral tissues. Studies have confirmed that CD14, an important component of the LPS-receptor complex, and its related molecules, TLR-2, TLR-4, and MD-2, are expressed in human and rat islets (Vives-Pi et al., 2003), and the activation of the receptor triggers the accumulation of numerous inflammatory factors through signaling pathways, such as NF-κB, which subsequently impair the normal secretion of insulin by downregulating the expression of PDX-1 and MafA (Amyot et al., 2012). In addition, LPS can also release inflammatory factors by combining with corresponding receptors in insulin target organs, such as the liver, and fat tissue, thereby disrupting the insulin signaling pathway and insulin receptor expression, ultimately reducing insulin efficacy and leading to the occurrence of T2DM (Singer-Englar et al., 2019).




5 Conclusion

TCM potentially plays a therapeutic role in different diseases; however, the underlying principle has not been explained from the perspective of modern science. In this study, we comprehensively searched Chinese medicines, their extracts, and Chinese medicine compounds that can treat both UC and T2DM and found that the gut microbiota and “gut-inflammation” axis may be the key targets and important ways to achieve this pharmacological effect. In particular, the effects of most TCMs on the microbiota were related to modulating the microbiota structure, increasing the abundance of beneficial bacteria, increasing the concentration of intestinal butyrate, and inhibiting the proliferation of opportunistic pathogens. Notwithstanding, this review has the following limitations. First, most of the research conclusions listed in this review are based on animal experiments, and there is an urgent need for further evidence from human studies. Second, there is a complex interaction between the gut microbiota and host, and the causal relationship between disease improvement and the recovery of disrupted gut microbiota after intervention with TCM remains unclear. Therefore, the preliminary conclusion of TCM treating UC and T2DM by improving the gut microbiota warrants further investigation, such as the use of sterile animal models.

In fact, there are many examples of certain herbal medicines treating different diseases simultaneously. For example, Coptis chinensis can treat hyperglycemia, dyslipidemia, and metabolic-related fatty liver disease simultaneously, and through bidirectional regulation of gastrointestinal motility, Astragalus can effectively treat diarrhea and constipation. The impact of gut dysbiosis on health is multifaceted, and alterations in certain bacteria are associated with several different clinical phenotypes. Modulation of the gut microbiota potentially has therapeutic effects on a variety of diseases. The comprehensive regulatory effect of the intestinal flora on health is consistent with the “holistic view of traditional Chinese medicine”, and it also provides a new idea for research on the scientific connotation of “treating different diseases with the same method”.
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Background

Unlike chemical drugs with a single or a few kinds of active compounds, traditional Chinese medicines (TCMs)uses herbal formulas composed of numerous kinds of chemical constituents. Therefore, TCM clinical trials require unique and stricter standards for collecting, preserving, and transporting fecal samples than those used for chemical drugs. Unfortunately, there are no special standards for processing fecal samples in TCM clinical trials.



Methods

We invited interdisciplinary experts within TCM clinical trials and gut microbiome research to help formulate this standard. After more than a year’s in-depth discussion and amendments, we achieved a standard via expert interviews, literature research, questionnaire surveys, and public opinion solicitation. This standard has been reviewed and approved by the Standards Office of China of the Association of Chinese medicine.



Results

We established a sample information processing method prior to TCM clinical sample collection, which is adapted to the unique features of TCM. The method formulates detailed processing requirements for TCM information in addition to the factors that may disturb the gut microbiome. We also constructed a set of methods for collecting, preserving, and transporting fecal samples that meet the characteristics of TCM. These methods formulate detailed operating specifications on the collection approaches, storage conditions, transportation requirements, and management of fecal samples.



Conclusions

This standard guides the information processing prior to sample collection and the standard operating procedures for the collection, preservation, and transportation of fecal samples in TCM clinical trials, which also can be used as a reference by clinicians and researchers in modern medicines.





Keywords: traditional Chinese medicine (TCM), clinical trial, gut microbiome, fecal sample collection, fecal sample processing, standard



1 Introduction

The gut microbiome is the largest and most complex micro-ecosystem of the human body (Thursby and Juge, 2017). A huge body of evidence has demonstrated that the gut microbiome strongly impacts the host’s health and is closely related to the pathological mechanisms of infections, metabolism, autoimmune disorders, cancer, and other diseases (Thaiss et al., 2016; Cani, 2018; Gopalakrishnan et al., 2018; Dabke et al., 2019). The gut microbiome and drugs interact during medical regimens (Li et al., 2009; Shin et al., 2014; Feng et al., 2015; Liu et al., 2019; Yue et al., 2019; Wu et al., 2022). The in-depth study of the interactions between the gut microbiome and medicines is an important way to reveal their mechanisms (Wang et al., 2021; Zhang et al., 2021). Due to the lack of standardized processing methods, the results from individual studies are inconsistent, and further analysis and comparison of published data are challenging. A previous clinical study has reported that BBR ameliorates diabetes by increasing the abundance of Bifidobacterium (Chen et al., 2016). However, more high-quality, large-scale studies have shown that BBR reduces the abundance of Bifidobacterium in human participants, which contradicts previous results (Sun et al., 2017).

Meta-analyses have shown that the heterogeneity of medical results on the gut microbiome is also significant (Zheng et al., 2021). Concerning the source of heterogeneity, except for interindividual variation (Falony et al., 2016) (gender, age, ethnicity, geography, and occupation), lifestyle intervention and sample processing strategies are important confounding factors. Some studies have shown that eating habits significantly impact the gut microbiome, which explains 57% of the total structural variations (Sánchez-Tapia et al., 2019). Among them, alcohol consumption and prebiotic use are particularly strong sources of gut microbiome variance (Dubinkina et al., 2017). In addition, exercise training induces compositional and functional changes in the human gut microbiome, especially in SCFA-producing taxa (Faecalibacterium spp. and Lachnospira spp.) (Allen et al., 2018). There are apparent inconsistencies between researchers and the actual fecal sample collection and preservation procedures, which is another important reason for the variability of research results (Zhang et al., 2017). Some studies have chosen to store fecal samples at -20°C, but a study suggested that feces storage at -20°C could adversely affect the abundance of Firmicutes and Bacteroidetes (Bahl et al., 2012). Collecting the outer or inner parts of the feces makes a significant difference and produces diametrically opposite results regarding the ratio of aerobes/anaerobes (Wu et al., 2019). Complex processing parameters, such as moisture content, decoction time, and temperature, influence the bioactivities of drugs, leading to discrepancies in the results. Although interindividual variation between subjects is inevitable, these technical sources of variation are controllable within clinical data set information processing and fecal sample manipulation management. At present, many studies have considered only limited confounding factors, and a systematic and comprehensive methodological standard is urgently needed.

For TCM clinical trials, TCM theories guide the formulation of diagnostic criteria and outcome indicators in TCM clinical trials (Hao et al., 2017). During information processing, it is necessary to analyze the characteristics of TCM, such as the holistic philosophy, syndrome differentiation and treatment, and drug prescriptions, in order to reveal the unique relationship between TCM and the gut microbiome. Unlike chemical drugs, TCM is often composed of compound herbal prescriptions, which have the characteristics of diverse dosage forms, large dosages, complex components, and multi-target mechanisms (Sun et al., 2013; Wang et al., 2021). The oral components of TCM with a lower bioavailability have a longer residence time within the intestine as well as more complex metabolic processes (Gong et al., 2020). The amount of TCM residual components in the feces is also significantly higher than other chemical drugs. The components that are not absorbed by the small intestine will directly contact the intestinal flora after entering the colon. These characteristics lead to a more direct effect of TCM on the fecal flora; thus, it is easier to adversely affect the structure of the fecal flora and the detection of metabolites (Chen et al., 2016). Therefore, compared with other trials, TCM clinical trials have unique and stricter requirements for information processing and operation management in obtaining fecal samples (Del Savio et al., 2017; Han et al., 2019). The authenticity of fecal samples is affected by various interference factors, including improper processing of the subject’s information, contamination of the external environment and equipment, improper storage time, temperature, and transportation methods (Ji et al., 2019). All these factors affect the accuracy of the final results; therefore, establishing standardized sample processing guidelines in order to obtain uniform and high-quality fecal samples is of great importance to TCM clinical research involving the gut microbiome. Standardization guidelines also help achieve uniform and comparable results from different experiments performed by different research groups (Deda et al., 2015; Amos et al., 2020). Currently, systematically describing the detailed processing of the fecal sample in clinical reports has been highly recommended (Neuberger-Castillo et al., 2020).



2 Materials and Methods


2.1 Study Design

The project team comprises 12 experts and 1 secretary within TCM clinical trials and gut microbiome research. There are a total of 8 institutions, including 5 clinical hospitals, 2 research institutes, and 1 company. The project team jointly completed the drafting of the plan for this standard and invited methodological experts to review the proposed standard. In April 2020, the project was officially established in the Standards Office of China Association of Chinese medicine. The preparation of this consensus was carried out in strict accordance with the standards steps. First, a project team was established to clarify the primary research issues, and then expert interviews, literature research, and questionnaire surveys were used to form an expert consensus. Next, this standard was further revised and improved by conducting a solicitation of opinions. Finally, submit for review after the standard revision is completed (Figure 1).




Figure 1 | Flowchart for the development of Standards for collection, preservation, and transportation of fecal samples in TCM clinical trials.





2.2 Expert Interviews

The expert interviews adopt a semi-structured interview format. A project member joint discussion determines the list of members within the interviewed expert group. A total of 4 interviewed experts, with at least 10 years of work experience, significant academic achievements within the field of TCM-microbiome research, and can provide methodological guidance on the content, format, preparation, and utility of this standard.



2.3 Literature Research

After the project team invited the methodological experts to discuss, the document research plan was determined, and a detailed retrieval strategy was developed. The retrieval time was from 1990 to 2020. The search tools included 3 English language databases (PubMed, SCI, and SpringerLink), 4 Chinese databases (China Knowledge Network, Weipu Science and Technology Journal Database, Wanfang Full-text Library, and Chaoxing Digital Library), a national standard information service platform, and the patent platform State Intellectual Property Office. The searched materials and information covered various forms of documentation such as journal manuscripts, master and doctoral theses, e-books, online reviews, standards, and patents. Independent personnel screened and summarized the literature as well as conducted the qualitative and quantitative analysis.

Keywords: Chinese medicine, herbal medicine, traditional medicine, clinical trials, intestinal flora, gut microbiome, fecal samples, operations, specifications.



2.4 Questionnaire Surveys

Based on the foundation of the previous research work, the project team used the improved Delphi method to reach a consensus through questionnaire voting. Compared with the traditional Delphi method, the improved Delphi method is based on the previous research results, replacing the open questionnaire with a structured questionnaire, which can significantly improve efficiency (Hasson et al., 2000). If the consensus degree of a proposed recommendation opinion is >75%, it is considered that the opinion has reached a consensus, and only minor modifications are required based on expert opinions. If the consensus degree of a proposed recommendation opinion is less than <75%, the opinion has not reached a consensus. A total of 14 research experts participated in the questionnaire surveys.



2.5 Solicited Opinions

Letters were sent out to solicit opinions, from September 21, 2020, to November 20, 2020; the draft of the soliciting opinions was sent to 30 experts from 30 institutions within 17 provinces in China. Thirty experts responded to the letter. Out of the 30, 23 experts (76.67%) had no opinion, and 7 experts replied with a suggestion or an opinion. The project team discussed and revised the suggestions and opinions individually. The revised standard was submitted for review in November 2020. The Standards Office of the Chinese Society of Chinese Medicine independently invited 10 experts to conduct a peer review. In March 2021, the results were finally approved by a unanimous vote and officially announced.




3 Results


3.1 Information Processing Before Fecal Samples Collection


3.1.1 Basic Information of the Subjects

The TCM clinical trials information should be carefully reviewed and recorded, including project number, project name, research institutions, and subject identification number. Other required information includes (1) each subject’s personal information including name, gender, birthday, ethnicity, height, weight, BMI, occupation, and residence, (2) medical information including past medical history, surgical history, marriage and childbirth history, and family genetic history, and (3) infectious disease information including a history of infectious diseases and a history of contact with epidemic areas.



3.1.2 Information on the Use of TCM

The production and use of TCM information should be carefully reviewed and recorded (Lin et al., 2021), including (1) the manufacturer, production batch, production date, preservation method, and processing method of the trial drug, (2) the diseases and symptoms treated with TCM, TCM name, dosage form, dosage administration method, time, and frequency of TCM administration, and (3) a history of allergies and adverse reactions to TCM.



3.1.3 Information on the Use of Antibiotics

The usage information of antibiotics should be carefully reviewed and recorded (Hao et al., 2020), including the reason for use, the type of antibiotic, the dosage form, the method of administration, the intensity and frequency, and the start and last time of medication administration.



3.1.4 Gastrointestinal Information

The subject’s gastrointestinal discomfort should be carefully reviewed and recorded (Weersma et al., 2020), including nausea, vomiting, bloating, acid reflux, abdominal pain, diarrhea, constipation, blood in the stool, identify the cause, frequency and intensity of uncomfortable symptoms, physical and chemical examinations, diagnosis, treatment, and the start and end time of therapy.



3.1.5 Information on Other Influencing Factors

For combined medication (Glassner et al., 2020), especially medication pertaining to the gastrointestinal tract, it should be clarified whether to use microecological preparations, as well as the type, composition, dosage, time, and frequency of the drug used. For eating habits, meat-eaters and vegetarians, the use of probiotic/prebiotic food supplements and their ingredients, and the duration and frequency of smoking and drinking should be clearly distinguished (Bajaj, 2019). Exercise habits, it is necessary to distinguish between athletes and non-athletes and record the intensity, duration, and frequency of exercise (Allen et al., 2018). Mental health should be clearly distinguished among the patients with mental illness and those without and the manifestations and severity of depression and stress should be recorded.



3.1.6 Fecal Condition Information

Fecal sample condition should be recorded and analyzed after the subjects defecate and before the actual sample collection, including the time, period, and frequency of defecation habits, whether assisted defecation is needed and specific usage methods, reactions and accompanying symptoms during defecation, the shape, smell, color, and residue of the feces. However, it can be combined with the TCM theories of deficiency and actuality, cold and heat, qi and blood, body fluid, and viscera location in order to conduct a TCM syndrome differentiation analysis of the feces (Zhang et al., 2019).




3.2 Collection of Fecal Samples


3.2.1 Collection Time

Oral administration is the most common route of administration in TCM clinical trials. Fecal samples should be collected before administering the first dose of medication; it is recommended to collect fecal samples in the morning (Wu and Tan, 2019). It is best to form a fixed bowel habit to facilitate the following consistent simultaneous collection. If a fecal sample is not collected at the prescribed time, as a remedial plan, it should be collected within 2 hours after administration of the medication. In the event of acute diarrhea, constipation, or other unique circumstances, the temporary remedial collection of fecal samples should be carried out 8 hours after administration of the medicine and before the next medication administration.

For non-oral administration routes, such as intravenous and intramuscular injection, acupuncture, and massage, since they do not directly pass through the gastrointestinal tract, fecal samples can be taken at any time during the treatment. However, for direct intestinal administration such as the anus or an enema, fecal samples should be collected before the administration of therapy. It should be emphasized that the fecal sample cannot be collected immediately or prematurely after direct administration. In special cases, remedial collection can be performed 12 hours after administration. In addition, if the clinical trials have a unique research purpose, the collection time of the fecal samples can be adjusted under the principle of minimizing the TCM residue within the feces (Angelakis et al., 2016).

The frequency of fecal sampling should be collected before treatment and at least once during each treatment cycle (Miyoshi et al., 2020). Each collection should be completed within 2 days before the end of the treatment cycle.



3.2.2 Collection Location

The collection of fecal samples can be done at the hospital under the guidance of the principal investigator, or it can be done at home by the subject following the collection instructions. It is recommended that fecal sampling should be completed at the hospital.



3.2.3 Collection Method

Before the first collection of the fecal samples, the subjects should be fully informed of the specific operating methods and primary collection points (Table 1) (Bolte et al., 2021). It is recommended to use a special fecal sample kit for collection (Choo et al., 2015; Szopinska et al., 2018). If economic conditions permit, it is recommended to repeat sampling multiple times in order to reduce the relative error caused by the methodology (Fan and Pedersen, 2021).


Table 1 | Primary points of the collection method of fecal samples in TCM clinical trials.





3.2.4 Sample Management After Collection

After completing the collection, the following information should be recorded: (1) the sample’s basic information, including sample number, type, volume, and properties, (2) the entire collection process, including the informed consent, clinical questionnaire, collection location, collection method, collection time, and the participants information.

The collection of fecal samples with potentially infectious diseases should be implemented in accordance with national policies and regulations. It is necessary to adopt safe operation procedures and containers for fecal collection of the corresponding biological safety level needs.




3.3 Preservation of Fecal Samples


3.3.1 Preservation Method

Fecal samples should be preserved using liquid nitrogen rapid freezing (Moossavi et al., 2019). For example, the fecal samples should immediately be put into liquid nitrogen for rapid freezing after being collected, and then immediately transferred to a -80°C freezer for long-term storage (Shaw et al., 2016). When quick freezing is not immediately possible, the samples should be frozen in a -80°C freezer within half an hour after the sample is collected (Gorzelak et al., 2015).

For fecal samples collected from clinical patients or remote areas, due to the lack of rapid low-temperature freezing conditions, stable liquid solutions should be used for storage, such as 100% ethanol, EDTA buffer, or commercially available reagents (Nsubuga et al., 2004; Han et al., 2018; Jenkins et al., 2018). Fecal samples using stable liquid solutions should be delivered to the clinical investigators within 2 days for uniform cryopreservation. It is recommended to use commercially available reagents for preservation.

When commercial reagents are used in sample preservation within TCM clinical trials, products produced by the same company should be used for all samples during the entire trial. Furthermore, the sample container should be filled with aliquots and a sufficient volume of reagents that cover the entire sample to ensure the consistency of sample processing. In addition, it should be noted that products from different companies cannot be mixed. The commercial reagents should be shaken and inspected before use and after adding the samples.



3.3.2 Sample Management During Preservation

After the fecal samples are preserved, the preservation information, sample number, preservation method, preservation temperature, and storage location should be recorded. Using a specific and uniform format code to process, classify, and preserve the samples through a biological sample library data-based management system is recommended.

The fecal samples should not be frozen and thawed repeatedly during the cryopreservation period (Li et al., 2016). Simultaneously, the fecal samples should be regularly sampled and inspected in strict accordance with the standard operating procedures to ensure the quality of sample preservation. The fecal samples information should also be updated promptly.

The frozen preservation time of the fecal samples should be as short as possible, no more than 6 months (Carroll et al., 2012). If the storage conditions are stable, the sample can be extended to 1 year (Shaw et al., 2016). Conversely, the samples will be sent to the laboratory for testing after the first freeze-thaw cycle if the storage conditions are unstable.

Fecal samples with potentially infectious diseases should be preserved in accordance with the operating specifications within the national laws and policies. The infectious disease information of the fecal samples should be clearly marked and stored in a particular location.




3.4 Transportation of Fecal Samples


3.4.1 Transportation Method

Researchers must first identify the fecal samples that need to be transferred to the laboratory for testing and fill in the sample information table, including sample label, transfer quantity, project name, and TCM information. Next, the transported fecal samples are packaged in three-layers. In addition, potentially infectious fecal samples should be packaged and labeled in accordance with the highest-level requirements of the WHOs Guidance on regulations for the transport of infectious substances.

Evaluating the influencing factors such as climate, season, time, distance, and temperature, an icebox with sufficient dry ice in a thick foam box can be used for short-distance transportation (Vandeputte et al., 2017). A dedicated medical sample transfer box should be used when the temperature is high, and the transfer conditions are poor (Yang et al., 2020). It is recommended that the transportation of fecal samples under dry ice storage conditions should be completed within 24 hours (Liang et al., 2020).

If the fecal samples are delivered by express delivery, a company with the qualifications necessary to transport medical biological samples should be used and should have cold chain transportation and safety monitoring capabilities.



3.4.2 Sample Management During Transportation

The transfer-out, transportation, and transfer-in parties should jointly specify the specific operation methods of the fecal sample’s transportation, including the handover time, transportation route, and destination. It is also necessary to prepare relevant documents and instructions in accordance with the laws and regulations related to the transfer of biological samples.

When the fecal sample is transferred out or received, the following information needs to be verified and includes whether the packaging is intact, whether the packaging label is clear, and whether the information indicated in the document is consistent. After verification, the transfer record sheet should be signed for confirmation. Meanwhile, the information tracking system provided by the company can be used to locate and track the entire sample transportation process.

After the transportation of the fecal samples is completed, the information of the transfer process should be recorded and include the sample number and quantity, the time and place of transportation, and each personnel within the transfer chain. Moreover, relevant documents should be kept including the sample delivery form, the sample receipt form, and the courier notes.

For the transportation of fecal samples of potentially infectious diseases, the samples shall be classified and packaged in accordance with the requirements of local laws and policies. A dedicated person is responsible for verifying this information to ensure that the packaging, containers, and labels meet the standards. Fecal samples involving genomic information or data should be processed in accordance with national requirements (Mohammed Yakubu and Chen, 2020).





4 Discussion

TCM has been used in China for more than 2000 years. TCM is starting to receive widespread attention and recognition globally as a therapeutic adjuvant to contemporary and alternative medicines due to TCMs unique theoretical models and powerful therapeutic effects (Xu et al., 2013). In recent years, exploring the roles of TCM and the gut microbiome has emerged as a new frontier in understanding the utility of TCM (Feng et al., 2019). More and more studies are paying attention to the gut microbiome within TCM clinical trials. Fecal matter is the preferred source of gut microbiome samples in TCM clinical trials. Fecal samples are convenient, easy to obtain, non-invasive, and the characteristics of the microbial flora in the fecal samples are consistent with what is found in the intestinal tract (Raoult and Henrissat, 2014; Bassis et al., 2017). In several clinical trials, fecal samples have been widely used to assess the gut microbiome. High-throughput sequencing of bacterial DNA and metabolites extracted from human fecal samples have been a key step in understanding the gut microbiome’s structure, diversity, and metabolic changes (Neuberger-Castillo et al., 2020). Bacterial DNA in feces has poor stability and is prone to degradation when exposed to air or high temperature. The collection procedures, preservation temperature, preservation status, and transportation conditions all impact the diversity and integrity of the fecal samples and will ultimately influence the microbiome profile results (Vandeputte et al., 2016; Wu et al., 2019). In addition to routine operations, the processing of TCM information is an important factor that needs to be considered (Zhang et al., 2017); thus, leading to the misunderstanding of the interpretation of the test results. Low concordance between TCM clinical trials that have explored the role of the gut microbiome limits the capacity to identify causal relationships between the host-related microorganisms and the pharmacology (Vujkovic-Cvijin et al., 2020). The need for a reliable fecal sample processing protocol is essential in analyzing the results of metagenomic data of the gut microbiome in order to obtain high concordance results (Human Microbiome Project Consortium, 2012). Although researchers have expressed great interest in the contribution of TCM-microbiome interactions to human health, there is still no standardized protocol within TCM clinical trials to guarantee the sample quality of the metagenomic analysis (Wang et al., 2019). Therefore, it is critical in formulating a risk-free, standardized, effective, and safe sampling method to provide researchers with methodological guidance.

Numerous host and environmental factors can affect the gut microbiome, such as age, gender, ethnicity, drinking, mood changes, as well as medication and surgical history (Vujkovic-Cvijin et al., 2020). The collection of the contents and the analysis strategy of the microbiome associated information data sets should also consider the characteristics of TCM. According to the combinatorial principle of “King, Vassal, Assistant, and Delivery servant,” TCM is combined as a formula to treat diseases. The effect of TCM on gut microbiota is also based on the principle of “multiple components against multiple targets”. In addition, the quality and efficacy of the medicine are influenced by different techniques for extraction and isolation of TCM ( Decoction, Maceration, Percolation, Reflux extraction, Soxhlet extraction) (Zhang et al., 2018; Zhang et al., 2019). It is necessary to strictly follow the instructions to ensure the consistency of TCM quality (Sinha et al., 2015). Therefore, the production information and usage of TCM should be recorded and is essential in order to interpret the results. Different fecal textures have significant differences in the structural characteristics of the gut microbiome (Lewis and Heaton, 1997). During the TCM clinical trials, the Bristol classification chart can record the consistency and texture of the feces to effectively distinguish the types of samples from severe constipation to severe diarrhea (Bellini et al., 2017). Moreover, observing the condition of the feces is also an important reference tool to identify different TCM syndromes. Combining the fecal information such as the accompanying symptoms during defecation, the shape, smell, color, and fecal residue, TCM syndrome differentiation analysis of the feces can be performed. However, it is impractical to record all microbial-related confounding factors because the comprehensiveness and feasibility of data collection are equally important (Integrative and (iHMP) Research Network Consortium, 2014). Therefore, the controllable and significant factors within TCM clinical trials should be analyzed and recorded as often as possible.

The most “representative” collection time of fecal samples within TCM clinical trials is prior to taking the medicine in the morning. At that time the efficacy of TCM has been stabilized, and the acute stimulation of the gastrointestinal tract and flora by the drug can be avoided in order to obtain samples with a higher positive rate (Wu and Tan, 2019). Since fecal samples collected at different timepoints are an important source of heterogeneity, fixed bowel habits are conducive to forming a consistent collection timepoint and reducing the risk of bias (Choo et al., 2015). In addition, non-drug therapies such as acupuncture and massage are also commonly used methods of Chinese medicine used to treat disease (Millstine et al., 2017). After therapeutic intervention, the collection time of the fecal samples is less rigid; thus, improving the convenience of fecal sampling. Many of TCM clinical trials rely on participants collecting fecal samples at home. Some studies have indicated that understanding the purpose of TCM treatment and providing a collecting method leaflet will increase the participant willingness and the accuracy of self-collect fecal samples (Lecky et al., 2014). Therefore, we recommend that researchers should explain the procedures and reasons for these specific collection methods to participants. TCM clinical trials usually include multiple treatment cycles. Experts suggest that longitudinal surveys involving time sequence analyses of the gut microbiome relative to clinical metadata results should be used as a strategy to reduce the risk of bias in the analysis results (Miyoshi et al., 2020; Fan and Pedersen, 2021). Therefore, we recommend that the frequency of sample collection be done prior to treatment and once during each treatment cycle. Some research has found differences in the microbial structure of different fecal collection sites (Swidsinski et al., 2008). It is necessary to consider the potential variability and risks of the sampling sites (Wu et al., 2019). Thus, we emphasize that the specific collection site should be the part of the fecal sample that is not exposed to air (Hsieh et al., 2016). Numerous compounds in TCM have low bioavailability and high levels of fecal residue. Studies have shown that DNA extraction and sequencing of fecal samples requires that each sample weigh no less than 200 mg after removing the residues (Claassen et al., 2013). Therefore, in order to avoid the adverse influences of residual TCM in the feces, we recommend that the sample collection amount be approximately 1-2 grams to avoid insufficient sample size leading to errors in DNA yield and purity.

The preservation conditions of the fecal samples can significantly affect the integrity of the extracted DNA and RNA as well as the composition of the microbial community (Wu et al., 2021). A reasonable protocol on the preservation conditions is of great significance to ensure the quality of the samples. The transformation of TCM compounds depends on specific enzymes in the gut microbiome. Freezing immediately after sampling can reduce DNA degradation and enzyme activity in order to prevent the growth of residual bacteria and potential contaminants (Bahl et al., 2012). Currently, no standards stipulate the specific length of time that a stool specimen is exposed to ambient air after being discharged from the body until it freezes (Guo et al., 2016). It is usually recommended to freeze within 15 minutes after a bowel movement (Carroll et al., 2012). Meanwhile, studies have shown that fecal samples left at ambient temperature for more than 2 hours facilitates the growth of aerobic bacteria and facultative anaerobes; thus, shifting the abundance of the sample’s flora significantly (Santiago et al., 2014). Therefore, the time should be shortened as much as possible to prevent deviations within the analysis results due to bacterial inhibition or overgrowth caused by local overheating (Guo et al., 2016). Ideally, fecal samples that are frozen immediately should be shipped to the sample library as soon as possible. A temperature of -80°C is considered the optimal temperature for solidifying the proteins in the specimen, promoting the inactivation of DNA hydrolases, and helping to obtain high-quality bacterial DNA (Shaw et al., 2016; Vogtmann et al., 2017). Fecal samples stored at -80°C should avoid freeze-thaw cycles, because the ice crystals formed during the freeze-thaw process can cause cell rupture leading to DNA damage and cell apoptosis (Li et al., 2016). Numerous freeze-thaw cycles lead to poor metagenomic DNA quality and reduced bacterial diversity, which adversely affects the results of subsequent sequencing analysis. In addition to using ultra-low temperature equipment, split charging of fecal samples is an important method in order to prevent further unnecessary freeze-thaw cycles (Thomas et al., 2015). Fecal samples stored at -80°C usually do not exceed 6 months (Carroll et al., 2012). However, some studies have shown that fecal samples can maintain a stable microbial community for up to 2 years after being frozen at -80°C (Shaw et al., 2016).

In the process of fecal sample transportation from the sample library to the laboratory for testing, the transfer-out, transportation, and transfer-in parties are responsible for the samples management. Low-temperature transportation is a common practice (Yang et al., 2020). Usually, different methods such as dry ice, medical transfer box, and cold chain transportation can be utilized (Vandeputte et al., 2017). Studies have shown that 4°C refrigerated transportation can be selected when the transportation time is within 24 hours; however, some microorganisms that are susceptible to temperature will decrease or even die over time (Wu et al., 2010). So far, the current temperature range and allowable time during the transportation of fecal samples are still vague and more data is still needed to establish a consensus. Moreover, decreasing the transportation temperature and times as much as possible is beneficial in maintaining sample integrity (Human Microbiome Project Consortium, 2012). Researchers must also prevent excessive vibration, device damage, specimen contamination, and label loss during sample transfer. The development and application of information technology, information-based data management systems, and databases provide strong support for the quality control of TCM clinical trials. When economic and equipment conditions permit, data management systems should be used to record and store clinical data and sample information.

Obtaining fecal samples in TCM clinical trials involves numerous procedures, ranging from clinical information processing to sample collection, preservation, and transportation. Operational errors in each of these steps will cause strong biases in the downstream analysis results. Therefore, establishing standardized fecal sample protocols is an important measure needed to reduce the risk of bias caused by improper operations and handling (Cardona et al., 2012). At present, fecal sampling that meets the characteristics of TCM has always lacked a consensus protocol, which is a key issue that needs to be urgently solved. In order to meet the needs of TCM-microbiome research, some methodological studies have provided the basis for this consensus (Gerasimidis et al., 2016; Song et al., 2016). Therefore, we combine the characteristics of TCM clinical trials to propose strategies for dealing with the common confounding factors within clinical metadata; therefore, generating principles for the handling of fecal samples. This standardized protocol for fecal samples provides methodological guidance for studying the gut microbiome in TCM clinical trials. Meanwhile, it also provides a basis for conducting inter-research comparisons or meta-analyses, as well as integrating TCM-microbiome databases (Costea et al., 2017). Numerous problems have been resolved with the accumulation of knowledge and evidence, helping the quality control of microbiome fecal sampling research. However, the current methods still have limitations, and do not meet the demands for better quality control of the metagenomic analysis in TCM clinical trials. In the future, as more high-level evidence determines the optimal operating procedures, these guidelines will help with the revision of this research standard. It should be noted that this standard is mainly used for analysis of fecal samples collected from TCM clinical trials, including metagenomics, 16S rRNA gene amplicon sequencing, metatranscriptomics, and metabolomics. For other research purposes, such as multi-omics analysis (Whon et al., 2021), microbial culture (Lagier et al., 2018), fecal microbiota transplantation (Allegretti et al., 2019), etc., the procedure may need to be adjusted based on this standard.



Conclusions

In this study, we have standardized a protocol in order to provide methodological guidance for the manipulation and processing of fecal samples for the study of the gut microbiome in TCM and modern medicine clinical trials and can be used as a reference for clinicians and researchers. This consensus standard has been established, reviewed, and approved by the Standards Office of China Association of Chinese medicine. We hope that the methods provided here will help investigators in TCM-microbiome research advance their studies.
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Aim

To investigate the treating effect of Yiqi-Bushen-Tiaozhi (YBT) recipe on nonalcoholic steatohepatitis (NASH) mice, determine whether the outcome was associated with gut microbiota, and clarify the regulating mechanism.



Methods

NASH mice were induced by high-fat and high-fructose diets (HFFD). In the fifth week, mice in the YBT group were orally administrated YBT (22.12g·kg-1·d-1) daily for 12 weeks. Fresh stool of mice was collected at the 16th week for fecal 16S rDNA analysis. Hepatic pathology and biochemical indicators were used to reflect the improvement of YBT on hepatic inflammation and lipid metabolism in NASH mice. Quantitative real-time PCR (qRT-PCR) was used to verify the results of PICRUSt analysis.



Results

Results of the pathological and biochemical index showed that YBT could improve NASH mice. Compared with improving inflammation and hepatocyte damage, YBT may be more focused on enhancing metabolic disorders in mice, such as increasing HDL-c level. The diversity and richness of the gut microbiota of NASH mice induced by HFFD are significantly different from the normal control (NC) group. After YBT treatment, the diversity and richness of the mice microbiota will be increased to similar NC mice. Intestinimonas, Acetatifactor, Alistipes, Intestinimonas, Acetatifactor, and Alistipes have the most significant changes in the class level. PICRUSt analysis was performed to predict genomic functions based on the 16S rDNA results and reference sequencing. The efficacy of YBT in the treatment of NASH can be achieved by regulating the diversity and richness of gut microbiota. PICRUSt analysis results showed that the most relevant function of the microbiota construction variations is α- Linolenic acid (ALA) metabolism. Results of qRT-PCR showed significant differences between groups in the expression of Fatty acid desaturase 1 (FADS1), Fatty acid desaturase 2 (FADS2), Acyl-CoA Oxidase 1 (ACOX1), and Acyl-CoA Oxidase 2 (ACOX2) related to ALA metabolism. The expression of the above genes will be inhibited in the liver and small intestine of the HFFD group mice, and the expression can be restored after YBT treatment.



Conclusion

YBT could treat NASH mice by improving the diversity and richness of gut microbiota and further the improvement of ALA metabolism.





Keywords: nonalcoholic steatohepatitis, Yiqi-Bushen-Tiaozhi recipe, Traditional Chinese Medicine, gut microbiota, α-Linolenic acidlipid metabolism



1 Introduction

The prevalence of nonalcoholic fatty liver disease (NAFLD), which ranges from simple steatosis to its progressive form nonalcoholic steatohepatitis (NASH) and further fibrosis, cirrhosis, has been rising in the last decades (Gruneau et al., 2021), with 20-30% incidence rate in Western countries and 15-20% in Asia (Ashtari et al., 2015). Among obese patients, the prevalence of NAFLD/NASH even rises to as high as 80% (Younossi et al., 2019). Child fatty liver is also gradually becoming a severe public health problem (Hegarty et al., 2021). In addition, NAFLD/NASH replaces viral hepatitis as the leading cause of hepatocellular carcinoma (HCC) and liver transplantation (Terry Cheuk-Fung et al., 2021; Younossi et al., 2021). As the hepatic symptom of metabolic syndrome (MS), NAFLD/NASH is a risk factor for hypertension, diabetes mellitus (DM), and cardiovascular diseases (CVDs), and easily cooperates with the disorders mentioned to cause more severe outcomes (Baffy and Bosch, 2021; Kramer et al., 2021; Wu et al., 2021). Despite the increased morbidity and rigorous clinical impact, the pathogenic mechanisms of NAFLD/NASH are still unclear, and the specific treating methods are lacking (Cook et al., 2019). Therefore, it is critical to clarify the pathogenetic mechanism of NAFLD/NASH and select the appropriate therapeutic medicine in a targeted manner.

With the deepening of research, increasing evidence suggested that the gut microbiota participated in the progress of NAFLD/NASH (Ji et al., 2019) and is becoming the emerging target for treatment (Leung et al., 2016). The importance of Firmicutes and Bacteroidetes, microbial families, has been evaluated. An increased ratio of Firmicutes/Bacteroidetes is seen in over-weight or NAFLD patients, which tend to reduce with weight loss or alleviation of NAFLD, suggesting the richness of gut microbiota is associated with NAFLD progression (Boursier et al., 2016). The dysbiosis of microbiota diversity richness will induce the imbalance of lipid metabolism (Jin et al., 2021). The generation of beneficial lipids, polyunsaturated fatty acids (PUFAs), and high-density lipoprotein cholesterol (HDL-c) reduce. The level of detrimental substances such as saturated fatty acids (SFAs) and low-density lipoprotein cholesterol (LDL-c) increase, promoting NASH deterioration. Moreover, intestinal microbiota disorder is also a crucial intermediate mechanism associated with the abnormal accumulation of lipids in the liver and inflammation caused by chemical compounds (Ma et al., 2022; Zhang et al., 2022).

Traditional Chinese medicine (TCM) has been treasured by China and neighboring Asian countries for thousands of years as a conventional alternative treating method. TCMs are composed of multiple Chinese herbs, leading to the unique advantage that a formula could treat diseases via various mechanisms, and therefore attract attention worldwide. Yiqi-Bushen-Tiaozhi (YBT) recipe is composed of Astragalus mongholicus bunge (Huangqi), Epimedium brevicornu Maxim (Yinyanghuo), Poria cocos(Schw.)Wolf (Fuling), Atractylodes macrocephala Koidz (Baizhu), Fallopia multiflora (Thunb.) Haraldson (Heshouwu), Crataegus pinnatifida Bunge (Shanzha), Sargassum pallidum (Turn.) C.Ag (Haizao), Curcuma aeruginosa Roxb (Yujin), Prunus persica (L.) and Batsch (Taoren). YBT is a formula commonly used for the clinical treatment of NAFLD/NASH in The First Affiliated Hospital of Zhejiang Chinese Medical University, with an excellent curative effect in reducing lipid accumulation and losing weight in NAFLD/NASH patients. As the first line of nutrition intake, such as lipids, the intestinal microbiota is undoubtedly a crucial disease mechanism related to abnormal diets induced by NAFLD/NASH. Zhao S et al. have confirmed that ingested fructose affects hepatic fat accumulation and NAFLD/NASH progression through the gut microbiota (Zhao et al., 2020). Simultaneously, increasing evidence has implicated that TCMs may achieve the therapeutic effect via the gut microbiota (Zhao et al., 2019; Zhu et al., 2019). Therefore, in this study, we tried to study whether YBT can regulate the diversity and richness of intestinal microbiota and whether this is one of the multiple therapeutic mechanisms for YBT to improve NAFLD/NASH mice.



2 Materials and Methods


2.1 YBT Preparation

YBT was prepared by the Pharmacy Department of The First Affiliated Hospital of Zhejiang Chinese Medical University (Hangzhou, China), according to the guidelines of the Chinese Pharmacopoeia (Chinese Pharmacopoeia Commission China Medical Science Press: Beijing, 2015). The recipe consisted of the following herbs: Huangqi (purchased from Huadong Medicine Co., Ltd.), Yinyanghuo (Jun Tong Pharmaceutical Co., Ltd.), Fuling (Huadong Medicine Co., Ltd.), Baizhu (Hangzhou Tiandao Pharmaceutical Co., Ltd.), Heshouwu (Huadong Medicine Co., Ltd.), Shanzha (Hangzhou Xiaoshan Pharmaceutical Co., Ltd.), Haizao (Jun Tong Pharmaceutical Co., Ltd.), Yujin (Huadong Medicine Co., Ltd.), and Taoren (Hangzhou Xiaoshan Pharmaceutical Co., Ltd.) according to the ratio of 10:4:5:4:3:8:3:3:3. (w/w/w/w) (Table 1).


Table 1 | Characteristics of the nine herbs in Yiqi-Bushen-Tiaozhi (YBT) recipe.





2.2 UHPLC-MS/MS Analysis

Our research group has identified the bioactive ingredients in YBT by Ultra-high performance liquid chromatography-MS/MS (UHPLC-MS/MS) (Rathod et al., 2019). 171 ingredients were screened out, among which 15.2% of the bioactive ingredients were carboxylic acids and derivatives, 12.9% were flavonoids, 12.3% were organ oxygen, 7.6% were isoflavones, and 6.4% were fatty acyls. In addition, 33.9% were classified into other courses, and 11.7% were not classified (Hong et al., 2020).



2.3 Animal Treating Processes


2.3.1 Animals

Male C3H mice (7 weeks old, 16-18 gram) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All experimental procedures followed the guidelines of The Animal Ethics Committee of Zhejiang Chinese Medical University (Approval lot: ZSLL-2016-138) and The National Guidelines for Experimental Animal Welfare.



2.3.2 Modeling Processes

C3H mice were maintained on a 12h light/dark cycle at 22 ± 2°C with ad libitum access to a standard chow diet or a high-fat and high-fructose diet(HFFD)(36.1% fat, 21.6% protein, and 42.3% carbohydrate; supplied by Trophic Animal Feed High-tech Co., Ltd. and Nantong Trofi Feed Technology Co., Ltd. respectively) for 16 weeks. The NASH mice modeling method referred to the literature (Ibrahim et al., 2016; Van Herck et al., 2017). In the study, mice were randomly divided into three groups (n=5): Normal diet control (NC) group, fed with a standard chow diet and water; HFFD group, provided with the HFFD and 20% fructose water; YBT intervention group (HFFD-Y), fed with the HFFD in addition to daily administration of 26.76g·kg-1·d-1 YBT for treating from 5th week. The reason for the dose of YBT is as follows. A total of 133g per serving of YBT. According to the standard adult weight (70kg), the dosage for adults was calculated as 1.90 g·kg-1. Next, mice were treated at 14 times (high dose) of the adult dose. Finally, 26.76g·kg-1·d-1 was obtained as the treating dose in the study. All mice were sacrificed with the anesthetic at the end of the 16th week after fasting for 12 hours. Serum and liver tissues were collected for biochemical criteria and histopathology detections. Fresh stool samples were collected for Fecal 16S rDNA analysis. The remaining hepatic tissues and serum were stored at -80°C.




2.4 Pathological and Serum Biochemical Criteria Measurement

Hepatic tissues of mice were fixed with 10% neutral formaldehyde, dehydrated with ethanol, and embedded in paraffin. Then, the tissue was cut into five μm thick slices for detecting hepatic steatosis and inflammation via Hematoxylin and Eosin (H&E) and Masson staining.

The liver injury index (ALT/AST) and lipid metabolism index (TC/TG/HDL-c/LDL-c) in the serum of mice were detected with the corresponding kit and protocols. The analysis kits were both purchased from Diasys Diagnostic System GmbH (ALT lot:07398/00003352, AST lot: 07362/00003216, TG lot: 07407/00003293, TC lot: 07421/00003464, HDL-c lot: 22007/00003186, LDL-c lot: 23074/00003611). Hitachi 7020 automatic biochemical analyzer was used for detection.



2.5 Analysis of Fecal 16S rDNA

The database and software used in this analysis are shown in Table 2.


Table 2 | The used databases and software in the study.




2.5.1 Stool Sample Processing and DNA Extraction

The fresh fecal samples were collected from mice of three groups at baseline/16th week, frozen immediately in liquid nitrogen, and stored at -80°C for further analysis. According to the protocol, fecal genomic DNA was extracted from the fecal samples with the QIAamp® DNA StoolMini Kit (Qiagen, Hilden, Germany). The concentration and purity of DNA were detected through the Nanodrop, and the integrity was determined and verified through 0.8% agarose gel electrophoresis.



2.5.2 High-Throughput Sequencing

The V3-V4 hypervariable region of the 16Sr DNA was amplified using the bacterial genomic DNA as a template. The forward (5’-CCTACGGGNGGCWGCAG-3’) and the reverse (5’-GACTACHVGGGTATCTAATCC-3’) primers were designed, and each was independently amplified three times. After checking the final PCR products by gel electrophoresis, the products from the same samples were pooled. The pooled PCR product was used as a template, and the index PCR was performed by using index primers for adding the Illumina index to the library. The amplification products were checked using gel electrophoresis and were purified using the Agencourt AMPure XP Kit (Beckman Coulter, CA, USA). The purified products were then indexed in the 16S V3-V4 library. The library quality was assessed on the Qubit@2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 systems. Finally, the pooled library was sequenced on an Illumina MiSeq 250 Sequencer for generating 2×250 bp paired-end reads.



2.5.3 Data Quality Control

In order to obtain high-quality sequencing data for improving subsequent bioinformatics analysis accuracy, quality control and filtering of the original data were needed. The central processing steps are as follows: i) Trim Galore was used to remove bases with an end mass of less than 20 and adapter sequences, followed by short sequences of less than 100 bp in length; ii) Fast Length Adjustment of Short reads (FLASH, v1.2.11) (Magoč and Salzberg, 2011) was used to splice the paired sequences obtained by double-terminal sequencing, and further remove the sequences that were still of low quality after merge (less than 20); iii) Mothur was used to find and remove primers in the sequences; iiii) Usearch was used to remove sequences with a base error rate greater than two or sequences with a length less than 100 bp. Clean reads with high quality and reliability were finally obtained for the subsequent analysis.



2.5.4 Clustering and Annotation


2.5.4.1 Operational Taxonomic Units Clustering

Operational Taxonomic Units (OTU) is an analysis method that calculates the similarity of sequences, setting a specific classification threshold (in the study, the threshold is similarity >97%) and obtaining the distance matrix with the same threshold value for clustering and classifying.

OTU analysis process in the study is as follows. i) Repetitive sequences whose length and base composition are precisely the same are deleted. Non-completely repeated sequences are extracted for subsequent analysis; ii) The sequence after de-duplication is sorted according to the number of repeats from largest to smallest; iii) UPARSE method (Edgar, 2013) is used to remove the sequence that appears only once in all samples (Singleton sequence); iiii) The sequences are clustered with 97% similarity. Sequences with a similarity greater than 97% will be grouped into the same OTU. Meanwhile, de novo clustering analysis removes the chimera sequence. The final OTU representative sequence will be used for subsequent species annotation.



2.5.4.2 Gut Microbiota Annotation

UNITE (https://unite.ut.ee/) (Kõljalg et al., 2005) and SILVA (https://www.arb-silva.de/) (Quast et al., 2013) were crucial public databases used to search the information of species. Software Mothur was used to find the species information from the above databases with the highest similarity to OTU sequences (the confidence>80%) for gut microbiota annotation. After successfully annotating the microbiota, muscle and FastTree (Price et al., 2010) were used to construct the phylogenetic tree to reflect the evolutionary relationships of the gut microbiotas.




2.5.5 Analysis of Difference in Colony Composition

Based on the OTU that has been annotated for the gut microbiota species, the R package ggplot2 was used to analyze the colony composition. According to class, family, and genus, we drew the gut microbiota pie charts of each group (selecting the microbiota with a relative abundance greater than 1%) to show the distribution of the gut microbiota.

Although the pie chart could directly reflect the ratio of the mouse gut microbiota, there are various microbiota classifications at the genus level, and the proportions are similar, so it is not suitable for using pie charts. Therefore, we decided to directly screen the microbiota (at the genus level) with significant differences in the ratio of mice in the NC, HFFD, and HFFD-Y groups. We used the software Metastats to compare the proportion of gut microbiota and find the microbiota with significant differences at the genus level. P-value <0.05 was seen as the threshold to screen for significant differences.



2.5.6 Diversity and Richness Analysis of Mice Gut Microbiota


2.5.6.1 Alpha Diversity Analysis

Alpha diversity refers to the analysis of samples to reflect the richness and diversity of the microbial community. In the study, Alpha diversity analysis can measure the abundance and diversity of the gut microbiota in each mouse. Software mothur was used for analysis. The index and formula for evaluating the richness and diversity are as follows:

I. Index reflecting the community richness of gut microbiota;

i) Observed_species: The number of directly observed OTUs.

ii) Chao1 (https://mothur.org/wiki/Chao/) is used to assess the total number of species in the sample. The higher the value, the more abundant the gut microbiota of the mice. The algorithm is as follows.

	

Schao1: the estimated community richness; Sobs: the observed number of OTUs; n1: the number of OTUs with only one sequence; n2: the number of OTUs with only two sequences.

iii) ACE (https://mothur.org/wiki/ace/) is also used to estimate the total number of species. The higher the value, the more abundant the gut microbiota of mice. But the algorithm is different from Chao1.

	

Srare: the number of OTUs with ‘abund’ or fewer individuals; Sabund: the number of OTUs with more than ‘abund’ individuals; ni: the number of individuals in the ith OUT; abund: the threshold of ‘abund’ individuals (the selecting threshold is 10 in the study).

II. Index reflecting the community diversity of gut microbiota;

i) Shannon (http://www.mothur.org/wiki/Shannon/) is used to estimate the diversity of species in samples. The higher the value of Shannon, the higher the diversity of the mouse gut microbiota. The algorithm is as follows.

	

Sobs: the number of observed OTUs; ni: the number of individuals in the ith OUT; N: the total number of individuals in the community

ii) Simpson (https://mothur.org/wiki/simpson/) is also used to estimate the diversity of species in the sample. Simpson is negatively correlated with species diversity. The higher the index value, the lower the diversity of the microbiota.

	

Sobs: the number of observed OTUs; ni: the number of individuals in the ith OUT; N: the total number of individuals in the community

Kruskal-Wallis rank sum test was used to determine whether there was a significant difference in Alpha diversity among the three groups of mice. P-value <0.05 was seen as the difference significance screening threshold. Bonferroni was used to perform multiple testing on the p-value.



2.5.6.2 Beta Diversity Analysis

Beta diversity analysis refers to the abundance of sequencing results to calculate the distance between samples, reflecting differences in microbial communities. The content of Beta diversity analysis is as follows.

I. Venn diagram was used to show the intersection OTUs of the mouse gut microbiota in the NC, HFFD, and HFFD-Y groups.

II. Comparing the similarity between samples as a whole through the clustering tree. Based on the OTU abundance, the Bray-Cruits dissimilarity matrix between samples was calculated, then unweighted pair group method with arithmetic mean (UPGMA) clustering was performed. The mouse with similar gut microbiota will be clustered.

III. Principal Component Analysis (PCA) was used to reduce the dimensionality of OTU abundance (Wang et al., 2012). Variance decomposition was used to show the differences of gut microbiota on the three-dimensional coordinate map. The more similar the composition of the gut microbiota, the more mice clustered in the PCA chart.

IV. However, the above analysis only reflected the similarity/difference of the gut microbiota between/in groups of mice but cannot conclude whether the difference is statistically significant. Thus, ADONIS analysis, also known as Permutational Multivariate Analysis of Variance Using Distance Matrices (PERMANOVA) analysis based on distance or dissimilarity matrix, was used to decompose the overall variance between samples, analyze the interpretation degree of differences between grouping, and use permutation test to calculate whether the difference between groups is significant. Bray-curits dissimilarity matrix was selected, and 9999 permutations were performed on the group to which the sample belongs. In the results, R2 represents the degree of explanation of the grouping to the difference between the samples. Pr <0.05 indicates the result is statistically significant.

V. ADONIS analysis assesses whether there are significant differences in gut microbiota between groups as a whole but cannot screen out the specific microbiota causing these significant differences. Therefore, we further used Linear discriminant analysis Effect Size (LEFSe) to screen the microbiotas most likely to explain the differences between mice (Zhang et al., 2013). Lefse software was used for analysis. i)First, non-parametric Kruskal-Wallis rank sum test was used in multiple samples to screen microbiotas with significant differences in abundance; ii)Then paired Wilcoxon rank sum test was used to analyze the differences; iii)Finally, linear discriminant analysis (LDA) was used to evaluate the LDA score of selected microbiotas with a significant difference. Common logarithm conversion was used on the LDA score. The higher the absolute value of the LDA score, the more importance of the microbiota in causing the difference between the NC, HFFD, and HFFD-Y groups. We used |LDA|>2 and p-value <0.05 as the screening threshold.




2.5.7 PICRUSt Predictive Analysis

Finally, we used the software PICRUSt to predict the function of the gut microbiota based on OTUs. The analysis steps are as follows: i) Predicting and constructing the gene composition and 16S copy number of all microbiota in the GreenGene database based on the annotation information of known relative species; ii) Via QIIME database, the OTU table was obtained based on the closed-reference algorithm. Then, using the above 16S copy number information to correct the OTU abundance (divide the OTU abundance by the copy value corresponding to the OTU) to obtain the corrected OTU table; iii) Combining the corresponding relationship between KEGG-based gene family and OTU, we converted the corrected OTU table of the gut microbiota of mice into a gene family abundance (function) table; iiii) The gene family abundance (function) table was further summarized to a higher functional classification level. We next respectively compared the functional differences of the gut microbiota between the NC/HFFD groups and HFFD/HFFD-Y groups via Welch’s t-test. A more stringent p-value (<0.01) was used as the screening threshold to ensure higher reliability of results.




2.6 qRT-PCR Verification

500ul lysis buffer, three grinding beads, and 20mg liver and intestine tissues were respectively added into the grinding tube and subsequently broken with a homogenizer (5000rpm, 20 seconds/5000rpm, 20 seconds, rep3). 300ul of supernatant was absorbed into a new 1.5mL RNase Free Tube. Next, RNA was extracted using the RNA-Quick Purification Kit to remove genomic DNA. The reverse reaction was performed with 15 mins at 37°C and 5 seconds at 85°C. Finally, 10 μl PCR reaction mix was built, including 2μl cDNA, 5μl 2xSuper SYBR green, 0.4μl forward prime (10μm), 0.4μl reverse primer (10μm), and 2.2μl ddH2O. RNA-Quick Purification Kit (cat: RN002plus; lot: 20210801), Fast All-in-One RT kit (cat: RT001; lot: 20211001), and 2xSuper SYBR Green qPCR Master Mix (cat: QP002; lot: 20211001) were purchased from ES Science.

By searching Kyoto Encyclopedia of Genes and Genomes (KEGG) database, we found that alpha-linolenic acid metabolism (map00592) was mainly related to the decomposition of ALA in vivo. To verify the relevant functions of the gut microbiota, we used qRT-PCR to detect the RNA expression of crucial enzymes in alpha-Linolenic acid metabolism. We selected Fatty acid desaturase 1 (FADS1), Fatty acid desaturase 2 (FADS2), Acyl-CoA Oxidase 1 (ACOX1), and Acyl-CoA Oxidase 2 (ACOX2) closely related to ALA metabolism in the alpha-Linolenic acid metabolism pathway. FADS1 and FADS2 are both hub enzymes in the metabolic pathway of ALA, which could promote the absorption and utilization of ALA in vivo (Koletzko et al., 2019). ACOX1 and ACOX2 are also enzymes closely involved in lipid metabolism, including ALA. Up-regulation of ACOX1 and ACOX2 could improve lipid accumulation and inflammation in the liver, thus treating NASH mice (Liu et al., 2019). In addition, these enzymes are not plant-specific ALA metabolic enzymes and could exist in animals (Homo sapiens, Rattus norvegicus, and Mus musculus) as well. Although the above genes are all enzymes closely related to ALA metabolism, they can only indirectly reflect the metabolism of ALA. Therefore, in order to increase the reliability of the conclusion, we not only verified the expression changes of the above genes in the liver of mice, but also verified the expression changes in the small intestine.

The information and primer sequences of the critical enzymes are listed in Table 3. Primer sequences were synthesized by Sangon Biotech. We designed primer sequences with reference to the NCBI database (https://www.ncbi.nlm.nih.gov) and PrimerBank (https://pga.mgh.harvard.edu/primerbank/). Actin was selected as the reference gene. 2-△△Ct was used for calculation. Each sample was repeated three times, and the average data value was used.


Table 3 | mRNA primer sequences.





2.7 Statistical Analysis

All statistical analyses were performed with SPSS 22.0 and GraphPad Prism 8. Data were expressed as the means±SEM (standard error of mean). One-way analysis of variance (ANOVA) was used to compare differences between two groups. Kruskal Wallis test was performed when more than two groups were present. Differences were considered statistically significant at the p-value <0.05.




3 Results


3.1 Results of Pathologology and Serum Biochemical Criteria

H&E and Masson staining was performed on the liver tissues of mice in NC, HFFD, and HFFD-Y groups to analyze the hepatic histology for determining the results of NASH mice modeling and the improvement of hepatic inflammation and steatosis by YBT. Compared with the hepatic tissues from the NC mice, the tissues from mice in the HFFD group showed more extensive and robust steatosis accompanied by intralobular inflammatory foci. After the intervention of YBT, hepatic inflammation and steatosis in the mice of the HFFD-Y group were improved compared with the HFFD group mice (Figure 1A). The hepatocytes of the mice in the NC group were neatly arranged, and there were a few blue collagen fibers in the portal area. In contrast, the staining of collagen fibers in the HFFD group was significantly increased, and some fibrous septa were formed but without the formation of typical hepatic pseudo lobules. The collagen fibers in the liver of mice after YBT treatment were reduced to varying degrees (Figure 1B). From the photos of the liver of the mice, we can also find that the livers of the mice in the HFFD group were significantly whiter and larger than the livers of the NC and HFFD-Y mice, suggesting that the livers of the HFFD mice may have accumulated more lipids (Figure 1C). In addition, the results of NAFLD activity score (NAS), which is a semi-quantitative data used to assess NAFLD progression (NAS >4 is considered to have progressed to NASH) (Brunt et al., 2011), also suggested that HFFD could induce mice liver to show the disease characteristics of NASH (hepatocyte steatosis with inflammation), supporting the success of HFFD-induced NASH mice. YBT improved the steatosis and inflammation of NASH mice liver (significantly lower NAS score, p-value <0.0001), which supports the conclusion that YBT could treat NASH mice (Figure 1D). The above pathological results all support the success of modeling in the study, and that YBT has the effect of improving the lipid accumulation of inflammation of mice liver.




Figure 1 | Pathological results of mice. (A) H&E staining results of the mice. (B) Masson staining results of the mice. (C) The photos of the mice’s liver. (D) The NAS calculation results of the mice. (****p<0.0001 vs NC; ####p<0.0001 vs HFFD).



When the liver is damaged, the Alanine aminotransferase (ALT) and Aspartate aminotransferase (AST) in hepatocytes will enter the blood, leading to increased serum ALT and AST levels, suggesting the occurrence of liver disease. Therefore, serum ALT and AST levels are directly proportional to liver damage and are the most commonly used clinical liver function test indicators. The liver injury indicators results showed that the HFFD diet could cause a certain degree of liver injury in mice, and the hepatic injury would be improved after YBT intervention. However, the results are not statistically significant (Figure 2A).




Figure 2 | Results of serum biochemical criteria detection. (A) Results of hepatic injury indicators. (B) Results of lipid level. (*p<0.05 vs NC, ****p<0.0001 vs NC; #p<0.05 vs HFFD, ##p<0.01 vs HFFD, ###p<0.001 vs HFFD).



Triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-c), and low-density lipoprotein cholesterol (LDL-c) are clinical indicators used to reflect blood lipids and lipid metabolism. TC refers to the sum of cholesterol in the blood. HDL-c is the lipoprotein with the highest density and the smallest particles in the blood. It is responsible for transporting cholesterol in the plaque to the liver for catabolism, that is, reverse cholesterol transport, reducing the deposition of cholesterol on the blood vessel wall, enacting an anti-arteriosclerotic effect. LDL-c is responsible for transporting cholesterol from the liver to the plaque. Increased LDL-C is the leading risk factor for the occurrence and development of atherosclerosis. Figure 2B shows that the HFFD diet could significantly increase the serum levels of TC, TG, and LDL-c and reduce HDL-c (p-value <0.05). After YBT treatment, the above blood lipid indexes will be significantly improved (p-value <0.05). Among them, YBT treatment has the best improvement effect on regulating serum HDL-c levels(p-value <0.001).

Results of serum biochemical criteria detections suggested that the crucial mechanism of HFFD diet-induced NASH mice may be the inducing disorder of lipid metabolism, but not hepatic injury. Additionally, lipid metabolism is also an essential regulatory mechanism for YBT to treat NASH mice. The level of mice serum HDL-c may be the primary object for YBT to improve lipid metabolism in mice.



3.2 Results of Fecal 16S rDNA Analysis and Bioinformatics


3.2.1 Results of Data Control

A total of 644,541 high-quality clean reads were obtained from 15 stool samples of mice for subsequent bioinformatics analysis. Details are shown in Table 4.


Table 4 | Sequencing data control results.



Millions of reads will be produced after being sequenced. The sequence data transformed by Base Calling from the raw image obtained by sequencing are Raw reads. Clean reads are the high-quality Raw reads that have been processed. Clearance reflects the percentage of Raw reads removed because of low quality. Q20 and Q30 are the percentages of the quality value of a certain base in the total number of bases, which could reflect the quality of sequencing data. The higher the value, the better the quality of sequencing data. The value of Q20 and Q30 higher than 85%, indicating the data quality is qualified.



3.2.2 Results of Classification and Annotation

In total, 678 OTUs were collected. Of these, only 241 OTUs were successfully annotated as the relevant gut microbiota. We selected the top 100 OTUs with the highest abundance to draw the evolutionary tree (Figure S1). The phylogenetic tree could indicate the evolutionary relationship between species that are considered to have a common ancestor. Each node in the tree represents the nearest common ancestor of each branch, and the length of the line segment between nodes corresponds to the evolution distance. The OTUs on the same branch indicate a close evolutionary relationship.



3.2.3 Gut Microbiota Variations in Response to HFFD and YBT Intervention

Analysis of differential gut microbiota among the NC, HFFD, and HFFD-Y groups showed that the most abundant species of gut microbiota (more than 80% in total) at the class level were Bacteroidia, Clostridia, and Bacilli (Figure 3A). Compared with the mice of the NC group, the proportion of Bacteroidia and Clostridia in HFFD-induced NASH mice will decrease, and the intervention of YBT will restore the proportions. In the mice of the HFFD group, the ratio of Bacilli was higher than that of the NC group and decreased after YBT treatment. At the family level, the dominant gut microbiota is Porphyromonadaceae and Lachnospiraceae (more than 50% in total). HFFD reduced the proportion of Porphyromonadaceae and Lachnospiraceae in the intestines of mice, while YBT treatment could recover them (Figure 3B).




Figure 3 | Gut microbiota proportion and variations. (A) Analysis results at the class level. (B) Analysis results at the family level.



At the genus level, due to the variety of gut microbiota and similar proportions, we focused on screening the microbiota communities with significant variations. The proportion of Intestinimonas, Acetatifactor, and Alistipes in the mice of the HFFD group was lower than that in the NC group mice, and the ratio will increase after YBT treatment (p-value <0.05) (Figure 4A). The proportion of Parasutterella and Enterococcus will increase after the inducement of HFFD and decrease after the treatment of YBT (p-value <0.05) (Figure 4B).




Figure 4 | Gut microbiota variations at the genus level. (A) Microbiota with the abundance descend first and then ascend. (B) Microbiota with the abundance ascend first and then descend. (*p<0.05 vs HFFD, **p<0.01 vs HFFD).



In summary, Bacteroidia, Clostridia, Bacilli, Bacteroidia, Clostridia (at the class level), Porphyromonadaceae, Lachnospiraceae (at the family level), and Intestinimonas, Acetatifactor, Alistipes, Parasutterella, and Enterococcus (at the genus level) may not only be the dominant microbiota in the intestines of mice but also the hub associated with YBT in the treatment of NASH.



3.2.4 HFFD and YBT Induced Diversity and Richness Variations in Gut Microbiota


3.2.4.1 Results of Alpha Diversity Analysis

After analyzing, we found that Observed, Chao1, and ACE, which reflect the richness of the gut microbiota, or Shannon and Simpson reflecting the diversity of the microbiota, both have significant differences (p-value <0.05) between the NC, HFFD, and HFFD-Y groups.

Figures 5Aa-c showed the change in the richness of the mouse gut microbiota. The counts of Observed, Chao1, and ACE both decreased in the HFFD group, compared with the NC group, suggesting the high-fat and high-fructose diet would reduce the microbiota richness of mice. After YBT treatment, the richness of the gut microbiota will be significantly increased (p-value <0.05).




Figure 5 | Results of Alpha Diversity analysis. (A) Results of the index, reflecting the richness of the gut microbiota. (B) Results of the index, reflecting the diversity of the gut microbiota. (*p<0.05 vs HFFD, **p<0.01 vs HFFD).



In the study, we also noticed a significant increase in Simpson and a decrease in Shannon, indicating the lower microbiota community diversity in the HFFD group compared with the NC group. However, after the YBT intervention, there was a significant decline in Simpson and an increase in Shannon, suggesting an increase in the diversity of microbiota community, compared with the HFFD group (p-value <0.05) (Figures 5Ba, b).

The research of Astbury S et al. has confirmed that the lower gut microbiome diversity and richness is an actual cause of NASH progress (Astbury et al., 2020). In our study, HFFD-induced NASH mice had significantly lower gut microbiome diversity and richness compared with mice in the NC group. After YBT intervention, the diversity and richness of the gut microbiome were increased considerably, suggesting that YBT possesses the ability to treat NASH mice by improving the diversity and richness of the gut microbiome.



3.2.4.2 Results of Beta Diversity Analysis

The results of β-diversity analysis reflected the similarities and differences of the gut microbiome in each mouse or group.

The Venn diagram illustrated the exact numbers of OTUs in each group, i.e., 212 OTUs in the NC group, 163 OTUs in the HFFD group, and 215 OTUs in the HFFD-Y group. There were 145 overlapping OTUs in the three groups, which may be the common microbiome of the mice (Figure 6Aa). Additionally, each group had its unique OTUs, including 19 OTUs in the NC group, 2 OTUs in the HFFD group, and 16 OTUs in the HFFD-Y group (Table S1). Both the clustering tree and PCA results revealed that the clustering results of the NC group and HFFD-Y group were better than those of the HFFD group (the former mice were closer) (Figures 6Ab-c). The mice of the NC and HFFD groups are difficult to cluster together, suggesting that the HFFD diet could cause major variations in gut microbiota constitution between the HFFD, NC groups mice. After YBT treatment, the mice of the HFFD-Y group could cluster with mice of the NC group, suggesting that YBT treatment improved the constitution of the gut microbiota and restored it to a similar level to that of NC mice.




Figure 6 | Results of Beta Diversity analysis. (A) Results reflect the similarities and differences of the gut microbiome in the mouse. (B) Results show the significant difference between the NC, HFFD, HFFD-Y groups, and the gut microbiota, causing the above difference. (**p<0.01 vs HFFD).



ADONIS analysis was used to verify the difference/similarity of gut microbiota between the NC, HFFD, and HFFD-Y groups from statistical. The result showed that the gut microbiota of the three groups of mice is different and statistically significant (Pr < 0.05) (Figure 6Ba). Next, we used LEFSe analysis to screen out the microbiota that caused the above significant differences between the three groups. The results showed that Rikenellaceae (at the level of family), Erysipelotrichaceae_ incertae_sedis (at the level of genus), and Clostridium_XIVb (at the level of genus) were the most critical microbiota that caused the above-mentioned significant differences in the mice (Figure 6Bb). We also screened out the OTUs of Rikenellaceae (family), Erysipelotrichaceae_incertae_sedis (genus), and Clostridium_XIVb (genus), summed the sequencing results of each mouse in the same group to judge the expression changes, and calculated statistical significance. The results showed that the annotation of OTU6, OTU29, OTU35, OTU66, OTU83, OTU90, OTU91, OTU154, OTU174, OTU184, OTU199, and OTU225 are Rikenellaceae (family). OTU23, OTU93, OTU119, OTU148, and OTU216 belonged to Erysipelotrichaceae_incertae_sedis (genus). OTU37 and OTU43 species annotation results were Clostridium_XIVb (genus). Results showed the abundance of Rikenellaceae (family) in the mice of the HFFD group was lower than that of NC mice and increased significantly after YBT treatment (p-value <0.05). Compared with NC mice, Clostridium_XIVb (genus) abundance was raised in the HFFD group and decreased after YBT treatment, but it was not significant (p-value >0.05). The counts of Erysipelotrichaceae_incertae_sedis (genus) continued to reduce, and YBT did not show an interventional effect on the microbiota (Figure 6Bc). The abundance of Rikenellaceae (family) after the YBT intervention is significantly increased (p-value <0.01), indicating Rikenellaceae (family) is the microbiota, associating with the mechanism of YBT treating NASH mice.




3.2.5 PICRUSt Analysis for Predicting the Functional Genomic Changes

Based on the 16S rDNA and reference sequence database, PICRUSt predicted the macrogenome functional composition of the microbiota, with an accuracy of 84-95%.

We screened a total of 82 eligible KEGG pathways, which were used to show the functions of microbiota, between the groups NC and HFFD (Table S2). Table 5 lists the top 15 prediction results with the highest significance (the lowest p-value). The results showed that changes in the richness and diversity of the intestinal microbiota between the NC and HFFD groups would induce fatty acids (FAs) metabolism dysfunction, including Arachidonic acid metabolism and Biosynthesis of unsaturated fatty acids. Therefore, we inferred that the HFFD diet-induced decrease in the richness and diversity of gut microbiota and the corresponding fatty acid metabolism disorder is an important pathogenic mechanism of HFFD inducing hepatic steatosis and inflammation in mice.


Table 5 | PICRUSt predicted results (Top 15) of NC vs. HFFD.



In the HFFD vs. HFFD-Y groups, we found a total of four KEGG pathways (Table 6) that met the screening criteria, of which alpha-Linolenic acid (ALA) metabolism had the highest significance (the lowest p-value). The most relevant function of the differences in the intestinal microbiota of HFFD and HFFD-Y mice is alpha-Linolenic acid metabolism, suggesting that YBT may achieve the purpose of treating NASH by controlling the regulation of the gut microbiota on the metabolism of ALA. Thus, we believe that YBT could improve the richness and diversity of the intestinal microbiota and the disorder of ALA metabolism of NASH mice. This regulatory mechanism is crucial for YBT to achieve the goal of treating NASH.


Table 6 | PICRUSt predicted results of HFFD v.s HFFD-Y.






3.3 qRT-PCR Results

The results showed that in all liver and small intestines, the expression of FADS1, FADS2, ACOX1, and ACOX2 were downregulated after the intervention of HFFD. The treatment of YBT will significantly upregulate the expression of the above genes, thereby improving ALA metabolism in mice (Figure 7). However, the change of genes in the small intestine of mice was more significant than that in the liver. This difference may suggest the influence of ALA metabolism of YBT is a progressive process. The mechanism of YBT therapy on NASH mice may be related to YBT reshaping the gut microflora distribution of mice and improving ALA metabolism by first increasing the expression of ALA metabolism-related enzymes in the intestinal tract of mice. After that, it acts to restore the expression of these genes in the liver. Further experiments are needed to determine whether this mechanism works through the gut-liver axis.




Figure 7 | Results of qRT-PCR. (A) RNA expression of ALA metabolism-related hub enzymes in the small intestine of mice. (B) RNA expression of ALA metabolism-related hub enzymes in the liver of mice. (*p<0.05 vs NC, **p<0.01 vs NC; #p<0.05 vs HFFD, ##p<0.01 vs HFFD).






4 Discussion

In the study, we utilized the HFFD diet to induce NASH in mice and administered YBT for treatment to explore the potential treating mechanisms caused by the richness and diversity variations of mice’s gut microbiota. Pathological and biochemical results suggest that YBT may be more effective in treating NASH mice by improving lipid metabolism than improving hepatic inflammation and injury. The result is also consistent with the research team’s finding that YBT has an effect on the treatment of NAFLD/NASH patients, especially for losing weight.

We further investigated the effect of YBT on gut microbiota via 16S rDNA analysis and bioinformatics. Compared with the NC group, the richness and diversity of the gut microbiota of mice in the HFFD group were significantly reduced. After YBT intervention, the richness and diversity of microbiota would dramatically be improved. Plaza-Díaz et al. confirmed that the diversity and richness of gut microbiota kept a negative correlation with the deterioration of NAFLD/NASH (Plaza-Díaz et al., 2021). With the complex variety of gut microbiota, a better intestinal protective barrier could be provided, which inhibits the progress of NAFLD/NASH. The clinical research of Pan et al. also determined gut microbiota is a crucial risk factor for Children with NASH (Pan et al., 2021). YBT could indeed achieve the goal of treating NAFLD/NASH by improving the diversity and richness of intestinal microbiota.

The results of LEFSe analysis suggested that Rikenellaceae (family), Erysipelotrichaceae_ incertae_sedis (genus), and Clostridium_XIVb (genus) are the critical microbiota, inducing the above variations of gut microbiota richness and diversity. In addition, we found that Rikenellaceae (family) is the target microbiota of YBT, which is related to the acting mechanism of YBT in the treatment of NASH mice. Rikenellaceae is a family of bacteria located in the gastrointestinal tract (Rosenberg et al., 2014). Xue et al. confirmed that SI-WU-TANG, another famous TCM in China, could improve the injury of the fibrotic liver by restoring the balance of intestinal microbiota, especially the abundance of Rikenellaceae (Xue et al., 2021). High-Fat Diet (HFD) causes a decrease in the Rikenellaceae abundance in the intestines of type 2 Diabetes mellitus (T2DM) mice, worsening the condition (Liu et al., 2019). Vallianou et al. further suggested that the decreasing diversity and richness of Rikenellaceae is the prime culprit of obesity and metabolism disorder (Vallianou et al., 2021). The high abundance of Rikenellaceae is the protective factor of liver and lipid metabolism. It is undoubted that YBT could improve lipid metabolism and treat NASH mice by upregulating the abundance of Rikenellaceae.

Considerable studies have revealed that gut microbiota exhibits metabolic function and activity (Cerdó et al., 2019). In the study, the results of PICRUSt analysis and qRT-PCR suggested that YBT could treat NASH mice by improving the richness and diversity of the gut microbiota, which is achieved by improving the function of the microbiota in regulating the metabolism of ALA (an essential omega-3 polyunsaturated fatty acid). ALA is a fatty acid (FA) and a necessary component of cells, primarily located in green plants. Lacking ALA will cause health problems, including metabolic disorders, NAFLD/NASH, and T2DM. Improving ALA metabolism and increasing serum ALA levels help treat metabolism-related diseases. Raspberry seed oil (RO) with a high level of ALA (25.98%) could effectively treat the HFFD-induced NAFLD mice (Hendawy et al., 2021). Han et al. found that the intervention of ALA could activate the AMPK signaling and further improve mitochondrial dysfunction and oxidative stress, treating NAFLD mice induced by HFFD (Han et al., 2021). The high level of ALA in the serum will bring about lower liver inflammation, cancer rate, and balanced lipid metabolism (Wang et al., 2019).

We have identified the regulatory relationship between YBT and intestinal microbiota and the possible mechanisms for subsequent improvement of NASH mice. However, there are still some areas that can be improved. In this study, our research subjects were only mice, and our conclusions (YBT intervention in the intestinal microbiota and subsequent ALA metabolic therapy for NASH) can be further verified by subsequent fecal transplantation in human NAFLD patients. This may be more conducive to the clinical promotion of YBT. In addition, we indirectly reflected the improvement of ALA metabolism in NASH mice by judging the changes in the expression of ALA metabolism-related enzymes. In fact, adding lipid metabolomic analysis in subsequent experiments to visually display the changes of ALA and related metabolites, such as eicosapen taenoicacid (EPA) and docosahexaenoic acid (DHA), is more helpful to confirm the conclusion. In fact, the corresponding experiments are already being designed.



Conclusion

In summary, we have made it clear that YBT could treat HFFD-induced NASH mice by improving lipid metabolism. The mechanism of YBT to improve lipid metabolism, especially ALA metabolism, is related to the up-regulation of the richness and diversity of mouse intestinal microbiota. Among them, Rikenellaceae is a critical bacterial. We believe that the results of the study can provide theoretical support for the clinical promotion of YBT.



Data Availability Statement

The original contributions presented in the study are publicly available. This data can be found here: https://ngdc.cncb.ac.cn/gsa/, CRA005563.



Ethics Statement

The animal study was reviewed and approved by The Animal Ethics Committee of Zhejiang Chinese Medical University.



Author Contributions

BH and ZC were responsible for providing ideas for the study. JY and YN were the principal actors in the study, including data analyses and manuscript writing. JL, YL, and LW were mainly responsible for model construction and pathological data analysis. All authors approved the manuscript.



Funding

This study was supported by research grants from the Zhejiang Provincial Natural Science Foundation of China (Grant No.LGF22H290001, LY17H290007, LQ20H290002), National Natural Science Foundation of China (82004262), the Zhejiang Traditional Chinese Medicine Administration (CN) (Grant No.2020ZB081), the Health Commission of Zhejiang province (Grant No.2018KY550), and the Zhejiang Provincial Key Lab of Diagnosis and Treatment of Circulatory Diseases (Grant No. 2019E10012).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.824597/full#supplementary-material

Supplementary Figure 1 | The evolutionary tree of top 100 OTUs.



Abbreviations

ACOX1, Acyl-CoA Oxidase 1; ACOX2, Acyl-CoA Oxidase 2;ALA, α-Linolenic acid; ANOVA, One-way analysis of variance; CVDs, Cardiovascular diseases; DHA, Docosahexaenoic acid; EPA, Eicosapen taenoicacid; FADS1, Fatty acid desaturase 1; FADS2, Fatty acid desaturase 2; HCC, Hepatocellular carcinoma; HDL-c, High-density lipoprotein cholesterol; H&E staining, Hematoxylin and Eosin staining; HFFD, High-fat and high-fructose diet; LDL-c, Low-density lipoprotein cholesterol; MS, Metabolic syndrome; NAFLD, Nonalcoholic fatty liver disease; NAS, NAFLD activity score; NASH, Nonalcoholic steatohepatitis; OTU, Operational Taxonomic Unit; PUFAs, Polyunsaturated fatty acids; RO, Raspberry seed oil; SEM, Standard error of mean; T2DM, Type 2 Diabetes mellitus; UHPLC-MS/MS, Ultra-high performance liquid chromatography-MS/MS; YBT, Yiqi-Bushen-Tiaozhi.



References

 Ashtari, S., Pourhoseingholi, M. A., and Zali, M. R. (2015). Non-Alcohol Fatty Liver Disease in Asia: Prevention and Planning. World J. Hepatol. 7, 1788–1796. doi: 10.4254/wjh.v7.i13.1788

 Astbury, S., Atallah, E., Vijay, A., Aithal, G. P., Grove, J. I., and Valdes, A. M. (2020). Lower Gut Microbiome Diversity and Higher Abundance of Proinflammatory Genus Collinsella Are Associated With Biopsy-Proven Nonalcoholic Steatohepatitis. Gut. Microbes 11, 569–580. doi: 10.1080/19490976.2019.1681861

 Baffy, G., and Bosch, J. (2021). Overlooked Subclinical Portal Hypertension in non-Cirrhotic Nafld: Is it Real and How to Measure it? J. Hepatol. 76, 458–463. doi: 10.1016/j.jhep.2021.09.029

 Boursier, J., Mueller, O., Barret, M., Machado, M., Fizanne, L., Araujo-Perez, F., et al. (2016). The Severity of Nonalcoholic Fatty Liver Disease Is Associated With Gut Dysbiosis and Shift in the Metabolic Function of the Gut Microbiota. Hepatology. 63, 764–775. doi: 10.1002/hep.28356

 Brunt, E. M., Kleiner, D. E., Wilson, L. A., Belt, P., and Neuschwander-Tetri, B. A. (2011). Nonalcoholic Fatty Liver Disease (Nafld) Activity Score and the Histopathologic Diagnosis in Nafld: Distinct Clinicopathologic Meanings. Hepatology 53, 810–820. doi: 10.1002/hep.24127

 Cerdó, T., Diéguez, E., and Campoy, C. (2019). Early Nutrition and Gut Microbiome: Interrelationship Between Bacterial Metabolism, Immune System, Brain Structure, and Neurodevelopment. Am. J. Physiol. Endocrinol. Metab. 317, e617–e630. doi: 10.1152/ajpendo.00188.2019

 Chinese Pharmacopoeia Commission China Medical Science Press: Beijing C (2015). Chinese Pharmacopoeia Vol. 1 (Beijing, China: China Medical Science Press), 191–193.

 Cook, N., Geier, A., Schmid, A., Hirschfield, G., Kautz, A., Schattenberg, J. M., et al. (2019). The Patient Perspectives on Future Therapeutic Options in Nash and Patient Needs. Front. Med. (Lausanne). 6. doi: 10.3389/fmed.2019.00061

 Edgar, R. C. (2013). Uparse: Highly Accurate Otu Sequences From Microbial Amplicon Reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

 Gruneau, L., Ekstedt, M., Kechagias, S., and Henriksson, M. (2021). Disease Progression Modelling for Economic Evaluation in non-Alcoholic Fatty Liver Disease - A Systematic Review. Clin. Gastroenterol. Hepatol. S1542-3565, 1153–8. doi: 10.1016/j.cgh.2021.10.040

 Han, H., Li, X., Guo, Y., Zheng, M., Xue, T., and Wang, L. (2021). Plant Sterol Ester of α-Linolenic Acid Ameliorates High-Fat Diet-Induced Nonalcoholic Fatty Liver Disease in Mice: Association With Regulating Mitochondrial Dysfunction and Oxidative Stress via Activating Ampk Signaling. Food Funct. 12, 2171–2188. doi: 10.1039/d0fo02623a

 Hegarty, R., Singh, S., Bansal, S., Fitzpatrick, E., and Dhawan, A. (2021). Nafld to Mafld in Adults But the Saga Continues in Children: An Opportunity to Advocate Change. J. Hepatol. 74, 991–992. doi: 10.1016/j.jhep.2020.12.032

 Hendawy, O., Gomaa, H. A. M., Hussein, S., Alzarea, S. I., Qasim, S., Abdel Rahman, F. E. S., et al. (2021). Cold-Pressed Raspberry Seeds Oil Ameliorates High-Fat Diet Triggered Non-Alcoholic Fatty Liver Disease. Saudi. Pharm. J. 29, 1303–1313. doi: 10.1016/j.jsps.2021.09.014

 Hong, W., Li, S., Cai, Y., Zhang, T., Yang, Q., He, B., et al. (2020). The Target Micrornas and Potential Underlying Mechanisms of Yiqi-Bushen-Tiaozhi Recipe Against-Non-Alcoholic Steatohepatitis 11, 529–553. doi: 10.3389/fphar.2020.529553

 Ibrahim, S. H., Hirsova, P., Malhi, H., and Gores, G. J. (2016). Animal Models of Nonalcoholic Steatohepatitis: Eat, Delete, and Inflame. Dig. Dis. Sci. 61, 1325–1336. doi: 10.1007/s10620-015-3977-1

 Jin, C., Weng, Y., Zhang, Y., Bao, Z., Yang, G., Fu, Z., et al. (2021). Propamocarb Exposure has the Potential to Accelerate the Formation of Atherosclerosis in Both Wt and Apoe(-/-) Mice Accompanied by Gut Microbiota Dysbiosis. Sci. Total. Environ. 800, 149602. doi: 10.1016/j.scitotenv.2021.149602

 Ji, Y., Yin, Y., and Li Z and Zhang, W. (2019). Gut Microbiota-Derived Components and Metabolites in the Progression of Non-Alcoholic Fatty Liver Disease (Nafld). Nutrients. 11, 1712. doi: 10.3390/nu11081712

 Koletzko, B., Reischl, E., Tanjung, C., Gonzalez-Casanova, I., Ramakrishnan, U., Meldrum, S., et al. (2019). Fads1 and Fads2 Polymorphisms Modulate Fatty Acid Metabolism and Dietary Impact on Health. Annu. Rev. Nutr. 39, 21–44. doi: 10.1146/annurev-nutr-082018-124250

 Kõljalg, U., Larsson, K. H., Abarenkov, K., Nilsson, R. H., Alexander, I. J., Eberhardt, U., et al. (2005). Unite: A Database Providing Web-Based Methods for the Molecular Identification of Ectomycorrhizal Fungi. New Phytol. 166, 1063–1068. doi: 10.1111/j.1469-8137.2005.01376.x

 Kramer, J. R., Natarajan, Y., Dai, J., Yu, X., Li, L., El-Serag, H., et al. (2021). Effect of Diabetes Medications and Glycemic Control on Risk of Hepatocellular Cancer in Patients With Non-Alcoholic Fatty Liver Disease. Hepatology. 00, 1–9. doi: 10.1002/hep.32244

 Leung, C., Rivera, L., Furness, J. B., and Angus, P. W. (2016). The Role of the Gut Microbiota in Nafld. Nat. Rev. Gastroenterol. Hepatol. 13, 412–425. doi: 10.1038/nrgastro.2016.85

 Liu, S., Qin, P., and Wang, J. (2019). High-Fat Diet Alters the Intestinal Microbiota in Streptozotocin-Induced Type 2 Diabetic Mice. Microorganisms. 7, 176. doi: 10.3390/microorganisms7060176

 Liu, Y., Xu, W., Zhai, T., You, J., and Chen, Y. (2019). Silibinin Ameliorates Hepatic Lipid Accumulation and Oxidative Stress in Mice With non-Alcoholic Steatohepatitis by Regulating Cflar-Jnk Pathway. Acta Pharm. Sin. B. 9, 745–757. doi: 10.1016/j.apsb.2019.02.006

 Magoč, T., and Salzberg, S. L. (2011). Flash: Fast Length Adjustment of Short Reads to Improve Genome Assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

 Ma, X., Hou, M., Liu, C., Li, J., Ba, Q., and Wang, H. (2022). Cadmium Accelerates Bacterial Oleic Acid Production to Promote Fat Accumulation in Caenorhabditis Elegans. J. Haz. Mater. 421, 126723. doi: 10.1016/j.jhazmat.2021.126723

 Pan, X., Kaminga, A. C., Liu, A., Wen, S. W., Luo, M., and Luo, J. (2021). Gut Microbiota, Glucose, Lipid, and Water-Electrolyte Metabolism in Children With Nonalcoholic Fatty Liver Disease. Front. Cell Infect. Microbiol. 11, 683743. doi: 10.3389/fcimb.2021.683743

 Plaza-Díaz, J., Solis-Urra, P., Aragón-Vela, J., Rodríguez-Rodríguez, F., Olivares-Arancibia, J., and Álvarez-Mercado, A. I. (2021). Insights Into the Impact of Microbiota in the Treatment of Nafld/Nash and its Potential as a Biomarker for Prognosis and Diagnosis. Biomedicines 9, 145. doi: 10.3390/biomedicines9020145

 Price, M. N., Dehal, P. S., and Arkin, A. P. (2010). Fasttree 2–Approximately Maximum-Likelihood Trees for Large Alignments. PloS One 5, e9490. doi: 10.1371/journal.pone.0009490

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The Silva Ribosomal Rna Gene Database Project: Improved Data Processing and Web-Based Tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

 Rathod, R. H., Chaudhari, S. R., Patil, A. S., and Shirkhedkar, A. A. (2019). Ultra-High Performance Liquid Chromatography-Ms/Ms (Uhplc-Ms/Ms) in Practice: Analysis of Drugs and Pharmaceutical Formulations. Future J. Pharm. Sci. 5, 6. doi: 10.1186/s43094-019-0007-8

 Rosenberg, E., Long, E. F., Lory, S., Stackebrandt, E., and Thompson, F. (2014). The Prokaryotes: Other Major Lineages of Bacteria and the Archaea. The Prokaryotes: Other Major Lineages of Bacteria and the Archaea. Springer 613–615.

 Terry Cheuk-Fung, Y., Hye Won, L., Wah Kheong, C., Grace Lai-Hung, W., and Vincent Wai-Sun, W. (2021). Asian Perspective on Nafld-Associated Hcc. J. Hepatol. 76, 726–734. doi: 10.1016/j.jhep.2021.09.024

 Vallianou, N., Dalamaga, M., Stratigou, T., Karampela, I., and Tsigalou, C. (2021). Do Antibiotics Cause Obesity Through Long-Term Alterations in the Gut Microbiome? A Review of Current Evidence. Curr. Obes. Rep. 10, 244–262. doi: 10.1007/s13679-021-00438-w

 Van Herck, M. A., Vonghia, L., and Francque, S. M. (2017). Animal Models of Nonalcoholic Fatty Liver Disease-a Starter's Guide. Nutrients 9, 1072. doi: 10.3390/nu9101072

 Wang, M., Ma, L. J., Yang, Y., Xiao, Z., and Wan, J. B. (2019). N-3 Polyunsaturated Fatty Acids for the Management of Alcoholic Liver Disease: A Critical Review. Crit. Rev. Food Sci. Nutr. 59, s116–s129. doi: 10.1080/10408398.2018.1544542

 Wang, Y., Sheng, H. F., He, Y., Wu, J. Y., Jiang, Y. X., Tam, N. F., et al. (2012). Comparison of the Levels of Bacterial Diversity in Freshwater, Intertidal Wetland, and Marine Sediments by Using Millions of Illumina Tags. Appl. Environ. Microbiol. 78, 8264–8271. doi: 10.1128/aem.01821-12

 Wu, C., Borné, Y., Gao, R., López Rodriguez, M., Roell, W. C., Wilson, J. M., et al. (2021). Elevated Circulating Follistatin Associates With an Increased Risk of Type 2 Diabetes. Nat. Commun. 12, 6486. doi: 10.1038/s41467-021-26536-w

 Xue, X., Wu, J., Ding, M., Gao, F., Zhou, F., Xu, B., et al. (2021). Si-Wu-Tang Ameliorates Fibrotic Liver Injury via Modulating Intestinal Microbiota and Bile Acid Homeostasis. Chin. Med. 16, 112. doi: 10.1186/s13020-021-00524-0

 Younossi, Z. M., Golabi, P., de Avila, L., Paik, J. M., Srishord, M., Fukui, N., et al. (2019). The Global Epidemiology of Nafld and Nash in Patients With Type 2 Diabetes: A Systematic Review and Meta-Analysis. J. Hepatol. 71, 793–801. doi: 10.1016/j.jhep.2019.06.021

 Younossi, Z. M., Harring, M., Younossi, Y., Ong, J. P., Alqahtani, S. A., and Stepanova, M. (2021). The Impact of Nash to Liver Transplantations With Hepatocellular Carcinoma in the United States. Clin. Gastroenterol. Hepatol. S1542-3565, 01131-9. doi: 10.1016/j.cgh.2021.10.018

 Zhang, C., Li, S., Yang, L., Huang, P., Li, W., Wang, S., et al. (2013). Structural Modulation of Gut Microbiota in Life-Long Calorie-Restricted Mice. Nat. Commun. 4, 2163. doi: 10.1038/ncomms3163

 Zhang, P., Zheng, L., Duan, Y., Gao, Y., Gao, H., Mao, D., et al. (2022). Gut Microbiota Exaggerates Triclosan-Induced Liver Injury via Gut-Liver Axis. J. Haz. Mater. 421, 126707. doi: 10.1016/j.jhazmat.2021.126707

 Zhao, S., Jang, C., Liu, J., Uehara, K., Gilbert, M., Izzo, L., et al. (2020). Dietary Fructose Feeds Hepatic Lipogenesis via Microbiota-Derived Acetate. Nature. 579, 586–591. doi: 10.1038/s41586-020-2101-7

 Zhao, J., Li, Y., Sun, M., Xin, L., Wang, T., Wei, L., et al. (2019). The Chinese Herbal Formula Shenzhu Tiaopi Granule Results in Metabolic Improvement in Type 2 Diabetic Rats by Modulating the Gut Microbiota. Evid. Base. Comple. Alternat. Med. 2019, 6976394. doi: 10.1155/2019/6976394

 Zhu, H. Z., Liang, Y. D., Ma, Q. Y., Hao, W. Z., Li, X. J., Wu, M. S., et al. (2019). Xiaoyaosan Improves Depressive-Like Behavior in Rats With Chronic Immobilization Stress Through Modulation of the Gut Microbiota. BioMed. Pharmacother. 112, 108621. doi: 10.1016/j.biopha.2019.108621




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.


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.

Copyright © 2022 Yan, Nie, Liu, Li, Wu, Chen and He. 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: 25 April 2022

doi: 10.3389/fcimb.2022.853981

[image: image2]


Gut Microbiota: Therapeutic Targets of Ginseng Against Multiple Disorders and Ginsenoside Transformation


Zhaoqiang Chen 1†, Zepeng Zhang 2,3†, Jiaqi Liu 1, Hongyu Qi 1, Jing Li 1, Jinjin Chen 1, Qingxia Huang 1,2, Qing Liu 1, Jia Mi 4* and Xiangyan Li 1*


1 Jilin Ginseng Academy, Key Laboratory of Active Substances and Biological Mechanisms of Ginseng Efficacy, Ministry of Education, Jilin Provincial Key Laboratory of Bio-Macromolecules of Chinese Medicine, Changchun University of Chinese Medicine, Changchun, China, 2 Research Center of Traditional Chinese Medicine, The First Affiliated Hospital of Changchun University of Chinese Medicine, Changchun, China, 3 College of Acupuncture and Tuina, Changchun University of Chinese Medicine, Changchun, China, 4 Department of Endocrinology, The First Affiliated Hospital of Changchun University of Chinese Medicine, Changchun, China




Edited by: 

Rudolf Bauer, University of Graz, Austria

Reviewed by: 

Xiaobo Zhang, Zhejiang University, China

Yolanda B. Lombardo, National University of the Littoral, Argentina

*Correspondence: 

Jia Mi
 mijia8201@126.com 

Xiangyan Li
 xiangyan_li1981@163.com

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Microbiome in Health and Disease, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 13 January 2022

Accepted: 24 March 2022

Published: 25 April 2022

Citation:
Chen Z, Zhang Z, Liu J, Qi H, Li J, Chen J, Huang Q, Liu Q, Mi J and Li X (2022) Gut Microbiota: Therapeutic Targets of Ginseng Against Multiple Disorders and Ginsenoside Transformation. Front. Cell. Infect. Microbiol. 12:853981. doi: 10.3389/fcimb.2022.853981



Panax ginseng, as the king of Chinese herb, has significant therapeutic effects on obesity, type 2 diabetes mellitus, fatty liver disease, colitis, diarrhea, and many other diseases. This review systematically summarized recent findings, which show that ginseng plays its role by regulating gut microbiota diversity, and gut microbiota could also regulate the transformation of ginsenosides. We conclude the characteristics of ginseng in regulating gut microbiota, as the potential targets to prevent and treat metabolic diseases, colitis, neurological diseases, cancer, and other diseases. Ginseng treatment can increase some probiotics such as Bifidobacterium, Bacteroides, Verrucomicrobia, Akkermansia, and reduce pathogenic bacteria such as Deferribacters, Lactobacillus, Helicobacter against various diseases. Meanwhile, Bacteroides, Eubacterium, and Bifidobacterium were found to be the key bacteria for ginsenoside transformation in vivo. Overall, ginseng can regulate gut microbiome diversity, further affect the synthesis of secondary metabolites, as well as promote the transformation of ginsenosides for improving the absorptivity of ginsenosides. This review can provide better insight into the interaction of ginseng with gut microbiota in multiple disorders and ginsenoside transformation.




Keywords: ginseng (Panax ginseng C.A. Meyer), gut microbiota, multiple disorders, gisenoside transformation, ginsenoside



Introduction

Panax ginseng C. A. Meyer (ginseng), called the king of herbs, has become one of the most popular Chinese herbal medicines in the world. It is widely used to treat various diseases (Ratan et al., 2021) and regulate human health (Fan et al., 2020). Moreover, ginseng also has high production value. According to statistics in 2016, China’s Ginseng output reached 28,900 tons, creating an output value of $7.5 billion for the ginseng industry in Jilin Province, ranking the first position (Li et al., 2019). In recent years, a variety of active ingredients have been isolated and identified from ginseng, mainly ginsenoside, polysaccharide, volatile oil, amino acid, polyacetylene, alkaloid, as well as a small amount of salicylic acid amine, organic acid, non-saponin water-soluble glucoside, maltol and its derivative glucoside (Liu et al., 2020). Polysaccharides, as one of the main components of ginseng, have the functions of immunomodulation, anti-tumor and anti-diabetes (Zhao et al., 2019). Amino acids in ginseng can enhance immunity, promote cell growth, proliferation and angiogenesis (Sah et al., 2021). Polyacetylene can significantly inhibit the proliferation of cancer cells and lipid peroxidation, improve memory (Al-Hazmi et al., 2015) and anti-inflammation (Jin et al., 2021). Alkaloids have the functions of radiation protection, anti-diabetic (Chen et al., 2019) and anti-tumor (Ajebli et al., 2021; Xu et al., 2021). The volatile oil in ginseng has the effects of antioxidation and liver protection (Bak et al., 2012). Ginsenoside is the most extensively studied active ingredient at this stage and has been considered as the main components of pharmacological action (Guo et al., 2021), such as anti-tumor (Kim et al., 2016), anti-inflammatory (Han and Kim, 2020), antioxidant, inhibition of apoptosis (Zheng et al., 2018).There are other trace components in ginseng, but they are not the main active components.

At present, it has been found that ginseng contains a variety of non-widespread initial ginsenosides, however, it does not have good biological activity, but after the processing and transformation of gut microbiota, it is found that there are 289 kinds of ginsenosides (including free ginsenoside) and their biological activities were significantly improved (Li et al., 2022). Although ginseng has many biological effects, the mechanisms of the pharmacological effect and its metabolic process in vivo have not been fully explained. In recent years, multiple studies have shown that the effect of ginseng is closely related to the role of gut microbiota (Pan et al., 2019; Santangelo et al., 2019), and gut microbiota is also the main tool for ginsenoside transformation (Kim, 2018).

Human microbial community is a complex ecosystem, in which the microbial community in the intestine has the largest scale and the most species (Tan et al., 2020). There are as many as 100 trillion microorganisms in human intestine, which are composed of at least 1,500 genera and 50 different phyla (Robles-Alonso and Guarner, 2013). In the long process of evolution of gut microbiota, through individual adaptation and natural selection, the microbiota of different species, microbiota and host, microbiota and host environment are always in a state of dynamic balance, forming an interdependent system. More and more evidences show that gut microbiota plays a key role not only in the metabolism of nutrients and drugs and the absorption of fat in the diet, but also in the regulation of immunity, physiology, metabolism, and health maintenance (Xi et al., 2021; Zhang et al., 2021). Besides, intestinal microorganisms could affect multiple tissues and organs, such as intestinal cells, liver, adipose tissue, brain, and muscle. These extensive studies about intestinal microbiota have made great progress in both humans and animals. As an example, specific changes in microbiota composition are associated with various diseases (Cani et al., 2021). For example, the ratio of Firmicutes to Bacteroidetes is increased in obese patients, while it is decreased in enteritis patients (Stojanov et al., 2020). Meanwhile, many treatments have targeted gut microbiota, which have found that probiotics are a potential treatment option for different diseases, such as Alzheimer’s disease (Ji and Shen, 2021). Therefore, gut microbiota has been considered as potential targets for the prevention and treatment of various diseases.

Currently, there are a few reviews for summarizing the regulation of ginseng on gut microbiota in a series of diseases and the biotransformation of ginsenosides by gut microbiota. In our review, we searched and summarized the recent publications that ginseng could treat various diseases through the regulation of gut microbiota, including obesity, type 2 diabetes mellitus (T2DM), liver diseases, diarrhea, colitis, and others. Moreover, we summarized the gut microbiota affected by ginseng in the treatment process, and the transformation process of ginsenosides under the action of gut microbiota. By the relevant reports on ginseng and gut microbiota, it reveals new potential targets, intestinal microbiota for ginseng in the prevention and treatment of a variety of diseases and provides new insights into the future research direction, intestinal microorganisms as potential targets of ginseng.



Ginseng Treats Various Diseases by Regulating Gut Microbiota


Obesity

Obesity is a global health problem (Safaei et al., 2021). Many chronic diseases associated with obesity, such as diabetes, cardiovascular disease and non-alcoholic fatty liver disease which are the main causes of human death (Hu et al., 2017). At present, the studies have found that gut microbiota is a necessary condition for the progress of obesity. Transplanting the microbiota of obese mice into healthy mice can induce obesity in healthy mice. At the same time, the activation and accumulation of fat by gut microbiota have been gradually revealed (Crovesy et al., 2020; Liu et al., 2021). Ginseng extract could also induce Enterococcus faecalis to produce unsaturated long-chain fatty acids and myristic acid has good effect on activating brown fat, promoting the production of beige fat, and reducing the body weight of obese mice (Quan et al., 2020). Firmicutes can promote energy absorption and fat accumulation (Orbe-Orihuela et al., 2018), and Bacteroides can regulate bile acid metabolism, reduce the level of inflammation, and inhibit fat accumulation in obese hosts. The ratio of Firmicutes to Bacteroidetes also plays an important role in the process of obesity (Gibiino et al., 2018). At present, ginseng extract, red ginseng extract, and the combination of ginsenoside Rb1 with salvianolic acid B have been proved to reduce weight and lipid by decreasing the ratio of Firmicutes to Bacteroidetes (Zhou et al., 2020; Bai et al., 2021; Lee et al., 2021). Meanwhile, ginseng treatment for 28 days can also up-regulate Bacteroides, Parabacteroides, and Lactobacillus probiotics to reduce the abundance of bacteria that can induce obesity, such as Firmicutes, Deferribactes, Helicobacter in obese hosts. Monascus fermented ginseng can reduce the ratio of Firmicutes to Bacteroides in the intestinal tract of HFD rats, further to decrease the relative levels of sterol regulatory element binding protein-2 (SREBP-2) and hydroxymethylglutaryl-CoA (HMG-CoA) reductase, and increase the expression of CYP7A1 to improve lipid level of total cholesterol (TC) in blood and liver against metabolic disorder (Zhao et al., 2021). The microbiota structure in obese hosts might be the pathogenic factor, but ginseng can help the body return to the normal metabolic level and lose weight by improving this unbalanced microbiota structure. In obesity animal models, Firmicutes, Bacteroides, Lactobacillus, and Helicobacter may be potential targets for ginseng in the treatment of obesity (Table 1). Meanwhile, relative studies have found ginseng could reduce the body weight, blood lipid, blood glucose, and inflammatory level, as well as can significantly improve the structure of gut microbiota in obese patients (Table 2) (Song et al., 2014; Seong et al., 2021).


Table 1 | Summary of anti-obesity activities of ginseng by regulating gut microbiota and related pathways.




Table 2 | Summary of ginseng regulating gut microbiota in human models.





Type 2 Diabetes Mellitus (T2DM)

T2DM is a complex disease, which is characterized by hyperglycemia and its complications mainly caused by insulin resistance (Del Prato and Chilton, 2018; Himanshu et al., 2020). In recent years, it has been found that the disorder of gut microbiota is an important factor in the occurrence and development of T2DM (Canfora et al., 2019). For example, the ratio of Firmicutes and Bacteroidetes is generally relatively high in the T2DM hosts (Perry et al., 2016). Current results have confirmed that ginseng plays a role in improving blood glucose level and insulin sensitivity in patients with T2DM (Gui et al., 2016). It proved that the treatment with ginsenoside T19 in C57BL/6 mice model induced by high-fat diet combined with streptozotocin could exert therapeutic effect for treating T2DM by reducing the relative abundance of pathogenic bacteria such as Coprobacillus and decreasing the ratio of Firmicutes and Bacteroidetes, as well as enhancing the relative abundance of probiotics such as Bacteroidetes (Xu et al., 2020). Ginsenoside Rg5 can also reverse the disordered gut microbiota, alleviate metabolic endotoxemia, repair intestinal barrier, inhibit nuclear factor kappaB (NF-κB) and other related inflammatory pathways to improve T2DM of Db/Db mice (Wei et al., 2020). Besides these ginsenosides, the combination of red ginseng, Aronia, Shiitake mushroom, and Nattokinase and Buzhong Tongluo decoction including Astragalus membranaceus, Dioscorea hemsleyi, Salvia miltiorrhiza, Scrophularia ningpoensis, Ophiopogon japonicus, Panax ginseng, Fritillariae cirrhosae, and Whitmania pigra Whitman have been proved to be able to up-regulate Bacteroides, Lactobacillus, Akkermansia probiotics, reduce the abundance of bacteria causing hyperglycemia, such as Helicobacter, Flavonifractor, and reduce the ratio of Firmicutes and Bacteroidetes, thus play their hypoglycemic effects (Yang et al., 2018; Zheng et al., 2020). In another disorder, metabolic syndrome, the powder from Korean red ginseng (KRG) has a good therapeutic effect, and its mechanism might be related to the improvement of the disorder of lipid metabolism (the reductions of TC and low-density lipoprotein, LDL) by increasing the relative abundance of Bacteroides and reducing the relative abundance of Firmicutes and Proteobacteria (Seong et al., 2021). Most studies show that ginseng can correct the abnormal metabolic level in the body by reversing the ratio of Firmicutes and Bacteroidetes. However, in the experiment of T2DM rat model treated with ginseng polysaccharide combined with Rb1, the ratio of Firmicutes and Bacteroidetes were increased after the treatment, which finally reduced the blood glucose level and increased β-glucosidase activity (Li et al., 2018). As same as most medical treatment, the ratio of Firmicutes and Bacteroidetes could be decreased, verse originally elevated in the pathological model. This change of gut microbiota could reduce the body’s energy intake and improve the level of glucose and lipid metabolism. However, this ratio was increased after treatment with polysaccharide and Rb1 in the above research. The original author did not make a targeted explanation. We speculate that it may be related to the state of the model, but the specific reason remains to be further revealed.

Therefore, the disordered gut microbiota is the inducer of T2DM, but ginseng can reverse the structures of disordered gut microbiota to restore the glucose metabolism and improve the disorder of glucose and lipid metabolism, ultimately inhibit the development of T2DM (Table 1).



Fatty Liver Diseases

Non-alcoholic fatty liver disease (NAFLD), a gradually serious health problem worldwide, is a chronic and multi-factorial cause of liver disease (Younossi et al., 2016), which is often observed in patients with obesity, dyslipidemia and diabetes, and manifesting as hepatic steatosis (Polyzos et al., 2019). Pathogenic causes of fatty liver diseases include insulin resistance, hepatic lipid metabolism disorder, inflammation, genetics, and other factors (Friedman et al., 2018). In addition, the studies have found that the gut microbiota is able to influence hepatic lipid metabolism as well as the balance of pro- inflammatory and anti-inflammatory factors in the liver. Therefore, the gut microbiota has been a potential target for the prevention and treatment of NAFLD (Kolodziejczyk et al., 2019). Ginseng is widely used in metabolic diseases and also has a significant effect on the improvement of NAFLD (Roh et al., 2020; Yoon et al., 2021; Gu et al., 2021). Another study of ginseng extract treatment for fatty liver mice induced by high-fat diet demonstrated that ginseng could reverse the structure of disturbed gut microbiota to inhibit the levels of sterol regulatory element binding protein-1c (SREBP-1c), fatty acid synthetase (FAS), and acetyl-coenzyme a carboxylase 1 (ACC-1), and increase carnitine palmityl transferase 1A (CPT-1a) expression to alleviate hepatic lipid accumulation and suppress NF-κB/I-kappa-B (IκB) inflammasome pathway (Liang et al., 2021).

Alcoholic fatty liver disease is also a highly harmful chronic liver disease. And its occurrence is confirmed to be associated with the gut microbiota (Liu et al., 2018). The researches have proved that fermented ginseng can up-regulate probiotics such as Bifidobacterium, Lactobacillus, Akkermansia and down-regulate pathogenic bacteria such as Peptostreptococcaceae, Colibacillus that lead to metabolic disorders, which can alleviate the level of inflammation and improve the situation of alcoholic liver injury (Fan et al., 2019). The further deterioration of non-alcoholic fatty liver disease and alcoholic fatty liver disease could lead to hepatitis and even liver cancer (Ocker, 2020). In a dimethylnitrosamine induced-cancer mice, ginsenoside Rg3 combined with Fe@Fe3O4 nanoparticles can reduce the number of cancerous cells and prolong the survival time of mice with liver cancer by elevating the ratio of Firmicutes and Bacteroidetes or reversing the pathogenic gut microbiota structure (Ren et al., 2020). In summary, ginseng can treat the animal liver diseases models by reversing the imbalanced gut microbiota, improving liver metabolism, and restoring host homeostasis (Table 3). Moreover, in NAFLD patients, KRG could decrease the ratio of Firmicutes and Bacteroidetes to improve liver lipid metabolism, decreass serum TC and total triglyceride (TG) (Table 2) (Hong et al., 2021).


Table 3 | Summary of anti-liver diseases activities of ginseng by regulating gut microbiota and related pathways.





Diarrhea

Diarrhea is one of the leading diseases with the highest morbidity and mortality worldwide which is characterized by acute and infectious (Shankar and Rosenbaum, 2020). Prolonged diarrhea can lead to the consequences such as hypovolemia, electrolyte imbalance, malnutrition, and skin damage (Reintam Blaser et al., 2015). There are many causes of diarrhea, and commonly there are the disorders of bile acid metabolism (Hughes et al., 2021), viruses (Becker-Dreps et al., 2020), and Escherichia coli infection (Ahmed et al., 2013). Furthermore, recent studies have found that gut microbiota is an important pathogenic factor leading to diarrhea (Fan and Pedersen, 2021). While the occurrence of diarrhea could be prevented and improved by restoring the structures of disorganized gut microbiota (Gallo et al., 2016). Ginseng can alleviate diarrheal symptoms by modulating the gut microbiota structure. In the Kunming mice induced by 5-fluorouracil, a combination of total ginsenoside and volatiles of Atractylodes Macrocephala can decrease the abundances of Bacteroides, Proteobacteria and other bacteria and increase the abundances of Firmicutes and Lactobacillus to restore gut microbiota homeostasis for the improvement of diarrheal situation (Wang et al., 2019a). Moreover, the combination of ginseng polysaccharides and volatilized oil from Atractylodes Macrocephala could reduce the diarrhea index and ameliorate colonic lesions by restoring the structures of gut microbiota in the disease state (Wang et al., 2019b). In addition, fermented ginseng and ginseng polysaccharides have also been proved to have therapeutic effects on diarrhea by up-regulating Firmicutes, Lactobacillus, the ratio of Firmicutes and Bacteroidetes, and down-regulating Proteobacteria, and Bacteroidetes (Qi et al., 2019; Qu et al., 2021). Taken together, the active components from ginseng can restore intestinal homeostatic balance and improve water and salt metabolism to alleviate diarrhea (Table 4).


Table 4 | Summary of anti-colitis and anti-diarrhea activities of ginseng by regulating gut microbiota and related pathways.





Colitis

Colitis is a chronic and persistent inflammatory environment leading to colon cancer, which is the third deadliest cancer of the world (Bocchetti et al., 2021). There are many factors leading to colitis, but the most fundamental is the gut microbiota. The changes in the composition and diversity of gut microbiota could lead to the damage of intestinal barrier and the immune function, and increase high levels of pro-inflammatory cytokines in the intestine and the incidence of erosion and ulcer (Hering et al., 2012). Studies have shown that probiotics supplementation can regulate bile acid metabolism and alleviate enteritis symptoms in mice (Liu and Wang, 2021). Probiotics can also restore unbalanced gut microbiota, enhance intestinal mucosal barrier function, improve intestinal immunity, and reduce gastrointestinal infection (Shen et al., 2018). Therefore, restoring the structure of gut microbiota is an important mechanism for the treatment of colitis. Ginseng has an anti-inflammatory and analgesic effects (Lee et al., 2019) and it could prevent the colitis and related cancer induced by dextran sodium sulfate (Shin et al., 2020). In the studies of dextran sodium sulfate (DSS)-induced SD rats, ginseng polysaccharides can significantly up-regulate the relative abundance of probiotics, reduce the relative abundance of pathogenic bacteria, and inhibit a variety of inflammatory signal pathways (Shen et al., 2018; Wang et al., 2021). Ginsenoside Rk3 can increase the abundance of probiotics such as Bacteroides and Lactobacillaceae and reduce the abundance of pathogenic bacteria that can promote the production of inflammatory factors such as Proteobacteria, Helicobacteraceae. At the same time, ginseng can decrease the ratio of Firmicutes and Bacteroidetes, increase the expressions of tight junction protein 1 (ZO-1) and occludin, improve the integrity of intestinal barrier and intestinal immune function through the inhibition of toll-like receptor 4 (TLR4)/NF-κB and other inflammatory pathways (Bai et al., 2021; Chen et al., 2021). The treatment of red ginseng and coix seed in the trinitrobenzene sulfonic acid-induced colitis rats is achieved by increasing the abundance of probiotics and reducing the abundance of pathogenic bacteria (Guo et al., 2015). In addition, ginsenoside Rg1 has been found could be transformed by gut microbiota in colitis model, this may the underling mechanism of anti-colitis effects of ginsenosides (Lee et al., 2015).Collectively, ginseng can inhibit the inflammation and improve colitis by reducing the relative abundance of pathogenic bacteria, such as Helicobacter, and increasing the relative abundance of Lactobacillus and Bacteroides probiotics (Table 4).



Other Diseases

Importantly, many studies have proved that ginseng, ginsenosides, and ginseng polysaccharides play potential effects on other diseases. For male Wister rats with spleen deficiency syndrome, the combination of ginseng and wild jujube could up-regulate the relative abundance of Firmicutes, Bacteroidetes, Lactobacillus, and Bifidobacterium, reduce the relative abundances of Actinobacteria, Proteobacteria, Streptococcus, Escherichia, Shigella, Veillonella, and Enterococcus, reverse the pathological state of the gut microbiota imbalance of the spleen deficiency syndrome, and improve the spleen deficiency syndrome (Li et al., 2020). For the fatigue, two studies showed that the extracts of ginseng and fermented ginseng leaf can recover from exercise-induced fatigue by improving the structure of gut microbiota and reducing the level of inflammation (Zheng et al., 2021; Zhou et al., 2021). For neurological diseases, ginseng extract, ginsenoside or the formula containing ginseng can regulate gut microbiota to play neuroprotective effect and improve memory impairment. In the rat ischemia/reperfusion model, ginsenoside Rb1 can increase the relative abundance of Lactobacillus and gamma-aminobutyric acid receptors to reduce the proinflammatory cytokines for the improvement of neuroprotection (Chen et al., 2020). In the rats induced by D-galactose, ginseng decoction called Dushen Tang showed good curative ability for memory impairment by up-regulating Bacteroidetes and down-regulating Lactobacillus (Wang et al., 2021). In the mice with Parkinson’s disease, the treatment with the extract from KRG can improve neuronal function and alleviate Parkinson’s symptoms by up-regulating the relative abundance of Eubacterium and down-regulating the relative abundances of Verrucomicrobia and Ruminococcus (Jeon et al., 2020). For Alzheimer’s disease, a formula named Qisheng Wan containing ginseng and ginsenoside Rg1 can restore the structures of disordered gut microbiota and reduce the levels of inflammatory factors to reduce the symptoms of Alzheimer’s disease (Wang et al., 2020; Xiong et al., 2022). In the ApcMin/+ mice during the development of colorectal cancer, ginsenoside Rb3 and Rd can promote the growth of beneficial bacteria (Bifidobacterium spp., Lactobacillus spp., Bacteroides acidifaciens, and Bacteroides xylanisolvens) and lower the abundance of cancer cachexia-related bacteria (Dysgonomonas spp., Helicobacter spp.) to reinstate mucosal architecture and improve mucosal immunity (Huang et al., 2017). Moreover, ginsenosides can facilitate the therapeutic effect of cyclophosphamide in the mice with mammary carcinoma, which may be related with the increases of anti-tumor cytokines and the production of gut probiotics (Akkermansia, Bifidobacterium, and Lactobacillus) (Zhu et al., 2021). In addition, ginseng polysaccharides at 200 mg/kg can potentiate anti-tumor effect of anti-programmed cell death 1/programmed cell death ligand 1 immunotherapy in non-small lung cancer by regulating the relative abundance of bacteria such as Escherichia, Rikenella, Parabacteroides distasonis, and Bacteroides vulgatus (Huang et al., 2021).

The products of red ginseng, including its water extract, 50% ethanol extract and bifidobacterial-fermentation of ethanol extract were compared to explore their mechanisms against ovalbumin-induced allergic rhinitis. It found that bifidobacteria-fermented extract of red ginseng can reduce the levels of IL-4, IL-5, and IL-13 in the colon and restore the populations of gut microbiota (Bacteroidetes, Actinobacteria, and Firmicutes) (Kim et al., 2019). Furthermore, the same research group reported that bifidobacteria-fermented extract of red ginseng and its main constituent, ginsenoside Rd, protopanaxatriol can ameliorate gut dysbiosis (Bacteroidetes and Proteobacteria populations) to mitigate anxiety/depression (Han et al., 2020). Additionally, the intake of ginseng extract for 34 weeks can decrease the abundance of Bifidobacteriaceae and Lactobacillus, and increase the abundance of Proteobacteria, Methylobacteriaceae, and Parasutterella, Sutterella, which suggest that it regulate the host-gut metabolism in the normal rats (Sun et al., 2018). Collectively, ginseng can up-regulate the relative abundance of probiotics, reduce the relative abundance of pathogenic bacteria, or restore the structure of unbalanced gut microbiota to prevent and treat various diseases, including fatigue, neurological diseases, cancer, allergic rhinitis, and depression (Table 5).


Table 5 | Summary of anti-other diseases activities of ginseng by regulating gut microbiota and related pathways.



In summary, ginseng has significant therapeutic effects on a series of diseases, including obesity, T2DM, liver diseases, colitis, diarrhea, exercise-induced fatigue, Alzheimer’s disease, and cancer by regulation gut microbiota. Recent studies demonstrate that ginseng can further inhibits NF-κB and other inflammatory pathways to reduce the levels of proinflammatory factors (TNF-α and IL-1β) and increases the expressions of key proteins such as TLR4, ZO-1, and Occludin by regulating the species diversity and relative abundance of intestinal flora, thus maintaining the intestinal mucosal barrier homeostasis. The flora regulated by ginseng mainly includes Bacteroides, Bifidobacterium, Parabacteroides, Akkermansia, Helicobacter, Lactobacillus, and Proteobacteria during the process of different diseases. The detailed information for the compositions of gut microbiota and regulated signaling pathways in the therapeutic effect of ginseng against various diseases has been shown in Figure 1.




Figure 1 | Ginseng shows its potential therapeutic effects on a variety of diseases through the regulation of gut microbiota in animal models.






Transformation and Modification of Ginsenosides by Gut Microbiota

Microbiota is an important core to host metabolism, could regulate the expression and function of enzymes involved in drug metabolism (Xu et al., 2017), it can also participate in the regulation of ginsenoside transformation by producing nitrate reductase and glucuronidase to hydrolyze glycosidic bonds (Yang et al., 2020). Besides, many important components such as folate, indole, gamma-aminobutyric acid, and short chain fatty acids (SCFAs) are produced by the metabolism of ingested ingredients by microbiota. These metabolites also are the raw materials for the synthesis of above-mentioned molecules. Therefore, gut microbiota plays an vital role in the pharmacokinetics and pharmacodynamics of natural products (Pan et al., 2019).

The oral utilization of ginsenosides is very low, and the activity of some ginsenosides is not good, hence they need to be transformed to improve their activity. Ginsenoside compound K (CK) is a kind of ginsenoside with good activity, which is transformed from a variety of ginsenosides through different processing. A large number of studies have found that ginsenoside CK has many pharmacological effects that it can induce apoptosis of colon cancer cells (Pak et al., 2020), treat lung cancer (Jin et al., 2018), and reduce the formation of atherosclerotic plaque (Zhou et al., 2016). Together, most studies have proved that CK has a significant therapeutic effect on inflammation and cancer. Structurally, CK has less Arabinofuranose (Araf), arabopyranose (Arap), and glucose (Glc) than the initial ginsenoside. Ginsenoside Rc can be transformed into Mb and Mc by removing Glc at C-3 under the action of Bacteroides and Fusobacterium, and then into CK by removing Araf at C-20 through Bacteroides, Eubacterium and Bifidobacterium (Choi et al., 2018). Ginsenoside Rb2 can first remove the Glc at C-3 through Bifidobacterium and Eubacterium, then remove the Araf at C-20 under the action of Bacteroides and Fusobacterium and convert it into F2, and finally transformed into CK under the action of Bacteroides and Fusobacterium (Kim et al., 2018). Ginsenoside Rb1 has only three more molecules of Glc than CK, which is transformed into CK under the action of Eubacterium, Lactobacillus and Bacteroides (Quan et al., 2013). In addition, Ginsenoside Rd and F2 are transferring states for CK transformation. Ginsenoside Rd is usually transformed from Rb1, Rb2 and Rc by removing redundant Araf and Glc under the action of Eubacterium and Bifidobacterium, while F2 is transformed from Mb, Co and Rd by removing Araf or Glc under the action of Eubacterium, Fusobacterium and Bacteroides (Zhang et al., 2021). Meanwhile, it found that ginsenoside which have Arap and Araf at C-20 preferentially removed Glc at C-3 during transformation. Bacteroides tends to preferentially remove the Glc at C-3. In addition, in the whole process of CK transformation, the enzymatic hydrolysis of Araf group mainly depends on Bifidobacterium, Bacteroides mainly guides the enzymatic hydrolysis of Glc, and the enzymatic hydrolysis of Arap is mainly mediated by Fusobacterium (Figure 2A).




Figure 2 | The metabolism of ginsenosides under the action of gut microbiota.



Proto-ginsenoside of ginsenodiol type (PPD) has also been shown to have a significant inhibitory effect on breast cancer (Zhang et al., 2018), uterine cancer (Jo et al., 2021), prostate cancer (Cao et al., 2014), and metastasis of cancer cells (Lu et al., 2020). Although PPD has good pharmacological activity, it cannot be directly extracted from ginseng, it needs to be processed and transformed under the action of gut microbiota in vivo. Most of PPD is transformed from CK by removing the Glc at C-20 under the action of Bacteroides, Eubacterium and Bifidobacterium, and the other part is transformed from ginsenoside Rg3 by removing the two molecules of Glc at C-3 under the action of Bacteroides, Eubacterium and Bifidobacterium (Figure 2A). Proto-ginsenoside of ginsentriol type (PPT) is also a saponin with good activity, which has pharmacological effects such as reducing memory and cognitive impairment, improving Alzheimer’s disease (Lu et al., 2018), inhibiting septic shock and peritonitis (Jiang et al., 2020), improving cellular inflammation (Kim et al., 2015). PPT is not an initial saponin, which is transformed from a variety of ginsenoside under the action of gut microbiota in the intestine. In the whole transformation process of PPT, ginsenosides Re and Rf are the initial ginsenoside and ginsenoside Rh1 is the key secondary ginsenoside. During the transformation, ginsenoside Re can remove Glc or rhamnose (Rha) under the action of Fusobacterium, Bacteroides and Eubacterium, and then convert to F1, Rg1 and Rg2 (Bi et al., 2019). Ginsenoside Rh1, as a transferring style for PPT transformation, can be transformed from Rg1, Rg2, Rf by removing Glc, Rha and Glc under the action of Bacteroides, Eubacterium and Bifidobacterium, respectively. Under Bacteroides-mediated enzymatic hydrolysis, ginsenoside F1 and Rh1 can remove Glc at C-6 or C-20 to finally transformed into PPT (Chen et al., 2007). In addition, ginsenoside Rg1 can remove Glc, Rha at C-6 and then convert into F1 under the action of Fusobacterium and Bacteroides (Kim et al., 2011).

Summarily, we found that ginsenoside containing Rha such as Re, Rg2 could preferentially remove Rha when converted into PPT, and then hydrolyze other sugar groups. The hydrolysis of Rha for ginsenosides mainly depends on Eubacterium (Figure 2B). Besides, we concluded that Bacteroides, Bifidobacterium and Eubacterium are intestinal bacteria mainly involved in the transformation of ginsenoside. Among them, Bacteroides that degrade polysaccharides are most important bacteria. It has been found that Bacteroidetes could regulate thousands of enzymes, which can regulate specific carbohydrate degrading according to the structural information of the target glycan (Lapebie et al., 2019). As shown in Figure 3, we found that Bacteroides could induce the hydrolysis of glycosidic bonds at all possible positions. Besides, Bifidobacterium prefer to hydrolyze the glycosidic bond at position C-20, which mainly depends on its own glucosidase and glucanase, including β- glucan (Fernandez-Julia et al., 2021). Nowadays, it also has been approved that the hydrolysis by Eubacterium is closely related to β -glucosidase, but the further mechanism of ginsenoside transformation is unclear (Yang et al., 1995). According to the available evidence, Lactobacillus prefers to hydrolyze the glycosidic bond at position C-3, and the glycosidic bonds hydrolyzed by Microbacterium and Rhodanobacterium are more tended located at position C-20 (Figure 3). Collectively, Bifidobacterium and Bacteroides are the most beneficial bacteria and participate in the transformation process of ginsenosides in vivo. The therapeutic effect of ginseng depends on the further processing and modification of a variety of ginsenoside by the gut microbiota to enhance the absorption and the activity of ginsenoside in the body. At present, most researches of gut microbiota regulating ginsenoside transformation were still at an initial level, just showed the relationship between microbiota and transformation, but the internal mechanism and details need to be further clarified.




Figure 3 | The summary of gut microbiota participates regulating ginsenoside transform. The left row is the gut microbiota involved in ginsenoside transformation. The middle part shows branched chain position of glycosidic bond hydrolysis, the removed sugar group, and the remaining functional groups respectively. The corresponding ginsenosides transformed are listed on the right row.





Conclusion and Future Perspective

In our review, we summarized the findings of many studies, which showed that ginseng can play a role in the prevention and treatment of obesity, diabetes, fatty liver, colitis, diarrhea, cancer, and other diseases by regulating the host microbiota. At the same time, microbiota is also the key medium of ginsenoside transformation in vivo. The pharmacological functions of ginseng against various diseases might be related with the abundance and the structure of gut microbiota, including increase the relative abundance of probiotics (Bacteroides, Lactobacillus, Bifidobacterium, Akkermansia) and reduce the relative abundance of pathogenic bacteria (Firmicutes, Helicobacter, Clostridium Proteobacteria). Ginsenosides could be transformed into CK, PPD or PPT for better activities under the actions of probiotics, including Bacteroides, Eubacterium, Bifidobacterium, and Fusobacterium. Therefore, we can use probiotics combined with ginseng to improve the pharmacodynamic value of ginseng to fully play its pharmacological effect in future. Based on the current findings, the network relationship of ginseng extract, formula containing ginseng, ginsenosides, and polysaccharides with different microbiota have summarized and shown in Figure 4.




Figure 4 | The correlation between ginseng and gut microbiota.



The following aspects and suggestions about ginseng and gut microbiota should be considered, according to the research status: (1) The number of human experiments is relatively small, and most experiments use animal models, very few the studies were performed in human. (2) The detection methods for gut microbiota are mostly limited to 16S rDNA sequencing, and the changes of microbiota are not revealed deeply and specifically enough. (3) Most of the current research results only find the changes of microbiota, but there are few reports on the regulation mechanism of microbiota. (4) The detection method is single, only one detection method is used, the method of multi-omics combination is not used. (5) The ginseng used in the current studies lacks standardized and unified standards. Researchers rarely report the quality control results of ginseng, which cannot ensure the repeatability and stability of the experiment. Therefore, we suggest that future researches should focus on the species, types, and strain of gut microbiota, their metabolites, and related signaling pathways regulated by ginseng. This review can provide better insight into the interaction of ginseng with gut microbiota in multiple disorders and ginsenoside transformation.
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Glossary

T2DM: type 2 diabetes mellitus

FLD: fatty liver disease

NF-κB: nuclear factor kappaB

NAFLD: Nonalcoholic fatty liver disease

TC: total cholesterol

TG: total triglyceride

SREBP-1c: sterol regulatory element binding protein-1c

FAS: fatty acid synthetase

ACC-1: acetyl-coenzyme A carboxylase 1

CPT-1a: carnitine palmityl transferase 1A

IκB: I-kappa-B

ZO-1: tight junction protein 1

TLR4: toll-like receptor 4

IL: interleukin

TNF-α: tumor necrosis factor-α

PPD: Proto-ginsenoside of ginsenodiol type

PPT: Proto-ginsenoside of ginsentriol type

Bif: Bifidobacterium

Fae: Faecalibacterium

Bla: Blautia

Efa: Efaecalis

Lac: Lactobacillus

Fir: Firmicutes

Bac: Bacteroidetes

Para: Parabacteroides

Ver: Verrucomicrobia

Akk: Akkermansia

Muc: Mucispirillum

Pro: Proteobacteria

Def: Deferribacteres

Hel: Helicobacter

Bar: Barnesiella

All: Allistipes

Osc: Oscillibacter

Cor: Coriobacteriaceae

Adl: Adlercreutzia

Dor: Dorea

Cop: Coprobacter

Par: Parasutterella

Clo: Clostridium

Fla: Flavonifractor

Pse: Pseudoflavonifractor

Ace: Acetatifactor

Bil: Bilophila

Ros: Roseburia

Sci: Scillibacter

Str: Streptococcus

Rum: Ruminococcus

Ana: Anaerotruncus

Ros: Roseburia

Aci: Acidobacteria

Des: Desulfovibrio

Ery: Erysipelothrix

Ver: Verrucomicrobia

Bla: Blautia

Wei: Weissella

Esc: Escherichia

Shi: Shigella

Kur: Kurthia

STZ: streptozocin

Eub: Eubacterium

Erys: Erysipelotrichaceae

Kle: Klebsiella

Meg: Megamonas

Dia: Dialister

Eps: Epsilonbacteraeota

Act: Actinobacteria

Deh: Dehalobacterium

Sut: Suterella

All: Allobaculum

Osci: Oscillospira

Pep: Peptostreptococcaceae

Col: Colibacillus

Ent: Enterococcus

Lach: Lachnospiraceae

Rik: Rikenella

Mur: Muribaculaceae

Pre: Prevotellaceae

Ara: Arabidopsis

But: Butyricicoccus

Allo: Alloprevotella

Prevo: Prevotae

TNBS: trinitro-benzene-sulfonic acid

Vei: Veillonella

Meth: Methylobacteriaceae

Pas: Pasteurellaceae

Lep: leptum

Odo: Odoribacter

Parap: Paraprevotella

Ali: Alistipes.

Pse: Pseudomonas

Acid: Acidoides

But: Butyricimonas

Cam: Campylobacter

Dys: Dysgonomonas

Bur: Burkholderiales

Ach: Acholeplasma
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Hyperlipidemia refers to a chronic disease caused by systemic metabolic disorder, and its pathophysiology is very complex. Shanmei capsule (SM) is a famous preparation with a long tradition of use for anti-hyperlipidemia treatment in China. However, the regulation mechanism of SM on hyperlipidemia has not been elucidated so far. In this study, a combination of UPLC-Q-TOF/MS techniques and 16S rDNA gene sequencing was performed to investigate the effects of SM treatment on plasma metabolism-mediated change and intestinal homeostasis. The results indicated that SM potently ameliorated high-fat diet-induced glucose and lipid metabolic disorders and reduced the histopathological injury. Pathway analysis indicated that alterations of differential metabolites were mainly involved in glycerophospholipid metabolism, linolenic acid metabolism, α-linoleic acid metabolism, and arachidonic acid metabolism. These changes were accompanied by a significant perturbation of intestinal microbiota characterized by marked increased microbial richness and changed microbiota composition. There were many genera illustrating strong correlations with hyperlipidemia-related markers (e.g., weight gains, GLU, and total cholesterol), including the Lachnospiraceae NK4A136 group and the Lachnospiraceae NK4B4 group. Overall, this study initially confirmed that hyperlipidemia is associated with metabolic disturbance and intestinal microbiota disorders, and SM can be employed to help decrease hyperlipidemia risk, including improving the abnormal metabolic profile and maintaining the gut microbial environment.




Keywords: Shanmei capsule, hyperlipidemia, metabolomics, intestinal microbial, regulation mechanism



Introduction

Hyperlipidemia is a chronic disease caused by systemic metabolic disorder where plasma lipid levels are abnormal, presenting the symptoms of an increase in low-density lipoprotein cholesterol (LDL-C), total cholesterol (TC), and triglyceride (TG) levels or a decrease in high-density lipoprotein cholesterol (HDL-C) (Centers for Disease Control and Prevention, 2011). Modern research indicates that hyperlipidemia is closely related to the progression of cardiovascular diseases, such as type 2 diabetes, hypertension, non-alcoholic fatty liver, and atherosclerosis (Nelson, 2013; Jung and Choi, 2014; Navar-Boggan et al., 2015; Okerson et al., 2017). At present, statins and fibrates are the most widely used lipid-lowering drugs for the treatment of hyperlipidemia, but their application has been limited due to high rates of several side effects and drug dependence (Choi and Shin, 2014; Mancini et al., 2016). As such, beneficial and secure therapeutic approaches are urgently required. Traditional Chinese medicine (TCM) has a long medicinal history with substantial clinical experience in lipid-lowering interventions, and it also harbors abundant resources for potential drug candidates. An increasing number of clinical studies suggest that TCM has an outstanding advantage in treating hyperlipidemia due to its stable clinic effect with low toxicity (Zhai et al., 2018; Wang et al., 2019). Different from Western medicine, TCM focused on multiple active ingredients and simultaneously targeted diverse physiological processes and pathways to promote the potentiality to maintain and restore health.

Shanmei capsule (SM) is a traditional Chinese patent medicine that is widely used to relieve numerous symptoms, including chest tightness or pain, palpitation, shortness of breath, and fatigue. It was approved by the Chinese Food and Drug Administration (Z20013183) for treatment of coronary heart disease, Qi stagnation, and blood stagnation syndrome in 2002 and listed in the Chinese Pharmacopoeia (Chinese Pharmacopoeia, 2020). SM is mainly composed of two medicinal herbs: crataegi folium (the leaves of Crataegus pinnatifida Bge. var. major N.E. Br. or Crataegus pinnatifida Bge.) and dahurian rose fruit (the fruit of Rosa davurica Pall. var. davurica) (Wang et al., 2021). Results from pharmacology research suggested that some component herbs of SM exhibited excellent hypolipidemic effects. Hyperoside is the major constituent and is listed by the Chinese Pharmacopoeia 2020 as a quality control indicator of SM. The crataegi folium extracts are rich in flavonoids, such as quercetin, hyperoside, and flavone glycosides, which are beneficial for decreasing blood lipid levels and glucose (Claudia et al., 2016; Dong et al., 2017). Due to its high vitamin content, dahurian rose fruit can be widely used in the production of foods, beverages, and beauty products. Apart from its nutritious value, dahurian rose fruit is also reported to have hypolipidemic and antioxidant effects (Jung et al., 2011; Huo et al., 2017). Clinically, SM has been found to reduce the risk of cardiovascular disease; however, little is known about the involving mechanism. Therefore, this study was designed to evaluate the underlying lipid-lowering mechanisms of SM in the treatment of hyperlipidemia.

There is growing evidence suggesting that perturbations of the intestinal microbiota and its influence on body metabolism and physiological functions may play a major role in various biological processes and disease development. For example, the intestinal microbiota contributes to the production of primary and secondary metabolites (e.g., bile acid biotransformation and short-chain fatty acid production) through processes including deconjugation, dehydroxylation, and fiber fermentation, and its dysregulation leads to a metabolic disturbance of the host system, especially those involving lipid and glucose metabolism (Thomas et al., 2009; Li et al., 2019). The community composition of intestinal microbiota is closely related to the metabolic characteristics of a variety of diseases, such as obesity, cardiovascular diseases, and inflammatory bowel disease (Aron-Wisnewsky and Clément, 2015; Weingarden and Vaughn, 2017; Sanna et al., 2019). Zhang et al. suggested that improving the intestinal microbiota is a promising strategy to ameliorating obesity (Zhang et al., 2019). As is well known, TCM directly or indirectly regulates intestinal microbiota composition and further plays a therapeutic effect. Therefore, investigation of the protective effects of SM against hyperlipidemia by regulating intestinal microbiota dysbiosis contributes to broadening the search for new and effective therapeutic drugs.

In this study, to verify the lipid-lowering effects of SM, high-fat diet (HFD)-induced hyperlipidemia mice were established and treated with SM, after which the plasma biochemical indicator changes were carefully observed. The metabolic signaling pathway and intestinal microbiota response of SM intervention were evaluated by an integrated approach combining metabolomics profiling and high-throughput 16S rDNA gene sequencing.



Materials and Methods


Materials

SM was obtained from Shanxi Taihang Pharmaceutical Co., Ltd. (Shanxi, China). Atorvastatin calcium salt trihydrate was supplied by Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 12 hydration disodium hydrogen phosphate, potassium chloride, sodium chloride, potassium dihydrogen phosphate, and sodium dihydrogen phosphate were all purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin China). The liver tissues of each mice were fixed in 4% paraformaldehyde at 4°C for 24 h, then the fixed tissues were embedded in paraffin and cut into 3-μm sections with a microtome (Leica, Nussloch, Germany). Paraformaldehyde (analytical grade) was supplied by Damao Chemical Reagent Factory (Tianjin). Hematoxylin–eosin (H&E) and neutral gum were purchased from Beijing Legend Biotech Co., Ltd. (Beijing, China) and Shanghai Yiyang Instrument Co., Ltd. (Shanghai, China), respectively. Triglyceride, total cholesterol, glucose, LDL-C, and HDL-C were measured by commercially available kits obtained from Shanghai Rongsheng Biotech Co., Ltd., while insulin was detected using kits supplied by Wuhan Huamei Biological Engineering Co. Ltd. (Wuhan, China).



Animal and Sample Collection

A total of 60 mice C57BL/6 mice aged 3 weeks (Guangdong, China; Approval No.: SYXK-(Yue) 20120125) were commercially purchased from the Guangdong Medical Laboratory Animal Center. Animal protocols were reviewed and approved by the Laboratory Animals Ethics Committee of Guangdong Pharmaceutical University and conformed to the national animal ethics regulations (approval code: SPF2012264). All mice were raised under standard SPF conditions with ad libitum access to food and water. After 3 weeks of acclimatization, mice were randomly distributed into two groups, namely, control group (n = 15) and high-fat group (n = 45), which were fed with a standard chow diet and high-fat diet (60% of energy). High-fat diet (D12492) consisted of 60 kcal% fat, 20 kcal% protein, and 20 kcal% carbohydrate. A significant increase in plasma lipid level suggested that hyperlipidemia mice were established successfully after 12 weeks of high-fat diet feeding. Then, high-fat mice were randomly divided into three groups (with 15 mice in each group), including model group, Shanmei capsule (SM) group, and atorvastatin calcium (AT) group. Throughout the experiment, mice in the SM and AT groups were intragastrically administered a dosage of 0.0375 g/kg/day SM and 10 mg/kg/day AT one time every day, respectively. Meanwhile, the MD and control groups received the same volume of distilled water for 11 weeks. The body weight change per mice was logged once a week. At the end of the 11-week oral administration, the mice were fasted for 12 h, and then sacrificed to obtain plasma, fecal, and liver samples.



Metabolomics Profiling of Plasma Samples

Prior to analysis, all of the plasma samples were thawed at room temperature and then centrifuged at 3,000 rpm at 4°C for 5 min to remove all sediment. Thereafter, 50 μl of the supernatant was transferred to a new EP tube and diluted with 200 μl acetonitrile (at a ratio of 1: 4), followed by vortexing for 1 min, and stored in a refrigerator at 4°C for 1 h. Finally, the diluted plasma samples were centrifuged at 4°C at 14,000 rpm for 15 min, and the supernatant was collected for further analysis.

Chromatographic analysis of plasma samples was performed on an ultra-performance liquid chromatography system (UPLC) (Agilent, Santa Clara, CA, USA) using an ACQUITY UPLC BEH C18 (2.1 mm × 100 mm, 1.7 μm). The column temperature was maintained at 30°C. The mobile phase was composed of 0.1% formic acid–water (v/v; A) and acetonitrile (B). The UPLC elution condition was set as follows: 0–5 min, 2%–42% B; 5–20 min, 42%–63% B; 20–25 min, 63%–86% B; 25–28 min, 86%–90% B; 28–36 min, 90%–98% B; 36–40 min, 98%–98% B. The flow rate was set at 0.4 ml/min, and the sample injection volume was 2 μl.

LC/MS analysis was performed on the Agilent 6545 quadrupole time-of-flight mass spectrometer coupled with an Agilent 1290 Liquid Chromatography II system. Data were acquired across a mass-to-charge (m/z) range of 50–2,000 m/z. The operation parameters were set as follows: drying gas temperature, 350°C; gas flow 7 l/min; nebulizer, 45 psi; capillary voltage, 3,000 V; cone voltage, 40 and 23 V; sheath gas temperature, 350°C; sheath gas flow, 11 l/min, collision energy, 10, 20, and 30 V; and scan rate, 3.0 spectra/s. All of the acquisition and analysis of data were monitored using Agilent MassHunter Acquisition software.



Measurement of Plasma Biochemical Indicators and Hepatic Sections

After 11 weeks of treatment, oral glucose tolerance tests (OGTTs) were performed and the plasma was collected from mice which were overnight fasted (12 h). Then, the mice were orally administered 25% glucose in aqueous solution at 2 g/kg body weight. Blood glucose levels were measured sequentially using a GOLD-ACCU glucometer (Sinocare Inc., Changsha, China) at 0, 30, 60, and 120 min. Fasting insulin, TC, TG, LDL, and HDL were in accordance with the manufacturer’s protocols of corresponding commercial kits.

Freshly isolated mouse liver specimens were collected and fixed in 4% paraformaldehyde overnight and dehydrated by a dehydrator followed by paraffin embedding. Meanwhile, paraffin-embedded tissues were horizontally dissected into 4-mm tissue sections with a microtome, stained with hematoxylin–eosin (H&E), and then observed with a laboratory microscope (Carl Zeiss Inc., Germany). All specimen photographs were obtained using ×200 magnification to assess the histopathological changes.



16s rDNA Amplicon Sequencing

According to the manufacturer’s protocols, DNA libraries were quantified with a TruSeq Nano DNA LT Kit (Illumina, San Diego, CA, USA) and the quality of the library was assessed on an Agilent 2100 Bioanalyzer. Then, the V3–V4 regions of 16S rDNA were targeted amplified using the primers 341 F (5′-CCTACGGGNGGCWGCAG-3′) and 805 R (5′-GACTACHVGGGTATCTAATCC-3′) by PCR to obtain a microbial community structure and sequenced using an Illumina MiSeq platform (Illumina, San Diego, CA, USA) according to the 2 × 300-bp paired-end protocol. The amplicon sequencing data have been submitted to NCBI SRA (Submission ID, SUB9913815; BioProject ID, PRJNA741895).



Statistical Analysis

Statistical analysis was performed using the Student’s t-test by GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA). The significance was set at 95% with a P-value of <0.05. Principal component analysis (PCA) and partial least square discriminant analysis (PLS-DA) were conducted using SIMCA-P software to cluster samples across groups. The LC-MS/MS data were acquired using Agilent Mass Hunter Workstation (*.d files) and processed in Agilent Profinder software (B.08.00) for retention time and mass alignment. The resulting features were then exported as *.cef files to Mass Profiler Professional 14.0 (Agilent Technologies, Santa Clara, CA, USA) for statistical analysis, including data alignment, filtering, and univariate, multivariate statistical, and differential analyses. Metabolites detected in at least ≥80% of one of two groups were selected for differential expression analyses. One-way ANOVA was performed to obtain differences between experimental groups. Relative metabolite quantitation was performed based on the peak area for each metabolite. Only the analytes with P values < 0.05 and fold change (FC) > 2 were treated as statistically significant.

The molecular formula that matched the criterion for ppm below 2 was considered as a potential candidate by the algorithm “Find Compounds by Formula” of Agilent MassHunter qualitative analysis software (B.07.01) and finally confirmed by examination of the MS/MS spectra. The pathway enrichment analysis was generated by MetaboAnalyst 5.0 (http://www.metaboanalyst.ca). Microbiome sequence analysis was performed using QIIME2. PICRUSt 2 analysis was designed to predict the functional composition profiles of gut bacteriome based on the MetaCyc database (https://metacyc.org). Correlations between microbiota and metabolites were analyzed by using the Spearman correlation method.




Results


SM Exhibits Robust Metabolic Protective Effects in HFD-Fed Mice

After the 11-week treatment, this study evaluated whether intragastric administration of SM exhibited a metabolic protective effect on HFD-fed mice. In terms of plasma lipid indexes, SM intake regulated HFD-induced abnormal lipid metabolism, with a significant decrease in the TG, TC, and LDL-C levels in SM-treated mice, whereas a large increase in HDL-C was not observed (Figure 1A). Moreover, SM not only restored the impaired glucose tolerance but also improved insulin. As expected, HFD-fed mice displayed impaired glucose tolerance and decreased insulin, as well as an evident increase in the fasting blood glucose and blood glucose at 0.5 h after meal as compared to control mice (Figure 1B). After 11 weeks of treatment, impaired glucose tolerance was ameliorated in the SM-treated compared to the model group, mainly manifested as a decrease in blood glucose level and the area under the curve (AUC) during OGTT (P < 0.05) (Figure 1B). Compared with the model group, the insulin level in the SM group was significantly increased (Figure 1C), suggesting increased insulin sensitivity. The pathology slice stained with H&E (Figure 1D) showed that the livers of MD mice exhibited cell swelling, obvious vacuoles, and mild hepatic steatosis. SM treatment could significantly reduce this phenomenon; the swelling degree was significantly reduced, and no obvious vacuoles were observed. Collectively, compared with the MD group, the pathological changes in liver tissues were significantly alleviated by SM and AT treatment. The metabolic protective effect of SM was the same as or even better than that of AT. Taken together, these findings exhibited that SM has a significant lipid-lowering effect in HFD-fed mice, reduced fat accumulation, decreased blood glucose level, improved insulin sensitivity, and protected liver function.




Figure 1 | (A) Comparisons in TG, TC, LDL-C, and HDL-C between SM and AT groups. 3 weeks, 15 weeks, and 26 weeks represent before modeling, 12 weeks after modeling, and 11 weeks after drug administration, respectively. “*” represents a significant difference compared to 3 weeks and 15 weeks; “#” represents a significant difference compared to 15 weeks and 26 weeks. (B) Blood glucose levels and areas under the curve (AUC) during the oral glucose tolerance test (OGTT). (C) Change in insulin level. (D) Histopathologic sections of liver, H&E stain.





Key Metabolic Pathways Involved in SM Treatment of HFD-Fed Mice

To analyze the effects of SM treatment on metabolic pathways, a non-targeted plasma metabolomics study was conducted with UPLC-Q/TOF-MS. Multivariate statistics including unsupervised PCA and supervised PLS-DA were subsequently used to reveal clusters of different groups. Each dot in the PCA score plot is representative of an individual biological sample, and the results suggested that the three clusters were well separated (Figure 2A). A similar class-discriminating variation was again observed in the pattern recognition of PLS-DA (Figure 2B). The model classification parameters indicated the robustness and fitness of the established PLS-DA models (positive ion mode: R2Y = 0.995, Q2 = 0.971; negative ion mode: R2Y = 0.993, Q2 = 0.962). A permutation test (200 permutations) was further performed to prevent the overfitting on PLS-DA modeling. Results of the permutation test shown in Figure 2C indicated that no overfitting occurred in either the positive or negative mode.




Figure 2 | (A) Principal component analysis (PCA) model results in positive and negative modes. (B) Supervised analysis by PLS-DA. (C) Validation of the PLS-DA model by the 200-time permutation test. (D) KEGG pathway analysis for the identified metabolites.



According to the screening criteria (fold change ≥ 2, P < 0.05), a total of 13 differential metabolites were identified, including 9 upregulated and 4 downregulated. Results are presented in Table 1. The majority of identifiable metabolites consisted of lipids, including fatty acids, glycerolipids, glycerophospholipids, and sphingolipids. Notably, SM treatment abolished the effects of HFD-induced changes in metabolites. Pathway analysis indicated that alterations of these differential metabolites were mainly involved in glycerophospholipid metabolism, linolenic acid metabolism, α-linoleic acid metabolism, and arachidonic acid metabolism (Figure 2D).


Table 1 | Identification of representative differential metabolites among different groups.





Gut Microbiota Diversity and Community Composition Changes After SM Administration

Increasing evidence suggests that intestinal microbiota may have a substantial effect on the HFD-induced model. To test it, 16S rDNA sequence analysis (hypervariable region V3–V4) was performed to evaluate the effect of SM on intestinal microbiota composition and abundance in fecal samples. As shown in Figure 3A, compared to mice in the model group, mice in the SM group and AT group presented an increase in the number of operational taxonomic units (OTUs). In addition, statistical analysis of the alpha diversity index (Shannon) indicated that diversity and richness exhibited an increasing trend in the SM and AT groups, compared to the model group (Figure 3B). The overall community structures of gut microbiota among the four groups were analyzed via unweighted UniFrac PCoA at the OTU level (Figure 3C). The separation in the scatterplot revealed the significant differences in gut microbiota composition between control, MD, and SM groups. After 11 weeks of HFD feeding, widespread changes in the community structures were attenuated at the phylum level (Figure 3D), with a significantly increased proportion of Firmicutes and a decreased abundance of Bacteroidetes. The ratio of Firmicutes to Bacteroidetes (Firmicutes/Bacteroidetes, F/B) was greatly increased in the MD group than in the control group (Figure 3E). SM treatment led to a perceivable reverse of such changes.




Figure 3 | (A) The box plots of observed operational taxonomic unit (OTU) number. (B) Boxplot of Shannon diversity indices for the four groups. (C) Unweighted UniFrac PCoA results for all samples. (D) Stack bar charts of species distribution at the phylum level. (E) Ratio of Firmicutes to Bacteroidetes (F/B). **: significant difference (P < 0.01).



To further identify the specific bacterial taxa at the genus level associated with hyperlipidemia, differences in intestinal microbiota between groups were explored using the Kruskal–Wallis (KW) rank-sum test. Based on the genus-OTU dataset, we discovered 10 significantly different genera (P < 0.05) (Figure 4A). Among them, the Lachnospiraceae NK4A136 group, Lachnospiraceae NK4B4 group, Olsenella, Robinsoniella, Ruminiclostridium 9, Ruminococcaceae UCG-009, Ruminococcus 1, and Tyzzerella were significantly more abundant in the fecal microbiota of the MD group compared the control group, while the Rikenellaceae RC9 gut group and Ruminococcaceae UCG-005 were significantly less abundant in the fecal microbiota of the MD group. SM treatment could markedly reverse these changes. These results indicated that SM modulates the intestinal microbiota of HFD-fed mice, resulting in the composition of microbiota similar to that of control group mice.




Figure 4 | (A) Relative abundance of the predominant bacteria at the genus level. (B) Prediction of changed METACYC pathways using PICRUST 2 analysis. * In the Figure represents mean value.



PICRUSt 2 analysis was conducted to analyze the METACYC pathways related to the intestinal microbiotas at the genus level. As shown in Figure 4B, the METACYC pathway analysis showed that amino acid metabolism and glucose metabolism were enriched in the SM group compared to the MD group. Amino acid biosynthesis superpathways, such as the superpathway of L-tyrosine biosynthesis and the superpathway of L-phenylalanine biosynthesis, were highly detected in the SM group. Glucose and glucose-1-phosphate degradation pathways were largely associated with glycogen and glucose metabolism.



Correlation of Gut Microbiota and Metabolites

To evaluate potential interactions across the differentially abundant intestinal microbiotas at the genus level, a SparCC correlation network plot was constructed. Red and blue connecting lines correspond to positive and negative correlations, respectively. The complex network suggested a few specific intestinal microbial taxa that were closely related to other portions of the microbial community.

A Spearman correlation heatmap was used to represent the relationship between perturbed intestinal microbiotas, biochemical indicators, and altered plasma metabolites, as presented in Figure 5A. At the phylum level, analyses showed that Firmicutes was highly correlated with hyperlipidemia. At the genus level, there were many genera illustrating strong correlations with hyperlipidemia-related markers (e.g., weight gains, GLU, and TC), including the Lachnospiraceae NK4A136 group and Lachnospiraceae NK4B4 group (Figure 5B). The Lachnospiraceae NK4A136 group, Robinsoniella, and Ruminiclostridium 9 exhibited an apparent positive correlation with altered plasma metabolites (e.g., LysoPE(0:0/22:5(7Z,10Z,13Z,16Z,19Z), 3-ketostearic acid, punicic acid, and tetracosahexaenoic acid), while the Lachnospiraceae NK4B4 group and Robinsoniella showed a robust negative relationship with SM(d18:1/14:0) (Figure 5B). In summary, these results indicated that the alterations of intestinal microbiotas induced by HFD were closely associated with hyperlipidemia-related indexes and altered the metabolomic profiles.




Figure 5 | (A) Network between abundant sequences at the genus level built from SparCC correlation coefficients. (B) Heatmap of Spearman correlation among hyperlipidemia-related indexes, identified metabolites, and intestinal microbiota at genus level. For P-values of correlations, * indicated statistically significant correlation (*P < 0.05; **P < 0.01).






Discussion

Hyperlipidemia refers to a chronic disease caused by systemic metabolic disorder, characterized by abnormal plasma lipid levels, and its pathophysiology is very complex. Feeding with HFD for 12 weeks caused a significant increase in plasma levels of TG, TC, and LDL-C, suggesting that the HFD-induced hyperlipidemia mouse model was successfully established. Results showed that SM treatment had a significant effect on reduction in fat accumulation and blood glucose level, increase in sensitivity and protect in liver function. We speculated that SM plays a hypolipidemic role via two different mechanisms. One potential mechanism is by rectifying the metabolic disturbance and maintaining the dynamic balance of metabolites. The other is via regulating intestinal microbiota and restoring intestinal homeostasis.

SM is mainly composed of two medicinal herbs: crataegi folium and dahurian rose fruit. Crataegi folium contains a variety of bioactive constituents that have a positive effect on humans, of which flavonoids (hyperoside, rutin, quercitrin, vitexin) are the most abundant (Wu et al., 2014; Wu et al., 2020). The reports from recent years have demonstrated that crataegi folium flavones possess antioxidative, antihypertensive, hypoglycemic, and hypolipidemic properties and are widely used in the clinic for the treatment of cardiovascular diseases, such as hyperlipidemia, hypertension, and coronary heart disease (Pang et al., 2021). The flavonoid fraction in crataegi folium could significantly inhibit the accumulation of TG and free fatty acids in 3T3-L1 preadipocytes by inhibiting the gene expression of C/EBPR, PPARγ, srebp1c, P2, and adiponectin (Li et al., 2015), which played an important role in the process of lipid metabolism. Rosa davurica pall, a member of the Rosaceae family, contains a large number of active components, including vitamins, flavonoids, tannins, and polyphenols, and has significant antioxidant, anti-inflammatory, and hypoglycemic activities. Shen et al. isolated the flavonoid-rich extracts from Rosa davurica Pall and investigated the anti-obesity activities. Results indicated that flavonoid-rich extract intervention significantly inhibited the body weight, liver weight, kidney weight, and epididymal adipose tissue weight of HFD-fed mice and lowered the plasma lipid levels (Shen et al., 2021). The results of our study are mostly consistent with previous research. In this study, the majority of identifiable metabolites consisted of lipids, including fatty acids, glycerolipids, glycerophospholipids, and sphingolipids. SM treatment abolished the effects of HFD-induced changes in lipid metabolites.

In this study, the differential metabolites in three groups (Control vs. Model vs. SM) were significantly enriched in pathways related to lipid metabolism, including glycerophospholipid metabolism, linolenic acid metabolism, α-linoleic acid metabolism, and arachidonic acid metabolism. Phospholipids are the most abundant lipids in the cell membrane with the fundamental structure features of phosphatidic acid and substituents. According to different substituents, it can be divided into phosphatidylcholine (PC), phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and so on (Dalebroux, 2017). Lysophosphatidylcholines are the core metabolic intermediates of glycerophospholipid metabolism, which are deemed as independent risk factors in the progression of cardiovascular diseases (Paapstel et al., 2018). Notably, the elevated levels of LysoPE[0:0/22:5(7Z,10Z,13Z,16Z,19Z)], LysoPC[16:1(9Z)], PC[18;4(6z, 9Z, 12Z, 15Z)/20;1(11z), and PC(14:0/20:3(5Z,8Z,11Z)] observed in the plasma of SM-treated mice were remarkably decreased, suggesting that lipid accumulation in the hyperlipidemia animals was ameliorated. It is also found that the sphingomyelin SM (d18:0/14:0) level was increased in the SM group compared to that in the model group. Sphingolipids are essential structural constituents of intracellular lipids and involved in cell signaling and apoptosis (Merrill, 2011). Sphingomyelin accumulation has been related to type 2 diabetes and observed in mouse models of insulin resistance (Samad et al., 2006) as well as in the skeletal muscle of obese, insulin-resistant humans (Straczkowski et al., 2004).

We also found that N-3 polyunsaturated fatty acids were higher in SM-treated mice. The mechanisms by which N-3 polyunsaturated fatty acids regulate biological processes are commonly believed to begin with alpha-linolenic acid (18:3n-3) and end with the production of docosahexaenoic acid (DHA) (Sprecher, 2000). Tetracosahexaenoic acid (THA) is thought to be an important intermediate to docosahexaenoic acid (DHA) synthesis (Metherel et al., 2017). Naohiro Gotoh et al. showed that tetracosahexaenoic acid had the highest activity in inhibiting the accumulation of hepatic TG and reducing the increase in liver weight, and the order was higher than that of docosahexaenoic acid, docosapentaenoic acid, and eicosapentaenoic acid (Gotoh et al., 2018). Punicic acid, a polyunsaturated fatty acid also known as omega-5 (ω-5), is a strong inhibitor of tumor necrosis factor-alpha (TNFα)-induced priming of reactive oxygen species production and myeloperoxidase release by neutrophils (Tarek et al., 2009). It has been suggested that the punicic acid hypoglycemic effects are mediated by PPARγ, which might inactivate the pro-inflammatory pathway mediated by nuclear factor-kappa-B (NF-κB) and TNF-α (Hontecillas et al., 2009). Arachidonic acid is an essential polyunsaturated fatty acid and is the precursor for the synthesis of a variety of bioactive compounds (eicosanoids), such as leukotrienes, prostaglandins, and thromboxanes. These arachidonic acid-derived mediators have a very important role in inflammatory response, lipid metabolism, and functioning of the cardiovascular system (Hanna and Hafez, 2018; Sonnweber et al., 2018). Moreover, the regulation of bile acid was noted in mice treated with SM. 3,7-Dihydroxy-12-oxocholanoic acid is a kind of dihydroxy bile acid. Increased animal fat intake enhances the levels of secreted bile acids and cholesterol in bile. Bile acids are primarily responsible for the absorption of dietary fats and fat-soluble vitamins, as well as dissolution of cholesterol (Hofmann and Hagey, 2008). Our findings were in agreement with previous reports. These results suggest that SM treatment alleviated the plasma metabolite aberrations induced by hyperlipidemia and validated the role of SM in the modulation of lipid metabolic process.

There is substantial evidence that significant structural alterations of intestinal microbiota were developed in the pathogenesis of hyperlipidemia. Our findings showed that SM treatment improved the intestinal microbial richness and changed the microbiota composition. Widespread changes in the community structures were attenuated at the phylum level (Figure 3D), with a significantly increased proportion of Firmicutes and decreased abundance of Bacteroidetes. The ratio of F/B was highly correlated with energy metabolism. It is commonly accepted that the high ratio of F/B leads to higher energy absorption and further promotes the development of obesity (Koliada et al., 2017). At the genus level, the HFD-induced model group decreased the abundance of the Rikenellaceae_RC9_gut_group, Ruminococcaceae UCG-005, and Tyzzerella, each of which was associated with the risk of obesity and cardiovascular diseases. The Rikenellaceae_RC9_gut_group belongs to the dominant genera of Bacteroidetes, which is strongly associated with glucose metabolism parameters (Gao et al., 2020). SM treatment promoted the growth of beneficial bacterial genus Ruminococcaceae UCG-005, which was reported as a key genus for protecting against cardiovascular diseases (Li et al., 2021). Kelly et al. (Kelly et al., 2016) found that the abundance of Tyzzerella may be a risk factor to cardiovascular disease progression, indicating that the regulation of Tyzzerella by SM might improve health (Xu and Yang, 2020).

Correlations were also found in the study between intestinal microbiota and hyperlipidemia-related indexes. Several notable correlations were identified, including a positive correlation between plasma levels of LysoPE(0:0/22:5(7Z,10Z,13Z,16Z,19Z), 3-ketostearic acid, punicic acid, and tetracosahexaenoic acid with the Lachnospiraceae NK4A136 group, Robinsoniella, and Ruminiclostridium 9 and a negative correlation between Lachnospiraceae NK4B4 group and Robinsoniella with SM(d18:1/14:0). Several studies have linked these microbiota to obesity and increased cardiovascular risk (Holm et al., 2016; Liu et al., 2020; Wang et al., 2020). These data added to the evidence that intestinal microbiota may play an important role in hyperlipidemia risk. In light of this, the study initially confirmed that hyperlipidemia was associated with metabolic disturbance and intestinal microbiota disorders, and SM could be employed to help decrease hyperlipidemia risk, including improving the abnormal metabolic profile and maintaining the gut microbial environment.



Conclusion

This study is the first to investigate the intervening effects of SM on mice with HFD-induced hyperlipidemia using untargeted metabolomics combined with 16S rDNA gene sequencing analysis. Pharmacodynamic results demonstrated that the mouse model of hyperlipidemia was successfully established by HFD, and the metabolic protective effect could be improved by SM treatment, including reducing fat accumulation, decreasing blood glucose level, improving insulin sensitivity, and protecting liver function. Moreover, we also compared the effect of SM with a positive control statin. Over the 11 weeks of treatment, the SM group exhibited a similar or even greater protective effect than the AT group did. The involved lipid-lowering effect may consist of the following two aspects. On the one hand, SM rectified the metabolic disturbance to maintain the dynamic balance of metabolites, mainly involved in glycerophospholipid metabolism, linolenic acid metabolism, α-linoleic acid metabolism, arachidonic acid metabolism. On the other hand, the beneficial effects of SM are mostly attributed to modulation of the intestinal microbiota, which is pivotal in multiple indexes related to hyperlipidemia.
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Objective

To analyze the characteristics of the intestinal microbiota of polycystic ovarian syndrome with insulin resistance (PCOS-IR) and explore the possible mechanism of modified Banxia Xiexin Decoction in the treatment of PCOS-IR.



Methods

A total of 17 specific pathogen-free (SPF) female Sprague–Dawley (SD) rats, aged 21 days, were selected and randomly divided into the control group (group Z, n = 6), model group (group M, n = 6), and treatment group (group A, n = 5). Letrozole combined with a high-fat diet was used to induce the PCOS-IR model. Rats in group A were treated with modified Banxia Xiexin Decoction for 2 weeks after the end of modeling; then the characteristics of reproductive, metabolic, inflammatory, and intestinal microbiota were compared among three groups.



Results

The PCOS-IR model had an imbalance of intestinal microbiota, and the enriched microbiota was mainly class Coriobacteria, order Clostridiales, and genus Clostridium_sensu_stricto_1. Modified Banxia Xiexin Decoction can regulate the disorder of intestinal microbiota diversity, significantly increase the abundance of phyla Verrucomicrobiota Proteobacteria and genera Akkermansia and Blautia, and decrease the abundance of genus Clostridium_sensu_stricto_1.



Conclusion

Genus Clostridium_sensu_stricto_1 might be the pivotal pathogenic bacteria of PCOS-IR. Modified Banxia Xiexin Decoction may ameliorate PCOS-IR by regulating intestinal microbiota imbalance and improving metabolic disorders.
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Introduction

Polycystic ovary syndrome (PCOS) is one of the common gynecological diseases combined with abnormalities of reproduction and metabolism, which is characterized by ovulation dysfunction, hyperandrogenism, and insulin resistance (IR). It is also the main cause resulting in female anovulatory infertility (Gupta et al., 2019; Cunha and Póvoa, 2021). The incidence rate of PCOS is about 5% to 20% in reproductive-aged women (Barthelmess and Naz, 2014; Ding et al., 2017). PCOS not only affects reproductive function but also increases the risk of long-term complications such as hyperlipidemia, diabetes, metabolic syndrome, cardiovascular disease, and endometrial cancer (Wehr et al., 2011), which seriously endanger women’s physical and mental health (Karjula et al., 2017; Brutocao et al., 2018). IR occurs in about 50%~70% of patients with PCOS (Al-Jefout et al., 2017; Dahan et al., 2019), and although it is not one of the diagnostic criteria of PCOS, it plays an important role in the pathogenesis of PCOS (He and Li, 2020). IR is not merely an important pathophysiological change but also a vital hub connecting reproductive abnormalities and metabolic disorders of PCOS (Carreau and Baillargeon, 2015). IR and its resulting compensatory hyperinsulinism are linked to hyperandrogenemia in various ways; for instance, they stimulate the pituitary to secrete luteinizing hormone (LH) (Teede et al., 2007; Szeliga et al., 2022) and decrease hepatic production of sex hormone-binding globulin (SHBG) (Calcaterra et al., 2021). It can also affect the metabolic function of the body by affecting the level of blood lipids and a variety of adipocytokines (Teede et al., 2007; Zheng et al., 2017; Calcaterra et al., 2021). Therefore, taking IR as the starting point to research PCOS has great significance.

In recent years, a number of studies have shown that the intestinal microbiota, also known as the “second genome of the human body,” may play an important role in the pathogenesis of polycystic ovarian syndrome with IR (PCOS-IR) (Thackray, 2019; Starling, 2021). Tremellen et al. firstly proposed the hypothesis of “gut barrier-endotoxemia-inflammation”, considering that changes in dietary conditions can lead to intestinal microbiota disorders, impaired gut mucosal barrier, and increased intestinal mucosal permeability, which allow the produced “lipopolysaccharide (LPS)” to enter the bloodstream and then cause IR and PCOS (Vrieze et al., 2010; Tremellen and Pearce, 2012). The disturbance of the microbiota can induce abnormal glucose metabolism, hyperandrogenemia, and abnormal follicular development in PCOS (Xie et al., 2016; Qi et al., 2019; Han et al., 2021), and a healthy gut microbiota protects against reproductive and metabolic dysregulation (Torres et al., 2019; Liyanage et al., 2021).

Modern research shows that Banxia Xiexin Decoction derived from “Typhoid Theory” can regulate intestinal microbiota disorder, reduce blood glucose, and improve IR (Yang et al., 2019; Yang et al., 2021). Preliminary clinical studies of our research group have shown that Banxia Xiexin Decoction is an effective prescription for the treatment of PCOS, which can enhance insulin sensitivity, correct glucose metabolism disorders, and promote the recovery of ovulation and spontaneous menstruation (Liu et al., 2016). Therefore, this study used a high-fat diet combined with letrozole to induce PCOS-IR model rats, then intervened with modified Banxia Xiexin Decoction, and analyzed the changes in the reproductive hormone, glucose metabolism, inflammatory factors, and intestinal microbiota. This study could help to better understand the potential mechanisms of modified Banxia Xiexin Decoction in the therapy of PCOS-IR from the perspective of gut microbiota.



Methods


Animals

Twenty-one-day-old female Sprague–Dawley (SD) rats (specific pathogen-free (SPF) grade) were raised in the Animal Experiment Center of Guang’anmen Hospital, Chinese Academy of Chinese Medical Sciences, and their experimental animal license number is SCXK (Beijing) 2019-0008. The feeding conditions were as follows: room temperature, 22°C ± 2°C; relative humidity, 50% ± 10%; and 12-h light/12-h darkness, alternating cycles. All rats drank and ate freely. There were two kinds of feed, namely, ordinary feed (energy supply ratio: protein 22.47%, fat 12.11%, and carbohydrate 65.42%) and high-fat feed (energy supply ratio: protein 19.5%, fat 23.8%, and carbohydrate 56.7%); the main ingredients are casein, starch, maltodextrin, sucrose, fiber vegetarian, soybean oil, etc. The rats and feed were provided by Beijing Huafukang Biotechnology Co., Ltd. This experiment was reviewed by the Experimental Animal Ethics Committee of the China Academy of Chinese Medicine (Approval Number: IACUC-GAMH-2017-002).



Herbal Materials

Modified Banxia Xiexin Decoction (ingredients: Rhizoma Pinelliae (Qing Banxia) 9 g, Scutellaria (Huanqin) 20 g, Rhizoma Coptidis (Huanlian) 10 g, Rhizoma Zingiberis (Ganjiang) 9 g, Codonopsis pilosula (Dangshen) 12 g, Licorice (Gancao) 12 g, Fructus Ziziphi Jujubae (Dazao) 9 g, Epimedium (Xianlingpi) 15 g, and Fruit of Chinese wolfberry (Gouqizi) 30 g. All Chinese herbs were supplied by the pharmacy of Guang’anmen Hospital, Chinese Academy of Chinese Medical Sciences, and then made into Banxia Xiexin Tang extract (3.9 g of crude drug per ml of extract); the extract was stored in a refrigerator at 4°C for later use.



Establishment of Polycystic Ovarian Syndrome With Insulin Resistance Model

Seventeen rats were randomly allocated to 3 groups: control group (group Z, n = 6), model group (group M, n = 6), and treatment group (group A, n = 5). To induce the PCOS-IR model, rats in the model group and treatment group were gavaged with 2 ml LET-CMC solution (1 mg/kg/day of letrozole dissolved in 1% carboxymethyl cellulose), while the control group was gavaged with 2 ml of normal saline, lasting 3 weeks. Then group A was given modified Banxia Xiexin Decoction (26.46 g/kg/day) for 2 weeks; at the same time, two other groups were given the same volume of normal saline. The dose was calculated according to the “equivalent dose conversion of body surface area,” (Xu et al., 2002) and it is administered at 2 times the clinically equivalent dose.



Serum Sample Collection and Analysis

The morning after 2 weeks of treatment, blood samples were collected from the abdominal aorta of anesthetized rats using a procoagulation tube and centrifuged at 3,000 rpm for 20 min using the 4°C centrifuge (ICT15RE, Hitachi, Tokyo, Japan). Then the upper supernatants were carefully transferred to the EP tube using a pipette gun and immediately stored at a −80°C refrigerator for further detection. The levels of estradiol (E2, JEB-13691, Jinyibo, Wuxi, China), testosterone (T, ab10866, Abcam, Cambridge, MA, USA), LH (JEB-13706, Jinyibo, China), follicle-stimulating hormone (FSH; JEB-13680, Jinyibo, China), fasting insulin (FINS, ab100578, Abcam, USA), LPS (JEB-13984, Jinyibo, China), and tumor necrosis factor-α (TNF-α, ERC102a.96, Xinbosheng, China) were analyzed by ELISA kits, which were operated in strict accordance with each instruction manual. Blood glucose (Glu) was measured using Roche glucometer before anesthesia. The homeostasis model assessment of IR index (HOMA-IR) and HOMA of beta-cell function index (HOMA-beta) was calculated using the following formulas:

	



Ovarian Tissue Collection and Observation

Rats were euthanized by cervical dislocation after anesthesia. The left ovaries of rats were collected, then fixed with 4% paraformaldehyde solution, embedded in conventional paraffin (EG140H, Leica, Wetzlar, Germany), sectioned at a thickness of 5 μm (RM2135, Leica), and processed according to the standard procedure of H&E staining, and ovary morphological changes were observed using a light microscope (Olympus, Tokyo, Japan).



Fecal Sample Collection

Fecal samples were collected by rectal pressing method before the rats were anesthetized; 3–5 fecal samples were collected from each rat and immediately stored at −80°C.



DNA Extraction and PCR Amplification

Microbial community genomic DNA was extracted from rat fecal samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA concentration and purity were determined with NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The hypervariable region V3–V4 of the bacterial 16S rRNA gene was amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, Los Angeles, CA, USA). The PCR amplification of 16S rRNA gene was performed, as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 45 s, single extension at 72°C for 10 min, and end at 4°C.



Illumina MiSeq Sequencing and Processing of Data

Purified amplicons were pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by fastp version 0.20.0 (Chen et al., 2018), and merged by FLASH version 1.2.7 (Magoč and Salzberg, 2011). Operational taxonomic units (OTUs) were clustered by UPARSE version 7.1 with ≥97% similarity (Edgar, 2013), and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 (Wang et al., 2007) against the 16S rRNA database (silva138/16s_bacteria) using a confidence threshold of 0.7. In order to observe the α-diversity of the intestinal microbial community, including richness and diversity, the number of Ace and Shannon indexes was calculated by the built-in commands of Mothur (https://www.mothur.org/wiki/Download_mothur). Principal coordinate analysis (PCoA), based on weighted UniFrac distance, and partial least squares discriminant analysis (PLS-DA) were used to reflect the β-diversity of intestinal microbiota, which mainly express the significance of intestinal microbiota difference among groups. To obtain significantly different bacterial species among groups, linear discriminant analysis (LDA) effect size (LEfSe) was applied. Here, LDA values >4.0 were set as the thresholds for biomarker identification. Meanwhile, in order to predict the functional profile of the intestinal microbiota community, the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt, http://picrust.github.io/picrust/) was applied to perform microbiota functional prediction. After OTU sequences were clustered according to 97% similarity, the OTU abundance was standardized by PICRUSt, which meant that the influence of copy number of 16S marker gene in species genome was removed, and the information of Clusters of Orthologous Groups of proteins (COG) family and Kyoto Encyclopedia of Genes and Genomes (KEGG) corresponding to each OTU was obtained through the Greengene ID (http://greengenes.secondgenome.com/) and then according to the different databases, i.e., EggNOG (evolutionary genealogy of genes: Non-supervised Orthologous Groups, http://eggnog.embl.de/) and KEGG (http://www.genome.jp/kegg/); the COG function and each hierarchy level of KEGG pathways could be obtained.



Data Statistical Analysis

SPSS statistical package 22.0 and GraphPad Prism version 8.3.0 were used for the statistical analysis of clinical data, and all data were expressed as means ± SD or as medians with interquartile ranges. The Kolmogorov–Smirnov test of normality was applied to all data. One-way ANOVA was used to evaluate the statistical significance of differences for normally distributed data. Then homogeneity of variances was tested, and if the variances were homogeneous, Scheffe’s test was used; if not, Dunnett’s method was used. For non-normally distributed data, the Mann–Whitney U-test (two-group comparison) and the Kruskal–Wallis test (more than two groups) can be used.

For bioinformatics analysis, Wilcoxon rank-sum test was used to analyze the differences in α-diversity index (including Ace and Shannon indexes) and the abundance of intestinal microbiota community between two groups. To analyze the significant difference in intestinal microbiota community (i.e., β-diversity) among groups, analysis of similarity (ANOSIM), based on weighted UniFrac distance, was performed with 999 iterations. p < 0.05 was considered statistically significant.




Results


General Characteristics of the Experimental Rats

The general characteristics of all rats, including body weight, female hormones, and related indicators of glucose metabolism, are summarized in Table 1 and Figure 1. Compared with those in the control group, the body weight, serum T, and Glu significantly increased in the model group (p = 0.000, 0.004, and 0.04); FSH, LH, HOMA-IR, and LPS had an increasing trend (p > 0.05); HOMA-beta had a downward trend (p > 0.05), showing the change of endocrine and metabolic disorders. Compared with those in the model group, the body weight in the treatment group significantly decreased (p = 0.043), and the FSH, HOMA-IR, and TNF-α had a downward trend (p > 0.05). There was no significant difference in E2, LH/FSH, and FINS among these groups (p > 0.05).


Table 1 | Changes in reproductive, metabolic, and inflammatory factors in all rats.






Figure 1 | Characteristics of reproductive hormones, glucose metabolism, and inflammatory factors.





Ovarian Histomorphological Changes

Under the light microscope, follicles in different developmental stages, including a mature follicle, and many corpora lutea were observed in the control group. Meanwhile, in the mature follicle, oocytes could be seen, and granulosa cells were arranged neatly and had multiple layers (Figures 2A, B). In the model group, many cystic dilated follicles with irregular structures can be seen, and the granulosa cell layer was reduced and even disappeared. Mature follicle and corpora lutea can hardly be seen (Figures 2C, D). The morphology of ovarian tissue in the treatment group was similar to that in the control group. A mature follicle and corpora lutea could be observed in the treatment group, and the layers of granulosa cells in follicles were more than those in the model group (Figures 2E, F).




Figure 2 | Changes in ovarian histomorphological (H&E stain). (A, B) Control group. (C, D) Model group. (E, F) Treatment group.





α- and β-Diversity of Intestinal Microbiota Community

α-Diversity index analysis can reflect the richness and diversity of intestinal microbiota communities in a specific regional environment; the greater the value, the higher the community diversity. The results are shown in the box diagram (Figures 3A, B). Compared with those in the control group, the Ace and Shannon indexes in the model group had an increasing trend (p > 0.05); meanwhile, the Ace index and Shannon index in the treatment group decreased significantly (p < 0.01, p < 0.05), which indicated that modified Banxia Xiexin Decoction can regulate the α-diversity of PCOS-IR rats.




Figure 3 | Diversity of intestinal microbiota community. Z, control group; M, model group; A, treatment group. PCoA, principal coordinate analysis; PLS-DA, partial least squares discriminant analysis. (A) Ace index. (B) Shannon index. (C) PCoA. (D) PLS-DA.*p < 0.05; **p < 0.01.



The β-diversity of the intestinal microbiota was expressed by PCoA and PLS-DA. The PCoA results showed that the intestinal microbiota was significantly different among the three groups (R = 0.4193, p = 0.001, Figure 3C). From PLS-DA, we can clearly see the distance of samples between groups. The greater the distance, the bigger the difference. Distances between groups meant that the samples in the model group can be clearly distinguished from other groups, while the samples in the treatment group can also be completely discriminated from the control group (Figure 3D).



Analysis of Intestinal Microbiota Community

On the phylum level, 5 phyla were identified, arranged in descending order of relative abundance, namely, Firmicutes, Verrucomicrobiota, Bacteroidota, Actinobacteriota, and Proteobacteria (Figure 4A). Compared with that in the control group, Verrucomicrobia in the model group showed a significant decrease (p = 0.005, Figure 4C). Compared with those in the model group, Firmicutes and Actinobacteriota showed a significant decrease (p = 0.014 and 0.022), and the abundance of Verrucomicrobiota and Proteobacteria was significantly increased in the treatment group (p = 0.008 and 0.013, Figure 4D).




Figure 4 | Composition and difference analysis of intestinal microbiota at phylum and genus levels. Z, control group; M, model group; A, treatment group. (A) Percent of community abundance on Phylum level. (B) Percent of community abundance on Genus level. (C) The microbiota proportions’ difference between Group Z and M on Phylum level. (D) The microbiota proportions’ difference between Group M and A on Phylum level. (E) The microbiota proportions’ difference between Group Z and M on Genus level. (F) The microbiota proportions’ difference between Group M and A on Genus level. (G) Cladogram by Lefse analysis. *p < 0.05; **p < 0.01.



On the genus level, identified bacterial taxa are represented in Figure 4B. The abundance of genera Akkermansia, Allobaculum, and norank_f:norank_o:Clostridia_UCG-014 in the model group was significantly less than that in the control group (p = 0.005, 0.013, and 0.008, Figure 4E). Compared with those in the model group, genera Akkermansia and Escherichia-Shigella were significantly increased in the treatment group (p = 0.008 and 0.017, Figure 4F), while Clostridium_sensu_stricto_1 showed an obvious decrease (p = 0.008, Figure 4F).

Next, we used LEfSe to evaluate significant differences in the relative abundance of bacterial orders, classes, and genera among the three groups. In the control group, order Clostridia_UCG-014, order Staphylococcales, order Oscillospirales, and genus Allobaculum presented significant enrichment. The PCOS-IR model group was enriched in genus Clostridium_sensu_stricto_1 (order Clostridiales) and order Coriobacteriales (class Coriobacteriia). In the treatment group, the abundance of genera Akkermansia (phylum Verrucomicrobiota), Escherichia-Shigella (phylum Proteobacteria), and Blautia was more plentiful (LDA score >4.0, p < 0.05, Figure 4G).



Predictive Functional Profiling of Microbiota Community

In the fecal samples of three groups, the COG function of gut microbiota was predicted including translation, ribosomal structure, and biogenesis; amino acid transport and metabolism; carbohydrate transport and metabolism; transcription; replication, recombination, and repair; cell wall/membrane/envelope biogenesis; inorganic ion transport and metabolism; and energy production and conversion (Figure 5A). At KEGG level 1, metabolism accounted for a large proportion of pathway prediction, followed by environmental information processing, genetic information processing, cellular processes, etc. (Figure 5B). At KEGG level 3, the predicted results indicated that the microbiota may be mainly involved in functions such as metabolic pathways, biosynthesis of secondary metabolites, microbial metabolism in diverse environments, biosynthesis of amino acids, and carbon metabolism to exert a therapeutic effect (Figure 5C).




Figure 5 | Predictive functional profiling of microbiota community. Z, control group; M, model group; A, treatment group. (A) COG function classification. (B) KEGG Pathway Level 1. (C) KEGG Pathway Level 3.






Discussion

As a hot and difficult point in the research of gynecological endocrine diseases, PCOS-IR has the characteristics of elevated T and LH/FSH (Le et al., 2019), and it is often associated with abnormal glucose and lipid metabolism. Therefore, both reproduction and metabolism need to be taken into account in the treatment of PCOS, which has great significance for improving women’s reproductive health and preventing long-term complications. This study showed that the modified Banxia Xiexin Decoction significantly reduced body weight and promoted follicular development and maturation. However, the regulation of reproductive hormones was not obvious.

The intestinal microbiota is composed of a large amount of parasitic microorganisms in the human intestinal tract, which plays an important role in host physiology, such as immunity, metabolism, protection of intestinal epithelial barrier, and production of short-chain fatty acids (Kelly et al., 2015; Wahlstrom et al., 2016; Barko et al., 2018). Despite this, when the internal and external environments of the body change, such as the changes in diet, disease, or misused antibiotics, it will cause an imbalance of gut microbiota, which is widely recognized as malnutrition of intestinal microbiota (Arroyo et al., 2019; Torres et al., 2019; Chu et al., 2020; Zhou et al., 2020). In recent years, numerous studies have shown that there is a relationship between microbiota imbalance and PCOS (Rizk and Thackray, 2020; Parker et al., 2022). The imbalance of intestinal microbiota can cause LPS to enter the bloodstream by increasing intestinal permeability (Tremellen and Pearce, 2012; Chang et al., 2021). LPS is considered to have the effect of endotoxin, which can activate CD14/TLR4 receptors on the surface of immune cells and induce inflammatory response (Festi et al., 2014; Hersoug et al., 2016; Nighot et al., 2019; Chang et al., 2021). Chronic low-grade inflammation is considered to be a key factor in the pathogenesis of PCOS (Vrieze et al., 2010; Tremellen and Pearce, 2012; Crommen and Simon, 2017; Patel, 2018; Thackray, 2019; Abraham Gnanadass et al., 2021; He et al., 2021). Chang et al. (2021) found that there was a disorder of intestinal microbiota in the PCOS rat model, as well as an abnormal state of inflammatory factors, such as LPS, TNF-α, and IL-6. There was no significant difference in inflammatory factors in this study, which may be related to the small sample sizes. However, judging from the trend of increasing inflammatory factors in the model group and decreasing inflammatory factors in the treatment group, it could be inferred that modified Banxia Xiexin Decoction has a potential regulatory effect on inflammation disorders.

From the comparison of microbiota, genus Akkermansia significantly decreased in the model group and increased after treatment, indicating that Akkermansia may be a promising probiotic for treating PCOS-IR. Previous studies have shown that Akkermansia can reduce the body weight and total cholesterol of obese patients, increase insulin sensitivity, improve IR, and reduce inflammatory reaction (Shin et al., 2014; Dao et al., 2016; Depommier et al., 2019), and its mechanism may be adjusting the thickness of intestinal mucosa and maintaining the integrity of intestinal barrier (Derrien et al., 2004). As a potential probiotic, Blautia was significantly enriched in the treatment group, and it was proved to play certain roles in metabolic diseases, inflammatory diseases, and biotransformation (Eren et al., 2015; Liu et al., 2021; Zheng et al., 2021). Meanwhile, Clostridium_sensu_stricto_1, which was thought to cause inflammation and lead to severe intestinal infections (Fletcher et al., 2021), was significantly higher in the model group and significantly lower in the treatment group. These results suggested that Clostridium_sensu_stricto_1 may be one of the key pathogens causing PCOS-IR, and modified Banxia Xiexin Decoction can promote the growth of probiotics and inhibit the proliferation of harmful bacteria. It also could be observed that Allobaculum had a decreasing trend and norank_f_Muribaculaceae bacteria had an increasing trend in the model group while showing opposite changes after treatment. Although the specific functions of these two bacteria are still unclear, studies have reported that Muribaculaceae was linked to obesity and had an increasing abundance in obese mice (Chevalier et al., 2020; Liu et al., 2021; Yu et al., 2021), and Allobaculum was inversely proportional to fat quality (Cox et al., 2014), suggesting that they may be related to lipid metabolism.

Functional prediction analysis indicated that the intestinal microbiota might play an important role in affecting metabolic functions, which was consistent with previous studies (Vojinovic et al., 2019; Pan et al., 2021). Microbiota is mainly involved in a variety of metabolic pathways, such as bile acids (Parséus et al., 2017; Pathak et al., 2018), short-chain fatty acids (Abdul Rahim et al., 2019 ; Sanna et al., 2019), amino acids, methylamine, and indoles (Abdul Rahim et al., 2019). Vojinovic et al. (2019) found that the abundance of some bacterial groups was negatively correlated with low-density lipoprotein, triglycerides, and fatty acids. Aoki et al. (2017) found that mice given Bifidobacterium have reduced content of visceral fat and subcutaneous fat and reduced blood glucose level. In our study, modified Banxia Xiexin Decoction can potentially improve the sensitivity of insulin and correct the disorder of glucose metabolism to varying degrees, showing that intestinal microbiota may improve glucose metabolism to achieve the purpose of trp>


More interestingly, the tendency of α-diversity increased in the model group, contrary to the majority of studies that believed that the α-diversity decreased in PCOS patients/animals (Kelley et al., 2016; Insenser et al., 2018; Torres et al., 2018; Jobira et al., 2020). However, there were still a small number of studies showing that α-diversity in patients with PCOS increased (Zhu et al., 2020; Yang et al., 2021). Yang et al. (2021) found that the diversity of bacterial microbiota increased significantly in PCOS patients and animal models; Zhu et al. (2020) also found that α-diversity in PCOS-IR model rats had an increasing trend. As we all know, diet is one of the most important environmental factors that change the structure of the microbiota (David et al., 2014; Zheng et al., 2021). Whether the increase in α-diversity was caused by a high-fat diet or a rising proportion of harmful bacteria needs further study.

Escherichia-Shigella is generally considered a harmful bacterium that can cause multiple infections (Croxen et al., 2013). Studies had shown that obese patients or rats were prone to abnormal elevation of Escherichia-Shigella after Roux-en-Y gastric bypass (Kong et al., 2013; Dang et al., 2021), and they believed that this may be related to multiple conjugated bile acids (Dang et al., 2021). Whether the increase of Escherichia-Shigella observed in this study is associated with the metabolic changes of bile acids or something else needs further research.

In the present study, it can be clearly seen that the microbiota disorders had been significantly regulated, follicular growth had been promoted, and the improvement of glucose metabolism characteristics and inflammatory factors had only a changing trend. The small sample sizes may be responsible for this. Another limitation of this study is that we did not have a separate control group with a high-fat diet, which cannot make a strong explanation for the increasing α-diversity. The last is that after we screened out the microbiota with significant differences among groups, such as genera Akkermansia and Clostridium_sensu_stricto_1, we did not conduct further experiments, such as transplantation into germ-free rats, to verify the exact role of these bacteria in PCOS-IR. Of course, we will gradually solve these problems in the following research.

In conclusion, the current study demonstrated that the intestinal microbiota in the PCOS-IR model was significantly out of balance. Clostridium_sensu_stricto_1 may be the key pathogen of PCOS-IR. The effect of modified Banxia Xiexin Decoction ameliorating PCOS-IR may be achieved by adjusting the disorder of intestinal microbiota and then improving the metabolic disorder of the body, and Akkermansia may play an important role in the treatment.
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Aim

Gut microbiota is of crucial importance to cardiac health. Astragaloside IV (AS-IV) is a main active ingredient of Huangqi, a traditional edible and medicinal herb that has been shown to have beneficial effects on cardiac fibrosis (CF). However, it is still uncertain whether the consumption of AS-IV alleviates cardiac fibrosis through the gut microbiota and its metabolites. Therefore, we assessed whether the anti-fibrosis effect of AS-IV is associated with changes in intestinal microbiota and fecal metabolites and if so, whether some specific gut microbes are conducive to the benefits of AS-IV.



Methods

Male C57BL-6J mice were subcutaneously injected with isoprenaline (ISO) to induce cardiac fibrosis. AS-IV was administered to mice by gavage for 14 days. The effects of AS-IV on cardiac function, myocardial enzyme, cardiac weight index (CWI), and histopathology of ISO-induced CF mice were investigated. Moreover, 16S rRNA sequencing was used to establish gut-microbiota profiles. Fecal-metabolites profiles were established using the liquid chromatograph-mass spectrometry (LC-MS).



Results

AS-IV treatment prevented cardiac dysfunction, ameliorated myocardial damage, histopathological changes, and cardiac fibrosis induced by ISO. AS-IV consumption increased the richness of Akkermansia, Defluviitaleaceae_UCG-011, and Rikenella. AS-IV also modulated gut metabolites in their feces. Among 141 altered gut metabolites, amino acid production was sharply changed. Furthermore, noticeable correlations were found between several specific gut microbes and altered fecal metabolites.



Conclusions

An increase of Akkermansia, Defluviitaleaceae_UCG-011, and Rikenella abundance, and modulation of amino acid metabolism, may contribute to the anti-fibrosis and cardiac protective effects of Astragaloside IV.
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Introduction

Cardiac fibrosis (CF) is characterized by cardiac fibroblasts hyperproliferation and extracellular matrix accumulation, which ultimately becomes an irreversible contributor to heart failure (HF) (Travers et al., 2016; Wu, 2021). CF is an inevitable pathological process of HF. However, no effective drug for CF has been developed. Since the potential mechanism of CF is not fully understood, discovering novel mechanisms, and identifying underlying therapeutic targets are of vital importance for effective anti-fibrosis intervention and delaying HF.

In recent years, the contributory role of gut microbiota and its metabolic products on host cardiac health has been revolutionized understanding through the application of high-throughput sequencing technology and metabolomics analysis (Lee and Hase, 2014; Miele et al., 2015; Du et al., 2020). It has been recognized that gut microbes are a vital role in cardiac fibrosis (Karbach et al., 2016; Organ et al., 2016). Numerous gut microbiota and fecal metabolites have been identified, causing interactions between microbiota-host and metabolic pathways connecting the gut and CF (Li et al., 2019; Du et al., 2020; An et al., 2021). Nonetheless, the effect of gut microbiota and its metabolites on CF remains elusive. An in-depth study on the features of CF-related gut microbiota and metabolites might provide a new and original therapeutic strategy that ameliorates cardiac fibrosis and delays the transformation from CF into HF.

Astragaloside IV (AS-IV) is a main active ingredient extracted from Huangqi, a traditional edible and medicinal herb that has been used for over 2000 years (Ren et al., 2013). Previous evidence suggested that Astragaloside IV exerts diverse biological activities, such as anti-oxidation (Luo et al., 2021), suppressing inflammation (Wan et al., 2018), modulating gut microbiota and gut-derived metabolites (He Q. et al., 2020; Gong et al., 2021). AS-IV has also shown notable pharmacological effects on anti-myocardial fibrosis (Lin et al., 2019; Wei et al., 2020). Although the cardioprotective effects of AS-IV have been proved, whether modulation of intestine microbes and metabolic products by AS-IV reduces isoprenaline-induced cardiac fibrosis has not been investigated.

Herein, we examined the adverse effects on gut microbiome and metabolites in isoprenaline-induced CF mice, and investigated whether modulating the intestine microbes and metabolites by AS-IV ameliorated isoprenaline-induced cardiac damage and fibrosis.



Materials and Methods


Experimental Animals

C57BL-6J male mice (18~22g) were provided by the Department of Laboratory Animal Center, Chongqing Medical University (Chongqing, China). All experimental mice were kept in a specific pathogen-free laboratory animal center (SYXK 2018-0003) under a standard 12h light-dark cycle. Experimental animal protocols were approved by the Animal Experiments Ethical Review Committee of Chongqing Medical University (Chongqing, China) under No. 2021040.



Experimental Design

Figure 1 shows the timeline of this animal experimental design. All mice were randomly allotted into the following three groups: control (n=15), model (n=20), and AS-IV (n=20). Mice in the AS-IV groups were orally administered AS-IV (100 mg/kg/d) for 14 days (Wan et al., 2018). AS-IV (HPLC purity> 98%) was bought from Chengdu Chroma-Biotechnology Co., Ltd., Chengdu, China, and dissolved in carboxymethyl cellulose (CMC) aqueous solution (0.5%). Mice in the remaining two groups were given 0.5% CMC aqueous solution by gavage. Concurrently, mice in the model and AS-IV groups received subcutaneous isoprenaline (ISO) (25 mg/kg, Sigma, USA) injection once a day for 5 days and then were left for a further 9 days to develop cardiac fibrosis (Samuel et al., 2014; Cáceres et al., 2019), while the control group was injected with 0.9% sterile saline. On the 14th day of the experiments, feces samples were collected aseptically and stored at -80°C until further processing. After the experiments, the animals were weighed. Subsequently, echocardiography detection was performed in mice anesthetized with isoflurane. The blood was immediately collected, the heart tissue samples were isolated, and their heart weights were measured.




Figure 1 | Timeline of the experimental design.





Echocardiography Assessment

After 2 weeks of experimental intervention, the mice were anesthetized with 3.5% inhaled isoflurane, while the continuous application of anesthesia was dropped to 1.5% isoflurane. The left ventricular contractile functional parameters of the mice, including fractional shortening (FS) and ejection fraction (EF), were measured noninvasively by transthoracic echocardiography using M-mode images from the parasternal long-axis equipped with a 23 MHz probe (6LAB; VINNO, Suzhou, China).



Measurements of Plasma Biochemical Parameters and Heart Mass

The serum levels of myocardial enzyme, including creatine kinase (CK) and lactate dehydrogenase (LDH), were analyzed (n=10 mice per group) by using kits with an automatic biochemical analyzer (Chemray 800, Rayto, Shenzhen, China). After blood collection, mice were euthanized by 5% isoflurane anesthetics and 100% CO2 concentrations (Marquardt et al., 2018). Then the heart tissues were immediately excised and weighed. The cardiac weight index (CWI) was obtained by dividing heart weight (HW, mg) by body weight (BW, g).



Histopathological Examination

The heart tissues used for histopathological examination were fixed in 4% paraformaldehyde for 24h. Subsequently, the fixed heart tissues were paraffin-embedded and then sectioned (5 μm) for hematoxylin-eosin (HE) and Masson’s trichrome (Masson) staining. HE and Masson staining were used to evaluate cardiac morphology and collagen deposition, respectively. The results were evaluated using a light microscopy, and five positive areas selected randomly from each stained section were photoimaged (magnification ×400). The stained signals were analyzed using the Image-Pro Plus (Bethesda, MD, USA).



Immunohistochemical Staining

The paraffin-embedded heart tissue sections (5 μm) were dewaxed, rehydrated, placed in citrate (PH6.0) antigen retrieval buffer, and then incubated with 3% H2O2 at room temperature for 25 min. The sections were blocked with serum. Thereafter, they were incubated overnight with anti-α-SMA (Servicebio, GB111364, China, 1:1000) at 4°C and then incubated with a secondary antibody of goat anti-rabbit IgG HRP-conjugated (Servicebio, GB23303, China, 1:200) at room temperature for 50 min. Subsequently, they were stained with diaminobenzidine (DAB) reagent (Servicebio, G1211, China), subjected to hematoxylin counterstaining, dehydrated, sealed, and followed by observation using a light microscopy. Five images (magnification ×400) per heart were recorded randomly and quantified with Image-Pro Plus (Version6.0).



16S rRNA Gene Sequencing

Total DNA was extracted from stool samples using the soil DNA kit. The V3-V4 variable region of 16S rRNA gene was amplified with the primers. PCR reactions were performed under the following cycling conditions: 95 °C for 3min and subjected to 27 cycles (95°C for 30s, 55°C for 30s, 72°C for 30s), and 72°C for 10min. Thereafter, the PCR products were extracted, purified, quantified, and paired-end sequenced with the MiSeq platform (PE300, Illumina, USA).

The raw sequencing sequences were conducted quality control using the Fastp software and assembled by Flash software simultaneously. Analyses of the valid data were carried out on the Majorbio Cloud Platform (www.majorbio.com). The relative abundance of microbe community was analyzed by bar plot at the phylum and genus levels. The Bray-Curtis distance algorithm was used for microbe β-Diversity estimation and visualization was conducted through principal coordinate analysis (PCoA). The significantly different taxa between the three groups were identified by effect size measurements (LEfSe) and linear discriminant analysis (LDA), with the LDA threshold of 4.0 and p < 0.05 (Zhu et al., 2018).



Fecal-Metabolomics Analysis

The thawed stool samples were homogenized in methanol-water (4:1, vol/vol), subjected to sonication at 5°C for 30 min, incubation at -20°C for 30 min, and then centrifugation at 13,000g for 15min at 4°C. The supernatant of each sample was analyzed by the liquid chromatograph-mass spectrometry (LC-MS) instrument, equipped with a UPLC-TripleTOF system (AB Sciex, USA).

The Progenesis QI software (Version 2.3, Waters Corporation, Milford, USA) was used for processing LC-MS raw data. The filtered data of positive and negative modes were combined and exported for analysis. Orthogonal partial least-squares discriminant analysis (OPLS-DA) was used for detecting the metabolic variation between groups. Parameters (P < 0.05 and VIP value >1) generated from the OPLS-DA analysis were set to screen and identify differentially expressed metabolites. The different clusters of significantly altered metabolites were identified by a heatmap profile. The differential metabolites were mapped to pathways following the KEGG database.



Statistical Analysis

SPSS software (Version22.0, IBM, USA) was adopted for statistical analysis. The results were shown as mean ± standard deviation (SD). Multi-group comparisons were conducted by one-way ANOVA followed by LSD or Dunnett’s T3 test. Correlations were recognized by Spearman correlation analysis. The significance was set at P < 0.05. GraphPad Prism software (Version9.3.1, CA, USA) was used for generating graphs.




Results


AS-IV Increased the Survival Rate of ISO-Induced Mice

As shown (Figure 2), the survival rate was recorded at 65% for the model group on day 14, based on Kaplan-Meier survival curves. The survival rate for the AS-IV treatment group was 80% on day 14. In contrast, no mortality was observed in the control group.




Figure 2 | The survival rate in mice on day 14.





AS-IV Prevented ISO-Induced Cardiac Dysfunction

Echocardiography was performed at the end of 14 days of AS-IV treatment. Echocardiography demonstrated that cardiac performance of the model group (P < 0.01) was significantly poor while EF and FS sharply were increased in the AS-IV group (P < 0.01), displaying enhancement of myocardial function (Figures 3A–C), an observation similar to Lu et al. (2018).




Figure 3 | Effects of AS-IV on ISO-induced cardiac dysfunction and myocardial damage in mice. (A) Representative echocardiography; (B, C) Echocardiographic parameters, including EF and FS (n = 6); (D, E) Serum CK and LDH (n = 8). Mean ± SD. **P < 0.01 (the control vs. the model group). ##P < 0.01 (the AS-IV vs. the model group).





AS-IV Attenuated ISO-Induced Myocardial Damage

The CK and LDH are markers of myocardial damage. The degree of myocardial damage is determined by measuring CK and LDH activities in mice serum. In Figures 3D, E, the levels of CK and LDH in the AS-IV group were markedly depressed compared with the Model group (P< 0.01), suggesting that AS-IV could facilitate improvements in myocardial damage induced by ISO. These results were consistent with the study reporting that AS-IV decreased CK and LDH levels in a cardiac fibrosis model (Lin et al., 2019).



AS-IV Ameliorated ISO-Induced Histopathological Changes

Histological analysis of heart tissues and HE stained cardiac sections of the Model group showed inflammatory cell infiltration, myocardial fiber thickening, myocardial necrosis, and myocardial structural disorder (Figure 4A), indicating myocardial damage. However, AS-IV administration caused an amelioration in this pathological change, displaying that AS-IV can protect against ISO-induced CF.




Figure 4 | Effects of AS-IV on ISO-induced histopathological changes and cardiac fibrosis. (A–C) Representative images of cardiac fibrosis reflected by HE, Masson, and immunohistochemical staining. (D, E) Quantification of interstitial fibrosis and α-SMA (n = 8). (F) CWI. Mean ± SD. **P < 0.01(the control vs. the model group). ##P < 0.01 (the AS-IV vs. the model group).





AS-IV Alleviated ISO-Induced Cardiac Fibrosis

Cardiac fibrosis in ISO-treated mice was evident assessed histologically by collagen-specific Masson staining and chemically by expressions of α-SMA (Liu et al., 2019; Pan et al., 2019). As shown in Figures 4B, D, Masson staining analysis of cardiac tissue in the model group revealed significantly higher myocardial collagen deposition in comparison with the control group (P < 0.01). AS-IV caused a significant decrease in collagen precipitation (P < 0.01). In Figures 4C, E, immunohistochemistry results showed that α-SMA expression in the model group was remarkably increased while the expression of α-SMA in the AS-IV group was decreased (P < 0.01). Histological examination of cardiac tissue stained by Masson and immunohistochemistry showed that a mice model of ISO-induced myocardial fibrosis had been successfully established, an observation similar to Yang et al. (2020). As shown in Figure 4F, the CWI distinctly was increased in the group exposed to ISO (P < 0.01), while pretreatment with AS-IV reduced the CWI (P < 0.01).



AS-IV Improved ISO-Induced Gut Microbial Dysbiosis

The 16S rRNA sequencing analysis was conducted to determine whether AS-IV treatment affects intestinal microbial community composition. As the principal coordinate analysis (PCoA) shown, we could figure that microbial structures of the model group were clearly separated from those of the control and AS-IV groups (Figure 5A); the PC1 and PC2 explained 28.77% and 20.01% of the variation, respectively.




Figure 5 | Effects of AS-IV on the structure of microbiota. (A) Principal coordinate analysis (PCoA). (B, C) Relative abundance of intestinal microbes at the phylum and genus level, respectively. (D) Taxonomy cladogram. (E) Gut microbial taxa (LDA threshold of 4.0).



In Figures 5B, C, the fecal-microbe community distributions are shown. At the phylum level, the dominant microbial communities identified in this study in three groups were Bacteroidetes and Firmicutes (Figure 5B). Among these, the relative microbe abundances of Campilobacterota and Deferribacterota were reduced, and Bacteroidetes abundance of the model group was increased, but the abundance of Bacteroidetes was then reduced by AS-IV treatment (Figure 5B). Furthermore, the Verrucomicrobia abundance of the AS-IV group was increased relative to the model group (Figure 5B). At the genus level, Ruminococcaceae and Akkermansia abundances were the highest in the AS-IV group (Figure 5C). When compared to the model group, the relative abundance of Akkermansia at the genus level was increased by AS-IV treatment (Figure 5C).

Changes in intestinal microbial composition in different groups were also explored using the LEfSe analysis. As shown in the taxonomy cladogram and LDA scores (Figures 5D, E), the phylum Verrucomicrobiota, the genus Akkermansia, the genus Defluviitaleaceae_UCG-011, and the genus Rikenella were abundant in the fecal samples of the AS-IV group. These data show that AS-IV treatment influenced gut microbiota community structure, which could be beneficial to the host.



AS-IV Improved ISO-Induced Fecal Metabolic Disorders

The metabolic profiles of feces samples in three groups were analyzed by LC-MS. Separations between different groups were clearly shown in the OPLS-DA analysis (Figure 6A). When compared to the model group, 141 metabolites in the feces of the AS-IV treatment group were distinctly altered. Of 141 altered metabolites, 20 were upregulated while 121 were downregulated in the AS-IV group (Table S1). A heatmap was adopted for identifying different clusters of 141 significantly altered metabolites in three groups (Figure 6B). All 141 differentially expressed metabolites were subjected to pathway enrichment analysis. These metabolic markers were mainly involved in alpha-Linolenic acid metabolism, Toluene degradation, Steroid biosynthesis, Phenylalanine metabolism, and Carbapenem biosynthesis (Figure 6C).




Figure 6 | Metabolic profiles of feces samples in cardiac fibrosis mice treated by AS-IV. (A) 1,2) OPLS-DA plot of control and model groups in positive and negative mode; 3,4) OPLS-DA plot of model and AS-IV groups in positive and negative mode. (B) Heatmap of 141 significantly different metabolites. (C) Metabolic-pathway enrichment analysis.





Correlation Between Specific Gut Microbes and Altered Fecal Metabolites

16S rRNA sequencing data show that AS-IV consumption increased the gut Akkermansia, Defluviitaleaceae_UCG-011, and Rikenella in ISO-induced cardiac fibrosis mice. Metabolomics analysis data reveal that AS-IV administration ameliorated metabolic profiles in the stool. We further discussed the correlation between specific gut microbes and altered fecal metabolites through Spearman’s correlation analysis (Figure 7). Correlation analysis shows that specific intestinal microbes had high correlations with typical metabolic products. For example, gut Akkermansia had positive correlations with hydroxyprolyl-leucine, valyl-isoleucine, and nepsilon-acetyl-L-lysine, but negative correlations with phenylacetylglycine. These data suggest that gut-microbe composition specifically affected metabolic products in the stool.




Figure 7 | Correlation analysis between several specific intestinal microbes and altered fecal metabolites. *P<0.05, **P<0.01, and ***P<0.001 (the AS-IV vs. the model group).






Discussions

Changes in gut microbiota are tightly linked to cardiovascular diseases, including cardiac fibrosis (Battson et al., 2018; Du et al., 2020). Compelling evidence has suggested that Astragaloside IV has anti-fibrosis and myocardial damage alleviating effects and aids in the treatment of cardiovascular diseases (Wan et al., 2018; Jiang et al., 2019; Tan et al., 2020). However, the role of AS-IV treatment in gut microbiota and microbial metabolites in ISO-induced CF mice has been unexplored. In this study, we explored the anti-fibrosis effects of AS-IV on ISO-induced mice and discussed the possibility of these effects mediated by intestinal microbiota and fecal metabolites. We demonstrated that treatment with AS-IV significantly alleviated ISO-induced cardiac dysfunction, cardiac fibrosis, and myocardial damage, demonstrated by the increasing of EF%, FS%, and the decreasing of CWI and serum CK, LDH. HE staining displayed that after AS-IV treatment, the myocardial structure tended to be normal, and the inflammatory cell infiltration and myocardial necrosis decreased. Masson staining showed that AS-IV markedly inhibited ISO-triggered collagen deposition. Moreover, immunohistochemistry results proved that α-SMA expression related to collagen synthesis in cardiac tissues was also decreased after AS-IV treatment. A previous report by Wan et al. (2018) demonstrated that AS-IV ameliorated ISO-triggered CF in mice, which is consistent with our data.

Gut microbiota is presumed to contribute much to regulating host metabolic pathways (Fischbach and Segre, 2016) and is of crucial importance to cardiac fibrosis (Du et al., 2020). In this study, Bacteroidetes abundance was increased in CF model group mice relative to the control group mice, but the abundance of Bacteroidetes was reduced after AS-IV treatment. This result agreed with the alterations of gut microbiota in the treatment of ventricular remodeling with Chinese herbal medicine (Yang et al., 2019). Strikingly, we found that Akkermansia, Defluviitaleaceae_UCG-011, and Rikenella abundances were markedly increased in ISO-induced CF mice treated with AS-IV, which is consistent with the findings of a published study where drug-administered increased the genus Defluviitaleaceae_UCG-011 in hyperlipidemic rats (Zhang et al., 2021), and in contrast to the outcomes of previous studies where drug-administered decreased the genus Rikenella in high-fat diet mice (He W. S. et al., 2020; Liu J. et al., 2021). Akkermansia is the major species of A. muciniphila and represented the cultivated gut phylum Verrucomicrobia (Derrien et al., 2017). Akkermansia is a beneficial gut commensal, which colonizes the gastrointestinal tract mucus layer, representing 1 to 4% of stool microbes (Macchione et al., 2019; Huck et al., 2020). It provides crucial host immunological responses, and its anti-inflammatory properties have been demonstrated (Macchione et al., 2019; Huck et al., 2020). Akkermansia can therefore be considered as a biomarker of intestinal environmental health (Belzer and de Vos, 2012). Emerging evidence also suggests that Akkermansia is associated with metabolic disorders and cardiovascular diseases (Lyu et al., 2017; Zhu et al., 2018). Akkermansia abundance is inversely associated with metabolic syndrome and atherogenesis in humans and mice (Li et al., 2016; Depommier et al., 2019). Moreover, Gutiérrez-Calabrés et al. reported that the abundance of Akkermansia was found diminished in spontaneously hypertensive heart failure model rats relative to both normotensive and spontaneously hypertensive rats (Gutiérrez-Calabrés et al., 2020). Considering these previous findings and our results, we regard that Akkermansia, Defluviitaleaceae_UCG-011, and Rikenella contribute to the anti-fibrosis effect of AS-IV in ISO-induced CF mice.

Significant alterations in the fecal metabolites were characterized after a 14-day AS-IV intervention. An important finding of fecal metabolomics was that the phenylalanine metabolism pathway was significantly enriched in AS-IV-treated mice relative to the model group mice. Phenylalanine catabolism disorder, resulting in elevated plasma levels of the indispensable amino acid phenylalanine, was positively associated with macrovascular disease risk (Würtz et al., 2015; Czibik et al., 2021), and the levels of plasma phenylalanine were observed to increase in HF patients (Chen et al., 2020; Cheng et al., 2021). In addition, previous reports by Liu X. et al. (2021) demonstrated that Akkermansia decreased phenylalanine levels while increasing leucine and valine levels. We also observed correlative changes of several specific gut microbes with the abundance of altered fecal metabolites. For example, Akkermansia had positive correlations with hydroxyprolyl-leucine, valyl-isoleucine, and nepsilon-acetyl-L-lysine, but negative correlations with phenylacetylglycine. These results indicate that AS-IV has anti-fibrosis effects in ISO-induced cardiac fibrosis mice and that these effects may be mediated by alterations in intestinal microbiota and fecal metabolites (Figure 8).




Figure 8 | Mechanism of AS-IV on gut microbiota in ISO-induced cardiac fibrosis mice.





Conclusion

Collectively, our study adds to the accumulating evidence that Astragaloside IV ameliorates cardiac fibrosis and the impaired heart function induced by ISO. Our findings support the hypothesis that alterations in intestinal microbiota and fecal metabolites contribute to the anti-fibrosis activity of Astragaloside IV. Our study first reveals that Astragaloside IV sharply increased the abundance of Akkermansia, Defluviitaleaceae_UCG-011, and Rikenella, thereby affecting phenylalanine metabolism to achieve curative effects on cardiac fibrosis mice. Our data raises strong evidence for the application of Astragaloside IV in the treatment of myocardial fibrosis.
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Background

Obesity is conventionally considered a risk factor for multiple metabolic diseases, such as dyslipidemia, type 2 diabetes, hypertension, and cardiovascular disease (CVD). However, not every obese patient will progress to metabolic disease. Phlegm-dampness constitution (PDC), one of the nine TCM constitutions, is considered a high-risk factor for obesity and its complications. Alterations in the gut microbiota have been shown to drive the development and progression of obesity and metabolic disease, however, key microbial changes in obese patients with PDC have a higher risk for metabolic disorders remain elusive.



Methods

We carried out fecal 16S rRNA gene sequencing in the present study, including 30 obese subjects with PDC (PDC), 30 individuals without PDC (non-PDC), and 30 healthy controls with balanced constitution (BC). Metagenomic functional prediction of bacterial taxa was achieved using PICRUSt.



Results

Obese individuals with PDC had higher BMI, waist circumference, hip circumference, and altered composition of their gut microbiota compared to non-PDC obese individuals. At the phylum level, the gut microbiota was characterized by increased abundance of Bacteroidetes and decreased levels of Firmicutes and Firmicutes/Bacteroidetes ratio. At the genus level, Faecalibacterium, producing short-chain fatty acid, achieving anti-inflammatory effects and strengthening intestinal barrier functions, was depleted in the PDC group, instead, Prevotella was enriched. Most PDC-associated bacteria had a stronger correlation with clinical indicators of metabolic disorders rather than more severe obesity. The PICRUSt analysis demonstrated 70 significantly different microbiome community functions between the two groups, which were mainly involved in carbohydrate and amino acid metabolism, such as promoting Arachidonic acid metabolism, mineral absorption, and Lipopolysaccharide biosynthesis, reducing Arginine and proline metabolism, flavone and flavonol biosynthesis, Glycolysis/Gluconeogenesis, and primary bile acid biosynthesis. Furthermore, a disease classifier based on microbiota was constructed to accurately discriminate PDC individuals from all obese people.



Conclusion

Our study shows that obese individuals with PDC can be distinguished from non-PDC obese individuals based on gut microbial characteristics. The composition of the gut microbiome altered in obese with PDC may be responsible for their high risk of metabolic diseases.





Keywords: phlegm-dampness constitution, gut microbiota, obesity, obesity subtypes, 16S rRNA



Introduction

Over the past 40 years, obesity has become a substantial health economics issue because of its high-risk factor of dyslipidemia, type 2 diabetes, hypertension, and cardiovascular disease (CVD) (2016; Grieve et al., 2013; O'Neill and O'Driscoll, 2015). However, not all obese individuals exhibit characteristics of metabolic disorders. Some obese people are highly sensitive to insulin, have normal blood pressure, average blood glucose, and normal lipid levels. They are often referred to as metabolically healthy obesity (MHO) (Hinnouho et al., 2013; Stefan et al., 2013). A meta-analysis of data from 12 cohorts and seven intervention studies found that almost one-third of obese individuals were metabolically healthy (Lin et al., 2017). Therefore, accurate identification of metabolic abnormalities in obese patients, or those at risk for metabolic abnormalities, and individualized prevention are essential. Over the years, in many independent clinical studies, investigators have typed obesity. One category is based on obesity phenotypes such as BMI, waist circumference, waist-to-hip ratio, and visceral fat content; the other category is based on concomitant metabolic markers such as blood pressure, fasting glucose, triglycerides, (TG), and high-density lipoprotein cholesterol (HDL-C); in addition, some scholars have used homeostasis models to assess insulin resistance or insulin sensitivity (Matthias, 2020). The diversity of obesity typing methods reflects not only the importance of this clinical phenomenon but also the difficulty of typing studies and the need to expand new perspectives in order to get an earlier and more accurate picture of the population at risk for metabolic disorders of obesity.

Traditional Chinese medicine (TCM) is typically individualized medicine, which emphasizes the idea of “tailoring to the individual” and determines the phenotype by summarizing the signs and symptoms exhibited by the patient to guide the choice of treatment. As early as in the Inner Classic of Yellow Emperor, the foundation of Chinese medicine, it is recorded that obesity can be divided into “lipid-fat”, “oily-fat”, and “muscular-fat” based on body shape and lipid muscle distribution. Among them, oily-fat people are similar to the abdominal obese people described in modern medicine and more susceptible to various metabolic diseases. The discipline of TCM constitution (TCMC), which inherits the TCM idea of “tailoring to the individual”, divides people into nine types, including one BC and eight unbalanced constitutions (qi-deficiency constitution, yang-deficiency constitution, yin-deficiency constitution, phlegm-dampness constitution, dampness-heat constitution, blood stasis constitution, qi stagnation constitution, and inherited special constitution), these different constitutions with different susceptibility to diseases (Wang, 2019). PDC is caused by the dysfunction of water metabolism in the body and the coalescence of phlegm and dampness, which manifests itself as fat and flabby abdomen; sticky feeling in the mouth; phlegm in the chest; sweaty, oily forehead; bloated pouch; and thick tongue coating. Many factors influence the formation of phlegm-damp constitution, including heredity or excessive consumption of greasy and sweet foods, as well as long-term handling of humid environments, etc., resulting in impaired spleen function and imbalance of body fluid metabolism. TCM believes that the spleen plays a significant role in the digestive system that produces Qi and blood from digested foods and governs water transportation in the body, similar to the stomach and the small or large intestine. Several studies have shown that PDC is a high risk factor for metabolic diseases (Wang et al., 2011), as the “Common Soil” for cerebrovascular accidents, coronary heart disease, diabetes, hypertension, metabolic syndrome, polycystic ovary syndrome, and sleep apnea syndrome. An epidemiological study (Zhu et al., 2010) based on the relationship between TCMC and overweight/obesity in 18,805 adults in China showed that the risk of obesity was significantly higher in the PDC population (OR=2.05, 95% CI, 1.79-2.35). Multi-omics studies have found that PDC populations present metabolic disorder-related single-nucleotide polymorphisms (Wang et al.) (SNPs), transcriptomic features, DNA methylation modifications (Yao, 2016), and metabolomic features (Li et al., 2016). Further studies revealed significant differences in transcriptome expression profiles and metabolome profiles between obese populations with or without PDC. Obese individuals with PDC exhibit a more significant molecular profile related to metabolic disorders and higher insulin resistance, inflammatory response, and oxidative stress levels. Thus, identifying PDC may be a viable approach to screening high-risk subgroups in obese communities.

It is generally accepted that the human metabolic phenotype is determined by the human genome inherited from the parents. Still, in recent years there is increasing evidence that human commensal bacteria, especially commensal gut flora, has a regulatory effect on the metabolic phenotype of the host (Guarner and Malagelada, 2003). A lot of evidence supports an essential role for the gut microbiota in the progression of obesity and its complications (Boulangé et al., 2016; Peters et al., 2018). Patients with obesity exhibit marked alterations in the structure and composition of the gut microbiota, but the richness (Cotillard et al., 2013) of the gut microbiota decreases with the severity of metabolic complications (Aron-Wisnewsky et al., 2019). A European MetaCardis cohort study showed that gut bacterium 2 (bact2) enrichment in patients with severe obesity was associated with inflammatory markers (Vieira-Silva et al., 2020). Some researchers found that (Gao et al., 2018) obese patients with acanthosis nigricans (AN) had worse metabolic status and a lower microbiota diversity than patients without AN. The above studies suggest that the gut microbiota plays a vital role in obesity development and is also a sensitive indicator for identifying metabolic disorders complicating obesity.

Based on the above studies, we speculate that obese people with PDC may have different microbial composition and structure from those with non-PDC. This differential gut microbiota may contribute to the occurrence of severe metabolic disorders. Our study analyzed the gut microbial characteristics of obese people with or without PDC through pyrosequencing of the 16S rRNA gene, compared with healthy individuals with the BC. We compared their gut microbiota and predicted the functional potential of the bacterial community to explore the association between gut microbiota in obese populations with PDC/non-PDC and obesity complications. In addition, gut microbial abundance was used to construct a disease classifier to distinguish people with PDC from obese individuals. This study helps reveal the microecological mechanisms of the obesity-related constitutions. It has important implications for developing individualized intervention programs targeting intestinal flora to prevent and treat metabolic disorders effectively.



Materials and Methods


Study Design and Fecal Sample Collection

We recruited 30 cases each for the three groups of obese participants with the PDC and non-phlegm-damp constitution (non-PDC), and standard BMI participants with BC through poster posting and social media distribution from Beijing, China. All the subjects in the current work were strictly enrolled and all of them meet the criteria for determining the PDC/non-PDC/BC constitution (ZZYXH/T157-2009) and pass the professional review. Obesity diagnosis was based on the Chinese Diagnostic Criteria for Adult Obesity, with 18.5≤BMI<24 as standard. BMI≥28 indicated obesity. Subjects were excluded if they had gastrointestinal diseases, malignant tumors, autoimmune disorders, infectious diseases, renal dysfunction, a history of weight loss treatment in the previous year or were administered antibiotics, probiotics, gastrointestinal motility drugs in the previous 1 month. Females who were breastfeeding pregnant or preparing for pregnancy were also excluded.

All clinical information was collected according to standard procedures (detailed in Additional File 1: Supplementary Methods). Peripheral venous blood was drawn after subjects were enrolled in the study and participants were given a stool sampler and provided detailed illustrated instructions for sample collection. Stool samples freshly collected from each participant were frozen overnight in liquid nitrogen and stored in a -80°C refrigerator for freezing. After all collections were completed, all samples were couriered to Shenzhen Microbiota Technology Co. for high-throughput sequencing of the same batch.



DNA Extraction and 16S rRNA Sequencing

Follow the instructions of EZNA® soil kit (Omega Bio-tek, Norcross, GA, US) to extract total DNA from stool samples. Use NanoDrop2000 to detect and calculate the DNA purity and concentration, and use 1% agarose gel to determine the quality of DNA extraction. The 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) primers were used for PCR amplification of the V3-V4 hypervariable region of the sample DNA. The amplification system was 20μl, including sterile double distillation Water 9μl, 5*FastPfu buffer 4μl, 2.5mM dNTPs 2ul, 5μM primer each 0.8μl, FastPfu polymerase 0.4μl; DNA template 10ng. The program was set as follows: 95°C pre-denaturation 3min, 27 cycles (95°C denaturation 30s, 55°C annealing 30s, 72°C extension 45s), 72°C extension 10min (PCR instrument: ABI GeneAmp® 9700). The PCR product was recovered using 2% agarose gel, and the recovered product was purified using AxyPrep DNA Gel Extraction kit (Axygen Biosciences, Union City, CA, USA), eluted with Tris-HCl, and detected by 2% agarose electrophoresis. QuantiFluor™-ST (Promega, USA) was used to detect and quantify DNA. According to the standard operating procedures of the Illumina MiSeq platform (Illumina, San Diego, USA), the purified amplified fragments were subjected to PE 2*300 library construction.



Sequencing Data Analysis

The paired-end reads were generated and assigned to each sample based on their barcodes and then were merged with Flash (version 1.2.11) software (Reyon et al., 2012). High-quality filtering that reads with ambiguous, homologous sequences or below 200bp were abandoned of the raw tags was conducted to acquire clean tags using split_libraries (version 1.8.0) software of Qiime (version 1.8.0) (Caporaso et al., 2010). The downstream bioinformatic analyses were performed with EasyAmplicon v1.0 (Liu et al., 2021). We then discarded low-abundance sequences (n<8) using the –derep_fullength command of VSEARCH (v2.15) (Rognes et al., 2016). The nonredundant sequences were denoised into amplicon sequence variants (ASVs) via the -unoise3 command of USEARCH (v10.0) (Edgar, 2010). The feature ASV table was created with Vsearch –usearch_global. We analyzed high-quality reads with USEARCH, removing chimeric and organelle sequences, to produce 12061 ASVs. Classification of representative sequences for each ASV was applied, and then Ribosomal Database Project (RDP) classifier (version 11.5) (Cole et al., 2014) was used to assign taxonomic data to each sequence. The sequences of all samples were rarefied to 16000 for the downstream diversity analysis. α-diversity was assessed using the species richness indexes and species diversity Shannon indexes. Beta diversity calculations were performed by principal coordinate analysis (PCoA), and the Adonis test was applied to test for significant differences between groups. Heat maps were constructed based on the Wilcoxon rank-sum test (p < 0.05, q < 0.05) at the ASV level. Random forests were used to develop classifier and predict PDC and non-PDC from obesity individuals based on the important microbiota. The microbiota markers proportion data served as input data. The classification performance of each bootstrap was calculated and the area under curve (AUC) was calculated and plotted. Random forests and AUC were performed on oebiotech platform (https://cloud.oebiotech.cn/task/), a free online data analysis website. PICRUSt (performed on the ehbio online platform, http://www.ehbio.com/ImageGP/index.php/Home/Index/index.html) was utilized to predict the metagenomic functional compositions.



Statistical Analyses

GraphPad Prism 9.0 was used for clinical data analysis. Significance was set at α = 0.05, and all tests were two-tailed. Continuous, Gaussian distributed variables among the three groups were evaluated by one-way ANOVA followed by Tukey’s test for multiple comparisons. Non-Gaussian distributed variables or ranked data were evaluated by the Kruskal-Wallis H-test. Categorical variables were compared by the χ2 test. Raw data were analyzed R software (Version 4.0.3), taxon, and KO modules was tested by Wilcoxon rank sum test, and P values were corrected for multiple testing with the Benjamin & Hochberg method. Pathways that were different in abundance between two groups were obtained using Welch’s t-test. STAMP software (v2.1.3) was utilized for statistical analyses and visualization of the identified pathways. The spearman correlation between the relative abundances of the altered taxon and clinical data was performed on oebiotech platform (https://cloud.oebiotech.cn/task/).




Results


Summary of Clinical Characteristics

Compared to healthy controls in BC, the obese people in PDC and non-PDC groups showed higher weight, BMI, waist circumference, hip circumference, and disruptions in glucose and lipid metabolism and an increased inflammatory state. Obese subjects with PDC and obese subjects with non-PDC were matched for obesity characteristics, metabolic characteristics, and inflammatory status. The obese patients with PDC had higher BMI, waist circumference, and hip circumference. Despite the obese individuals with PDC being more obese, there was no difference in blood pressure and blood glucose, insulin levels, nor levels of HDL-C, LDL-C, TG, TC or hs-CRP, UA, or FFA between groups. In addition, there were no significant differences in age and sex matching between the three groups (Table 1).


Table 1 | Characteristics of the study participants.





Overview of the Gut Microbiome in Different Groups

In our present microbiome investigation, the optimized reads ranging from 36,816 to 79,486 were obtained from all samples (Additional File 2: Supplementary Table S1). Following taxonomic assignment, 12061 ASVs) were obtained (Additional File 2: Supplementary Table S2). Rarefaction curves generated from the ASVs suggested that high sampling coverage (~99%) was achieved in all samples (Figure 1A). This indicated that the sequencing depth was sufficient for the investigation of the fecal microbiota. In terms of alpha diversity, we observed no significant differences in the ACE index (Figure 1B) or Shannon’s index (Figure 1C) between the three groups. To assess the overall structure of the gut microbiota, a score plot of PCoA based on the Bray-Curtis distances (Figure 1D) was constructed. The result revealed a separation of the gut microbiota structure of the PDC group and BC group (P = 0.033, PERMANOVAR by Adonis) or non-PDC (P<0.001, PERMANOVAR by Adonis). However, no significant difference in beta diversity was observed between the BC group and the non-PDC group. Our results showed that although the overall gut microbiota composition in the PDC group was different from both the BC and non-PDC groups, the overall structure of the gut microbiota in the non-PDC group was not significantly different from BC.




Figure 1 | Gut microbiome diversity and structure analysis. (A) Rarefaction curve evaluating the relative bacterial richness to determine whether further sequencing would identify additional ASVs. BC, Balanced Constitution group; PDC, Obesity with phlegm-dampness constitution group; non-PDC: obesity without phlegm-dampness constitution group. (B, C) Species diversity differences among the PDC, non- PDC and BC groups were estimated by ACE index and Shannon index. (D) PCoA with Bray–Curtis distance showing that the overall microbial composition of three groups. BC (red dots); non-PDC group (green dots); PDC group (blue dots), where dots represent individual samples.



The relative proportion of dominant taxa at the phylum level was assessed and 11 phyla were identified in each group (Figure 2A). Firmicutes was the most dominant phylum, with a relative abundance of 58.0% in the BC group, 64.8% in the non-PDC group and 46.4% in the PDC group. The second most dominant phylum was Bacteroidetes (control: 36.9%, non-PDC: 31.1%, PDC: 46.0%). Other observed phyla included Proteobacteria, Actinobacteria, Fusobacteria, Verrucomicrobia, and other phyla of extremely low abundance, including Candidatus_Saccharibacteria, Acidobacteria, Tenericutes, and Lentisphaerae. Several of the most abundant families and their contribution to each group are shown in Figure 2B. Lachnospiraceae, accounting for 28.6% of all samples, was the most predominant family. Bacteroides genus, accounted for 21.1% of the total, and was the predominant genus (Figure S1A). A Venn diagram was constructed to examine the existence of ASVs in each group (Figure 2C). Most ASVs (219 in all) were shared by all three groups. However, a total of 35 ASVs were specifically shared by two obesity groups. Additionally, a total of 81 ASVs were shared by only the BC group and the non-PDC group, and 70 ASVs were shared by only the BC and the PDC group. In total, 111 ASVs were uniquely present in the PDC group, 75 ASVs in the non-PDC group and 51 ASVs in the BC group.




Figure 2 | Overview of the gut microbiome in different groups. (A) Dominant phyla in each group. (B) Dominant families and their contribution to each group. (C) A Venn diagram demonstrating the existence of ASVs in each group.





Alterations in the Composition of Fecal Microbiota Associated With PDC

We utilized Wilcoxon rank-sum test to compare the differences in fecal microbiota at the ASV level between groups, a threshold of P < 0.05, FDR < 0.2 and the relative abundance greater than 0.1% across all samples were selected. We mainly focused on the significantly different taxa between the PDC group and the non-PDC group, since we considered these taxa to be associated with obesity of different types of constitutions. As shown in the volcano plot (Figure 3A), a total of 140 ASVs exhibited significantly different abundances in the two obesity groups, including 64 ASVs enriched in the PDC group and 76 ASVs depleted in the PDC group. The heat map shows the abundance of differential ASVs with relative abundance greater than 0.1% across all samples and the adjusted p < 0.05 (Figure 3C). The ASVs enriched in PDC all belonged to Bacteroidetes phylum, Prevotella genus, Prevotella_copri species. Except for ASV117, ASV162 belonging to the Bacteroides genus and ASV137 belonging to the Gemmiger genus, most of the ASVs depleted in the PDC belonged to the Firmicutes phylum, Faecalibacterium genus, and Faecalibacterium_prausnitzii species. Compared with the BC group, the abundance of 67 ASVs in the PDC group significantly altered, of which 25 were increased and 42 were decreased (Figure S1B). However, compared with the people with BC, obese people with non-PDC showed no significant alterations in the abundance (Figure S1C, Additional File 2: Supplementary Table S3). To investigate the specific changes of microbiota in samples from the PDC group, we assessed the relative abundance of bacterial species across three groups (Figure 3B). At the phylum level, Firmicutes was significantly more decreased in the PDC group than in the non-PDC group (P<0.001, Wilcoxon rank sum test adjusted by FDR). Compared to the non-PDC group, the PDC group was characterized by higher Bacteroidetes levels (P<0.001) and a significantly lower Firmicutes/Bacteroidetes ratio (P<0.001). In agreement with the findings at phylum level, we found differential abundance of dominant classes, orders, families, genera in the fecal microbiota between PDC and non-PDC samples. At the family level, we noted that Ruminococcaceae (PDC vs non-PDC: P=0.002, PDC vs BC: P= 0.071), typically producing short chain fatty acids (Cheng et al., 2021), depleted in the PDC group. Instead, Prevotellaceae was significantly enriched in the PDC group (PDC vs non-PDC: P= 0.002). Butyrate-producing Faecalibacterium bacteria depleted in the PDC group (PDC vs non-PDC: P= 0.042), however, Prevotella enriched in the PDC group (PDC vs non-PDC: P= 0.004). In addition, we identified 19 bacterial species that showed nominal alterations in the PDC group (P value <0.05 by Wilcoxon rank sum test, and adjusted p >0.05 by FDR), of interest, Prevotella_copri and Faecalibacterium_prausnitzii undergo more significant changes in PDC (adjusted p <0.1 by FDR), which both them considered influence the metabolic state of the host in previous studies, but limited by 16S amplicon sequencing, which can only partially explain the disturbed gut microbiota in PDC.




Figure 3 | Alterations in the composition of fecal microbiota associated with PDC. (A) A volcano plot demonstrating differential ASVs between the PDC group and the non-PDC group. (B) A heatmap illustrating the relative abundance of PDC-associated taxa across the three groups (P value <0.05 by Wilcoxon rank sum test) and adjusted p<0.1 by FDR). The abundance profiles are transformed into Z scores by subtracting the average abundance and dividing the standard deviation of all samples. Z score is negative (shown in blue) when the row abundance is lower than the mean. Taxa at P value <0.01 are marked with two solid stars, P value <0.05 with one solid star, P value <0.1 with hollow star. (C) Heat map of the relative abundance of 43 ASVs with relative abundance greater than 0.1% that were significantly different between PDC group and non-PDC group (A threshold of P < 0.05 and FDR < 0.05 calculated by Wilcoxon rank sum test). ASVs are shown from lower abundance (in blue) to higher abundance (in red). All 43 ASVs were assigned to phyla, genera and species.





Relationship Between the Gut Microbiota and Obesity Phenotypes Associated With Different Constitutions

Furthermore, we correlated the PDC-associated ASVs and bacterial taxa to clinical phenotypes using the Spearman correlation method (Figures 4A, B). A total of 35 ASVs were found to be significantly correlated with clinical phenotypes (Figure 4A). Notably, all ASVs belonging to Faecalibacterium, depleted in PDC, were significantly negatively correlated with neck circumference, TG, uric acid, and most were negatively correlated with LDL, visceral index, and BMI. In contrast, most ASVs enriched in PDC group, annotated as Prevotella, were negatively correlated with HDL, and a small number of ASVs were significantly negatively correlated with obesity indicators such as weight, hip circumference, and neck circumference.




Figure 4 | Spearman correlations between PDC-associated gut flora and clinical phenotypes. ASVs or taxa enriched in the PDC group were labeled with light green, while depleted ones with purple. (A) Correlations between PDC-associated ASVs and phenotypes. (B) Correlations between discrepant taxa and phenotypes. Note: *, **, *** represent p<0.05, p<0.01, p<0.001, respectively.



A total of 49 correlations were found between different levels of PDC-associated bacteria and clinical phenotypes (Figure 4B). Of these, only Ruminococcaceae were associated with BMI, which is a clinical diagnostic indicator of obesity. Correlations between PDC-related taxa and TG, HDL, SBP, hs-C, and uric acid, all of which are indicators associated with metabolic diseases, deserve more attention. For example, species enriched in PDC were significantly positively correlated with TG, SBP, hs-C and uric acid, however, these bacteria did not correlate significantly with obesity-related indicators such as BMI and waist circumference. Also, species depleted in PDC were significantly negatively correlated with TG, where Firmicutes were only correlated with HDL, uric acid and other metabolism-related phenotypes, but not with obesity-related phenotypes. In addition, uric acid and HDL are most closely related to altered intestinal bacteria and deserve focused attention. These results suggest that changes in PDC-associated bacterial taxa carry a higher metabolic risk compared to more severe obesity.



Prediction of Metagenomic Functional Changes Associated With Obesity With Different Constitutions

The metagenomic pathways were predicted using the PICRUSt tool based on the KEGG database. All total of 70 pathways were found to differ in abundance between the PDC group and the non-PDC group (P < 0.05, Welch’s t-test, FDR < 0.05, Figure S2; Table S4) (40 pathways enriched in the PDC group and 30 pathways depleted in the PDC group).

Furthermore, we correlated the PDC-associated pathways and PDC-associated ASVs with relative abundance greater than 0.1% using the Spearman correlation method (Figure S3; Additional file 2: Supplementary Table S5). ASVs enriched in PDCs seem to have a greater effect on metabolic pathways, and most especially have a strong positive correlation with arachidonic acid metabolism and mineral absorption. In addition, we found very interesting correlations between PDC-related differential metabolic pathways and differential bacterial species. There was a consistency in the trends of KOs and PDC-related bacterial species changes. We hypothesize that it is the differences in these particular gut microbes that lead to the significant differences in predicted metagenomic function. Among them, protein digestion and absorption were strongly associated with PDC-associated taxon, especially with Bacteroidia significantly and positively (r=0.912, P<0.001). Bacteroidia taxon were significantly and positively correlated with cellular antigens. Prevotella was positively correlated with mineral absorption (Figure S4; Additional File 2: Supplementary Table S6). Minerals, carbohydrates, and proteins are food nutrients, and they are the main stimulators of glucagon-like peptide-1 (GLP-1), which over production can disrupt glucose homeostasis (Qin et al., 2021). The lipopolysaccharide biosynthesis and lipopolysaccharide biosynthesis proteins pathways, which were significantly enriched in PDCs, are recognized pro-inflammatory factors that disrupt the intestinal barrier and cause metabolic disturbances (Fabbiano et al., 2018); however, they are negatively correlated with bacteria enriched in PDCs and positively correlated with bacteria reduced in PDCs. It is worth mentioning that arachidonic acid metabolism; glycine, serine and threonine metabolism, and other pathways are enriched in PDC; meanwhile, arginine and proline metabolism; flavone and flavonol biosynthesis; glycolysis/gluconeogenesis; primary bile acid biosynthesis; metabolic pathways such as secondary bile acid biosynthesis; insulin signaling pathway are depleted in PDC (Figure S2).



Identification of Obesity With PDC Basing on Gut Microbiome

To exploit the potential of gut microbiome in obese people with PDC identification, random forest classifier using explanatory variables of ASVs and species abundances were performed. Tenfold cross-validation was repeated and the receiver operating characteristic (ROC) curves for classifying people with PDC from all obese individuals. We could detect PDC individuals accurately based on the gut ASVs, as indicated by the area under the receiver operating curve (AUC) of up to 0.89 ± 0.11 (Figure 5A). Thus, we conducted a testing set consisted of 20 randomly chosen obese subjects based on ASVs. In this assessment analysis, PDC possesses remarkable features in gut microbiome as compared to the non-PDC (AUC=0.80 ± 0.40) (Figure S5A). Among the strongest discriminatory features, ASV51 from Prevotella genus had the greatest impact, followed by characteristics such as ASV117(Bacteroides), ASV114(Faecalibacterium), ASV69(Prevotella) (Figure 5B). We also investigated the utility of the classifier based on microbial taxa. Consistently, the AUC for identifying PDC from the obese people was 0.83 ± 0.18 (Figure 5C). Prevotella, Prevotellaceae, Ruminococcaceae, Clostridia, Faecalibacterium were the strongest discriminatory features (Figure 5D). Similarly, we conducted a test group of 20 randomly selected obese subjects according to microbial taxa, the AUC was 0.70 ± 0.46 (Figure S5B). Overall, the PD-associated microbial features captured by the classifier offered further evidence of the dysbiosis gut microbiome and highlighted its great potential for distinction of obesity with different constitutions.




Figure 5 | Diagnostic outcomes are shown via receiver operating characteristic (ROC) curves for PDC and BC. A, C. Random Forest models are constructed using explanatory variables of ASVs (A) and taxon (C). (B, D) The detailed explanatory variables based on the random forest model in each comparison. The lengths of the bars in the histogram represent the mean decrease accuracy, which indicates the importance of the ASVs or taxon for classification.






Discussion

Obesity is a complex condition commonly associated with metabolic abnormalities. To date, there are various methods to measure obesity subtypes, but they cannot accurately predict the metabolic risk associated with obesity. Therefore, to achieve precise control of obesity-associated metabolic abnormalities, new obesity typing methods need to be explored. Phlegm-damp constitution, a concept specific to TCM, is considered an obese subtype with high metabolic risk, and the risk of metabolic abnormalities associated with obesity can be reduced by specific interventions for phlegm-damp constitution. In the present study, we aimed to further understand the role played by PDC in obesity and its complications by exploring PDC-related microbiome changes in obese patients with phlegm-dampness.

Overall, although we observed no significant differences in the abundance of gut bacteria between groups according to the alpha diversity analysis, the beta diversity analysis showed that significant differences in microbial composition in both the PDC group and the non-PDC group/BC group. However, there was no significant difference in beta diversity between the non-PDC group and BC, suggesting variation in PDC-associated gut microbiota compared to obese non-PDC and healthy individuals, but the non-PDC obese population are similar to healthy individuals. Furthermore, we focused on specific taxa changes associated with PDC. In our study, the Firmicutes/Bacteroidetes ratio was decreased in the PDC group. This ratio was elevated in obesity (Chang et al., 2015), hypertension (Li et al., 2017), and autism (Dan et al., 2020), and decreased in a Hypoxia Induced Factor 1α (HIF-1α) induced alcoholic liver disease mouse model (Shao et al., 2018). Bacteroidetes, which are enriched in PDC, are the most abundant bacterial phylum in the human intestine. It is involved in the fermentation of polysaccharide, the utilization of nitrogenous substances, the production of propionates, and is often portrayed as a beneficial bacterium in previous studies (Hayden et al., 2020; Sequeira et al., 2020). However, it is also involved in the release of toxic substances during proteolysis, which promotes inflammation (Jia et al., 2021). In our study, the Bacteroidetes enriched in PDC, which was positively correlated with serum C-reactive protein and systolic blood pressure and negatively correlated with HDL, plays a negative factor for obesity and its complications. Firmicutes depleted in PDC plays an important role in polysaccharide breakdown and production of short-chain fatty (SFCA) acids, many different species of bacteria within several families belonging to the phylum Firmicutes have been identified as SCFAs producers, mainly acetate, propionate, and butyrate, which are anti-inflammatory and improve metabolism effects through reduction of pro-inflammatory factors in the blood, such as LPS (Fernández et al., 2016). Interestingly, the results of the correlation analysis between Firmicutes and clinical phenotypes were opposite to those of Bacteroidetes, with the former enriched with PDC associated with lower SBP, triglycerides, and uric acid, and higher HDL-C. In other words, Firmicutes played a probiotic role in this cohort.

More interesting were the dysbiosis patterns. We found that many of the microbial taxon with altered abundance in the PDC group were associated with the production of SCFAs, plasma bile acid, and anti-inflammatory protection according to several independent studies. Ruminococcaceae depleted in PDC could ferment fiber and other plant components of the diet such as inulin and cellulose, producing short-chain fatty acids (SCFA) which can both be utilized by the host for energy and display anti-inflammatory properties in the gut (Astbury et al., 2020). Cold exposure reduced high-fat diet-induced obesity in mice Their gut microbiotawere characterized by increased levels of Ruminococcaceae, which may be associated with increased iBAT thermogenesis and a plasma bile acid profile (Ziętak et al., 2016). In obese individuals, Prevotellaceae enrichment was elevated, producing circulating succinate, which is a potential microbiota-derived metabolite related to CVD risk (Serena et al., 2018). Notably, and this is consistent with our study, Prevotellaceae were enriched in PDC and were positively correlated with neck circumference and negatively correlated with HDL-C. At the genus level, Faecalibacterium, which is involved in producing intestinal epithelial nutrition, producing short-chain fatty acid, achieving anti-inflammatory effects, and strengthening intestinal barrier functions (Hiippala et al., 2018; Chen et al., 2020), were depleted in obese patients with PDC. Further exploration revealed the depleted Faecalibacterium_prausnitzii in the PDC group, which was found to exert anti-inflammatory activity both in vitro and in vivo (Llopis et al., 2016; Quévrain et al., 2016). In our study, Prevotella enriched in PDC is one dominant genus of Bacteroidetes, however, it had contradictory results on host metabolic effects in previous studies. Elevated abundance of Prevotella is usually associated with dietary fiber-rich dietary interventions, and enrichment of Prevotella can promote weight loss, lower cholesterol levels, and improve glucose metabolism (Kovatcheva-Datchary et al., 2015; Ortega-Santos and Whisner, 2019). By contrast, another study found that Prevotella copri, was identified as the primary species driving the association between biosynthesis of branched-chain amino acids (BCAAs) and insulin resistance, inducing insulin resistance, exacerbating glucose intolerance, and increasing circulating BCAAs levels (Pedersen et al., 2016), and the abundance of Prevotella copri potentially attenuate the protective effect of the Mediterranean diet on reduction of insulin resistance and cardiometabolic disease risk (Meslier et al., 2020; Wang et al., 2021).Based on the above analysis, we hypothesize that bacteria involved in the synthesis of SFCAs and bile acids are in reduced abundance in PDCs, thus promoting inflammation and increasing the risk of metabolic disorders. However, the above ideas need to be validated by metagenomic sequencing studies with larger sample sizes.

This is emphasized by the predicted gene function based on 16srDNA amplicon sequencing data. The PICRUSt analysis demonstrated that several microbial functions were significantly over- or underrepresented between groups, due to important differences in bacteria composition. Compared with non-PDC people, gut microbiota in PDC individuals had a depleted abundance of genes involved in metabolic pathways such as arginine and proline metabolism, flavone and flavonol biosynthesis, glycolysis/gluconeogenesis, and primary bile acid biosynthesis. Conversely, there was an increase in genes related to arachidonic acid metabolism, glycine, serine and threonine metabolism, the lipopolysaccharide biosynthesis pathway, related to inflammation and immune response. The relative abundance of genes associated with a given pathway may indicate an increased metabolic capacity of the gut microbiota with regard to this pathway. Disturbances in the metabolism of arginine and proline associated with urinary phthalate exposure may contribute to the development of overweight and obesity in school-aged children (Xia et al., 2018). Flavonoids, plant-derived polyphenolic compounds, have been linked with health benefits. For the gastrointestinal tract, it can modulate the secretion of gut hormones, immune system, shape microbiota composition and function, and maintain the intestinal barrier integrity. Importantly, flavonoid actions at the GI tract can have an impact systemically, e.g., on glucose homeostasis, lipid and energy metabolism, or cardiovascular risk factors (Oteiza et al., 2018). Arachidonic acid metabolism has a higher proportion in the PDC group, which is an unsaturated fatty acid, which entails risk for developing intestinal inflammation, obesity, type 1 diabetes, and alcoholic fatty liver (Leiva-Gea et al., 2018; Miyamoto et al., 2019; Mayr et al., 2020; Sun et al., 2020). LPS, a microbial cell wall fraction, is capable of disrupting the intestinal barrier and triggering systemic low-grade inflammation associated with metabolic syndrome, visceral fat mass, and type 1 diabetic nephropathy (Leiva-Gea et al., 2018).

In addition, it is important to mention that waist circumference, hip circumference, and BMI were higher in PDC individuals compared to non-PDC obese individuals, which is similar to previous studies that abdominal and pear-shaped obese individuals who hoard more white fat are at higher risk for metabolic disease (Quan et al., 2020). However, PDC is not the same as abdominal obesity. The constitution is a comprehensive classification method that includes three dimensions of body form, physiological function, and psychological state, and excessive abdominal fat is only one of the characteristics of PDC (Li et al., 2021). In our study, Ruminococcaceae and several ASVs annotated as Faecalibacterium, depleted in PDC group, were negatively correlated with BMI, the other PDC-associated ASVs and bacterial species were not correlated with BMI and waist circumference, the two keys to the diagnosis of obesity. Most of the bacterial species associated with PDC were more strongly correlated with indicators of metabolic disease diagnosis such as TG, HDL, hs-c, uric acid. Notably, ASVs enriched in PDC group had a stronger correlation with HDL, whereas ASVs reduced in PDC had a stronger correlation with TG, LDL, and uric acid. Bacteroidetes and Firmicutes were correlated with HDL, TG, hs-c and Uric acid, and were not associated with obesity-related indicators. These results suggest that changes in PDC-associated bacterial taxa carry a higher metabolic risk rather than more severe obesity.

In general, evidence that obese patients with PDC have a higher risk of inflammatory and metabolic diseases can be observed from the perspective of intestinal microbiota. Our study suggests that gut microbial characteristics can also be used as biomarkers to microscopically differentiate between obese individuals with PDC or non-PDC.

Our study has some limitations. Although our study showed that the gut microbiota of obese patients with PDC may have a higher risk of metabolic disorders, we only assessed microbial characteristics at the same time and did not monitor dynamic changes, which need to be further explored in future longitudinal studies. Second, the effects of many confounding factors were not recorded, such as diet and lifestyle, which may lead to bias in the correlation analysis. In addition, data interpretation may be limited by the relatively small sample size and amplicon sequencing-based analysis of the gut microbiome, and conclusions need to be validated by larger metagenomic studies.



Conclusion

Taken together, our study suggests that the composition of the gut microbiota differs between obese individuals with PDC and non-PDC subjects. Alterations in the gut microbiota of the obese population with the two PDCs were associated to a greater extent with more metabolic disturbances rather than more severe obesity. Such alterations in the gut microbiota may lead to systemic metabolic disturbances by affecting bacterial inflammatory and immune responses, polysaccharide, carbohydrate, and amino acid metabolism, etc. In addition, specific bacterial signatures have shown potential diagnostic value in differentiating obese individuals with different constitutions. These findings may provide a microbiome component to the TCM view that obese individuals with PDC are at high risk for metabolic disease, and also provide a new perspective on obesity typing to aid in more precise prevention and treatment of obesity.
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Buyang Huanwu decoction (BHD) is a well-known Chinese herbal prescription. It has been widely used in the clinical treatment of cerebral ischemia (CI) in China. However, the mechanism underlying the treatment of CI with BHD remains to be elucidated. In this study, we combined microbiomic and metabolomic strategies to explore the therapeutic effects of BHD on middle cerebral artery occlusion (MCAO) in rats. Our results showed that BHD could effectively improve neurological severity scores and alleviate neuronal damage in rats with MCAO. BHD could also reduce the level of peripheral proinflammatory cytokines and inhibit neuroinflammation. 16S rRNA sequencing showed that BHD could increase the relative abundances of the genera Lactobacillus, Faecalibacterium, Ruminococcaceae_UCG-002, etc., while decreasing the relative abundances of the genera Escherichia-Shigella, Klebsiella, Streptococcus, Coprococcus_2, Enterococcus, etc. Untargeted metabolomic analysis of hippocampal samples showed that 17 significantly differentially abundant metabolites and 9 enriched metabolic pathways were linked with BHD treatment.  We also found that the regulatory effects of BHD on metabolites were correlated with the differentially abundant microbial taxa. The predicted function of the gut microbiota and the metabolic pathway enrichment results showed that purine metabolism, glutamatergic synapses, arginine and proline metabolism, and alanine, aspartic acid and glutamate metabolism were involved in the effects of BHD. These pathways may be related to pathological processes such as excitotoxicity, neuroinflammation, and energy metabolism disorder in CI. In summary, these findings suggest that regulation of hippocampal metabolism and of the composition and function of the gut microbiota may be important mechanisms underlying the effect of BHD in the treatment of CI.
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Introduction

Stroke is a common and dangerous cerebrovascular disease. The incidence of cerebral ischemia (CI) accounts for 87% of all strokes, with high morbidity, a high disability rate and a high fatality rate, imposing many psychological and economic burdens on patients, families and society (Benjamin et al., 2018). CI injury can cause massive neuronal death. As adult neurons have a limited ability to proliferate or be replaced (Fricker et al., 2018), CI leads to severe neurological deficits in patients (Muir et al., 2007). At present, thrombolytic therapy is the main treatment for acute CI to salvage the ischemic penumbra, but its clinical application is greatly limited by a strict therapeutic time window (Prabhakaran et al., 2015). Therefore, the development of a safe and effective drug for the treatment of CI is a pressing challenge.

However, the injury and repair mechanisms of CI are very complex, involving a “waterfall-style” pathophysiological cascade caused by the interaction of multiple factors and mechanisms involving multiple targets and signaling pathways, causing massive neuronal loss and stress responses (Liao et al., 2017). Inflammation plays an important role in the pathological process of CI. The balance of inflammatory response is crucial for the brain injury and recovery (Jin et al., 2013). Inflammation could be a therapeutic target of CI (Jordán et al., 2008). Besides, some studies have also found metabolic alterations in CI and investigated the treatment for CI in the context of brain metabolism. Twenty metabolites, including lysine, glutathione have been reported as the biomarker for CI repeatedly. Some metabolic pathways, such as arginine biosynthesis; alanine, aspartate and glutamate metabolism may be involved in the development of CI (Jia et al., 2021). Modulation of metabolic changes in the cortex could provide neuroprotection (Liu et al., 2021).

Recently, researchers have found that there are bidirectional communications and interactions between the gut microbiota and the brain, known as the gut-brain axis. The gut-brain axis consists of vagus nerve, immune, and bacterial metabolites (Agirman and Hsiao, 2021; Agirman et al., 2021). CI could also be associated with the gut-brain axis. Patients with CI often experience gastrointestinal complications (Wen and Wong, 2017). Recently, with advances in human microbiota research, growing evidence indicates that CI is closely related to dysbiosis of the gut microbiota and that dysbiosis of the gut microbiota could exacerbate inflammatory responses (Yamashiro et al., 2017). For example, Benakis et al. observed that the changes in the gut microbiota induced by antibiotics can minimize the cerebral infarction area in mice with CI by increasing regulatory T cells (Tregs) and inhibiting γδT cells (Benakis et al., 2016). The bacterial metabolites could also contribute to the CI treatment. The bioactive metabolites from the gut microbiota such short-chain fatty acids and glutamate may participate the pathogenesis of CI (Chidambaram et al., 2022). SCFA-producing bacteria are associated with stroke outcome (Spychala et al., 2018). Therefore, the gut-brain axis may be a potential target for CI treatment.

Buyang Huanwu decoction (BHD) is a classic herbal formula of traditional Chinese medicine (TCM). BHD has been frequently applied in the clinic for the treatment of CI in China. The significant therapeutic effects of BHD in the acute phase, convalescence phase and chronic sequela phase of CI have been suggested by evidence-based medicine (Jiang et al., 2020). A previous study found that BHD can modulate the expression of VEGF and Flk1 and provide a therapeutic benefit for CI by promoting angiogenesis (Cai et al., 2007). Another study demonstrated that BHD could improve neurological function by promoting neurogenesis (Liu et al., 2013). The neurogenesis promotion by BHD is related to sirtuin 1/autophagy pathway (Li et al., 2021). However, as a TCM herbal formula, BHD contains many ingredients; its effects on CI could be the holistic result of the interactions among multiple components and multiple targets (Zhang et al., 2018). The therapeutic mechanism of BHD could be better illustrated by systemic methods. In a previous study, the neuroprotective mechanisms of BHD were explored by a genomic approach (Wang et al., 2011). A recent study combined proteomic and metabolomic methods to demonstrate the effects of BHD on neurodegenerative disease (Hsu et al., 2019). In addition, it has been reported that gut microbiota can metabolize TCM ingredients, and TCM can regulate the composition and homeostasis of the gut microbiota (Feng et al., 2019; Lin et al., 2021). However, knowledge of the link between the gut microbiota and metabolic phenotypes of CI and of the effects of BHD treatment for CI remains very limited.

In this study, we aim to explore the potential relationship between BHD treatment for CI and the gut microbiota. We proved the neuroprotection effect of BHD treatment. We employed 16S rRNA sequencing to study the gut microbiota changes in CI model after BHD treatment. We also used untargeted metabolomic analyses to investigate the metabolic mechanism underlying the effect of BHD in the treatment of CI. We found that BHD could modulate the composition of the gut microbiota. The function of the gut microbiota in rats with CI could also be modified by BHD treatment. BHD could also influence the metabolic profile of the hippocampus. The gut microbiota changes and metabolic pathway alterations could be correlated and have associations with inflammatory responses in CI. Our results demonstrate a novel mechanism underlying the effect of BHD in CI treatment.



Materials and Methods


Reagents

The nylon monofilaments (a2432A2) used for inducing middle cerebral artery occlusion (MCAO) stroke in a rat model were obtained from Beijing Cinontech Co., Ltd. Butylphthalide (NBP) soft capsules was obtained from CSPC Pharmaceutical Group Co., Ltd. Neuron-specific nuclear protein (NeuN) antibody (BM4354), ionized calcium binding adaptor molecule 1 (Iba-1) antibody (PB0517), and interleukin-1β (IL-11β), interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) enzyme-linked immunosorbent assay (ELISA) kits (EK0393, EK0412, EK0526) were purchased from Boster Biological Technology Co., Ltd. Sodium pentobarbital (P3761) was obtained from Merck KGaA (Darmstadt, Germany).



Preparation and QC of BHD

BHD was prepared by mixing 120 g of Astragalus mongholicus Bunge, 6 g of Angelica sinensis (Oliv.) Diels, 5 g of Paeonia lactiflora Pall., 3 g of Pheretima aspergillum (E. Perrier), 3 g of Ligusticum chuanxiong Hort, 3 g of Carthamus tinctorius L. and 3 g of Prunus persica (L.) Batsch. All herbs constituting BHD were purchased from the First Affiliated Hospital of Hunan University of Chinese Medicine. These medicinal materials were immersed in five times the volume of distilled water for 1 h and then boiled for 2 h at 100°C. Then, the solution was filtered with 3 layers of medical gauze and concentrated to 2 g crude drug/mL.

For quality control (QC), the BHD extracts were analyzed using a UPLC–ESI–MS/MS system (UPLC, SHIMADZU Nextera X2, CBM30A system; MS, Applied Biosystems 4500 Q TRAP). The column was an Agilent SB-C18 column (1.8 µm, 2.1 mm*100 mm). Mobile phase A was water containing 0.1% formic acid, and mobile phase B was acetonitrile containing 0.1% formic acid. The elution gradient was as follows: 0 min, 5% B; 0-9 min, 5-95% B; 9-10 min, 95% B; 10-11.1 min, 95-5% B; 11.1-14 min, 5% B. The column temperature was 40°C, the flow velocity was 0.35 mL/min, and the injection volume was 4 µL. A triple quadrupole-linear ion trap mass spectrometer equipped with an electrospray ionization (ESI) Turbo Ion-Spray interface was used for LIT and triple quadrupole (QQQ) scans. The ESI source operation parameters were as follows: the source temperature was 550°C; the ion spray voltage was 5500 V (positive ion mode)/-4500 V (negative ion mode); and the ion source gas I, gas II, and curtain gas were set at 50, 60, and 25.0 psi. Instrument tuning and mass calibration were performed with 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT modes. The QQQ scan was acquired via MRM experiments using medium nitrogen collision gas.



Animals and Treatments

Male Sprague–Dawley rats (specific-pathogen-free grade; six weeks old; weight, 230-240 g) were purchased from Hunan Slike Jingda Experimental Animal Co., Ltd. (license number: SCXK 2019-0004). The rats were housed in groups of 4/cage. Housing conditions were maintained thermostatically at 22~26°C with 45~55% humidity and a 12−h light−dark cycle. The ventilation of the room remained constant throughout the day and night. Food and water were given freely.

The MCAO model was established according to a previously reported method (Longa et al., 1989). Rats were anesthetized with 0.3% sodium pentobarbital. The left common carotid artery (CCA), internal carotid artery (ICA) and external carotid artery were bluntly separated. The monofilament was fixed immediately when the black marker point on the monofilament was located at the CCA bifurcation, and then, the incision was sutured. Neurologic examinations were performed 2 hours after the surgery, with reference to Zea-Longa score reported by Longa, which indicated a successful model under the score from 1 to 3 (Longa et al., 1989).

NBP was used as a positive control drug for CI treatment (Wang et al., 2018). Based on our previous studies (Cai et al., 2007), we determined that the low dose of BHD (L-BHD) was 2.5 g/kg, the medium dose of BHD (M-BHD) was 5 g/kg, and the high dose of BHD (H-BHD) was 10 g/kg. Rats that received MCAO surgery were randomly divided into the model group, model+L-BHD (2.5 g/kg) group, model+M-BHD group (5 g/kg), model+H-BHD group (10 g/kg) and model+NBP (54 mg/kg) group. There were 14 rats in each group, and another 14 rats were used as the control group. After MCAO surgery, the rats in the BHD treatment groups and NBP group were intragastrically administered BHD or NBP once a day for 7 days, while the rats in the control group and the model group were intragastrically administered equal amounts of distilled water for 7 days. On the seventh day after the establishment of the MCAO models, the rats were subjected to a modified neurological severity score (mNSS) and then sacrificed. The experimental design is illustrated in Figure 2A. All of the above procedures were approved by the Ethics Committee of the Laboratory Animals of the First Affiliated Hospital of Hunan University of Chinese Medicine, and the ethics approval number was ZYFY20201215-1.



mNSS Test

The neurological deficit scores of MCAO model rats were evaluated by the mNSS (Hu et al., 2017) with a score ranging from 0 to 18 points on the 7th day after ischemic injury. The mNSS mainly includes motor, sensory, balance, and reflex tests. Higher scores were correlated with more severe neurological function deficits.



Sample Collection

All the rats were euthanized on the 7th day after MCAO surgery. Hippocampus isolated from rat brain tissue and intestinal contents (8 per group) were collected, frozen in liquid nitrogen for 30 min, and stored at -80°C. Serum samples (6 per group) were subpacked and stored at -80°C. Rat whole-brain tissues (4 per group) were fixed for histological staining.



HE Staining

The whole brain tissue of the rats was excised, fixed in 4% paraformaldehyde, paraffin embedded and sectioned. After staining with hematoxylin and eosin (HE), the sections were examined under a light microscope (Leica, Germany) at a magnification of 20×, and images were captured.



Immunohistochemical Staining

Immunohistochemical staining was performed on paraffin sections of rat whole brains to quantify NeuN- and Iba-1-positive cells on the ischemic side. After the sections were dewaxed at room temperature, they were treated with EDTA for heat-induced antigen retrieval, and then, 5% BSA was added, and the samples were incubated at 37°C for 30 min. The sections were incubated with primary antibodies against NeuN (1:150) and Iba-1 (1:100) overnight at 4°C. The sections were reheated at room temperature for 30 min, washed with PBS 3 times for 5 min each, and then incubated with the biotin-labeled goat anti-rabbit IgG secondary antibody for 30 min at room temperature. The sections were washed with PBS 3 times for 5 min each time, and SABC was added dropwise; then, the samples were incubated at 37°C for 30 min and then washed with PBS. DAB was used as the chromogenic substrate for color development, and then, sections were counterstained with Mayer’s hematoxylin. The sections were observed under a light microscope (Leica, Germany) at a magnification of 40×, and images were collected. The results were analyzed with ImageScope software and assessed using the histochemistry score (H-score) (Azim et al., 2015). The number of stained positive cells and their staining intensity (0, negative; 1, weak; 2, moderate; 3, strong) were recorded. H-score was calculated using the following formula: H score = (percentage of cells of weak intensity × 1) + (percentage of cells of moderate intensity × 2) + (percentage of cells of strong intensity × 3).



Nissl Staining

The paraffin sections of rat whole brains were dewaxed to water routinely and then were incubated in 1% toluidine blue for 40min at 60°C. Subsequently, the sections were dehydrated in gradient ethanol, transparentized with xylene and sealed with neutral gum. The whole section was scanned using the Aperio VERSA 8 automated slide scanner (Leica, Germany), and the number of Nissl bodies in the cortical area were counted under 40× magnification in a blinded fashion.



ELISA

ELISA was used to investigate the serum levels of IL-1β, CRP and TNF-α. All operations were completed in accordance with the corresponding ELISA kit instructions, and the absorbance was read at 450 nm.



16S rRNA Microbial Community Analysis

The MagPure Soil DNA LQ Kit (Magen, Guangdong, China) was used to isolate total genomic DNA from the intestinal content samples following the manufacturer’s instructions. After the DNA concentration and integrity were measured by a NanoDrop 2000 spectrophotometer and agarose gel electrophoresis, the V3-V4 hypervariable region of the bacterial 16S rRNA gene was amplified by PCR for amplicon sequencing library construction. Then, qualified libraries were sequenced on an Illumina NovaSeq6000 with two paired-end read cycles.



Metabolomic Profiling Analysis

UPLC–MS/MS analysis was performed by OE BioTech (Shanghai, China). Hippocampal samples of rats were homogenized and centrifuged. The supernatant was kept for UPLC–MS/MS analysis. Hippocampal metabolic profiling was performed using a Dionex Ultimate 3000 RS UHPLC fitted with a Q-Exactive Plus Quadrupole-Orbitrap mass spectrometer equipped with a heated ESI source (Thermo Fisher Scientific, Waltham, MA, USA) in both positive and negative ion modes. Chromatography was performed on an ACQUITY UPLC HSS T3 column (1.8 μm, 2.1× 100 mm). The binary gradient elution system consisted of (A) water with 0.1% formic acid and (B) acetonitrile with 0.1% formic acid. Separation was achieved using the following gradient: 0-2 min, 5% B; 2-4 min, 5-30% B; 4-8 min, 30-50% B; 8-10 min, 50-80% B; 10-14 min, 80-100% B; 14-15 min, 100% B; 15-15.1 min, 100-5% B and 15.1-16 min, 5% B. The column temperature was 45°C. The flow velocity was 0.35 mL/min, and the injection volume was 2 µL. The mass range was from m/z 100 to 1,200. The mass spectrometer was operated as follows: spray voltage, 3,800 V (+) and 3,000 V (−); sheath gas flow rate, 35 arbitrary units; auxiliary gas flow rate, 8 arbitrary units; S-lens RF level, 50; Aux gas heater temperature, 350°C; capillary temperature, 320°C. QC samples were injected between every ten samples throughout the analytical run to evaluate the stability of the mass spectrometry system.



Data Analysis and Statistics

For 16S rRNA sequencing, we removed the reads less than 50 bp in the original sequencing data then merged pairs of reads. The reads containing ambiguous bases or with homopolymer of > 8 bp were removed. The cleaned reads were clustered to generate operational taxonomic units (OTUs) with a 97% similarity threshold using VSEARCH (Rognes et al., 2016). Representative reads for each OTU were selected using the QIIME package (Caporaso et al., 2010) and annotated using the RDP classifier (Wang et al., 2007). Subsequently, microbial community structure was assessed by α (within-sample) diversity and β (between-sample) diversity analysis. PICRUST software was applied to predict microbial gene function based on the Greengenes data (Langille et al., 2013).

For untargeted metabolomic analyses, the original UPLC–MS/MS data were processed with Progenesis QI software (Nonlinear, Dynamics, Newcastle, UK) for baseline filtering, retention time correction, integration, peak alignment, peak identification and normalization. The metabolites were analyzed based on secondary fragments, accurate mass-to-charge ratio (m/z) and isotopic distribution using the HMDB database (Wishart et al., 2007). Principal component analysis (PCA) was utilized to determine the overall distribution of the hippocampal samples and the stability of the analysis process. Orthogonal partial least-squares-discriminant analysis (OPLS-DA) was used to screen differentially abundant metabolites. Metabolic pathway enrichment analysis was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.kegg.jp/).

For statistical analysis, all data are expressed as the mean ± standard deviation (mean ± SD). The significant differences between groups were evaluated by one-way analysis of variance (ANOVA) and heteroscedasticity t-test using GraphPad Prism 8.0 software. Significant differences were accepted at p values <0.05.




Result


Identification of Chemical Constituents in BHD

To identify the components in the BHD extracts, UPLC–ESI–MS/MS-based widely targeted metabolomics analysis was conducted for QC. The total ion chromatograms of a BHD sample are shown in Figure 1. In total, 1173 compounds were detected and identified, including 249 phenolic acids, 218 flavonoids, 61 terpenoids, 11 quinones, 46 lignans and coumarins, 2 tannins, 41 alkaloids, 115 organic acids, 61 lipids, 79 nucleotides and derivatives, 140 amino acids and derivatives, 1 steroid and 149 other compounds. Details of these compounds are shown in Table S1.




Figure 1 | UPLC–ESI–MS/MS total ion chromatogram of BHD. (A) Positive ion mode. (B) Negative ion mode.





BHD Improves Neurological Function and Ameliorates Neuronal Impairment in Rats With CI

To evaluate the effects of BHD on the rats that received MCAO surgery, we employed the mNSS to rate the neurological functioning of rats and compared the mNSS among different animal groups. As shown in Figure 2B, the mNSS was increased significantly in the model group compared with the control group (p<0.001). Moreover, the mNSS was decreased significantly in the L-BHD, M-BHD, H-BHD and NBP groups compared with the model group (p<0.05), but there was no significant difference among the M-BHD, H-BHD and NBP groups. The results suggested that BHD could significantly promote the recovery of neurological function in rats with CI.




Figure 2 | Effects of BHD on the modified neurological severity score (mNSS), pathological changes and neuronal damage of rats with CI. (A) Animal experimental design. (B) Comparison of mNSS between different groups (n = 8 per group). (C) HE staining at a magnification of 20× (n = 4 per group). (D, E) Immunostaining and quantification of NeuN-positive cells in the hippocampal CA1 region (n = 4 per group). (F, G) Nissl staining and cell counts of Nissl bodies in the cortical area (n = 4 per group). All the data are presented as the mean ± SD. Differences were assessed by one-way ANOVA and Student’s t-test: ***p < 0.001, *p < 0.05.



As shown by HE staining in Figure 2C, the number and volume of cells in the hippocampal dentate gyrus and cortex were reduced in the model group compared with the control group. The cells in the model group were also arranged irregularly and shrunken with a large number of surrounding vacuoles. However, compared with the model group, the injury in the groups treated with different doses of BHD and NBP was alleviated to varying degrees. The cell morphology in the treatment groups was also improved effectively, and the number of vacuoles was clearly reduced (Figure 2C).

Positive staining for NeuN (NeuN+) labels mature neurons. We next performed immunostaining to compare NeuN expression in the hippocampal CA1 region among different groups. As shown in Figures 2D, E, the density of NeuN+ cells in the hippocampal CA1 region in the model group was significantly lower than that in the control group (p<0.001), while the density of NeuN+ cells in the L-BHD, M-BHD, H-BHD and NBP groups increased significantly to varying degrees compared to that in the model group (p<0.001). There was no significant difference between the H-BHD and NBP groups, but the density of NeuN+ cells in M-BHD groups was significantly higher than the L-BHD, H-BHD and NBP groups(p<0.05).

Nissl bodies are large granular bodies found in neurons. Nissl staining was performed to stain Nissl bodies in survival neurons and evaluate the injury and metabolic ability of neurons in the cortical area. As shown in Figures 2F, G, Nissl bodies were large and abundant in the cortical area in the control group. Compared with the control group, Nissl bodies in the model group were sparsely arranged and significantly reduced in number and volume (p<0.001). Compared to the model group, the numbers of Nissl bodies were significantly increased to varying degrees in the L-BHD, M-BHD, H-BHD and NBP groups (p<0.001). There was no significant difference between the H-BHD and NBP groups, but the numbers of Nissl bodies in M-BHD groups were significantly higher than the L-BHD, H-BHD and NBP groups (p<0.05).

The above pharmacodynamic results indicated that BHD could effectively improve neurological function and ameliorate neuronal impairment in rats with CI. M-BHD (5 g/kg/d) had the best efficacy among the three BHD groups. Therefore, we used M-BHD as the representative treatment group to conduct subsequent gut microbiota and metabolomic studies.



BHD Modulates the Overall Composition of the Gut Microbiota in Rats With CI

To investigate the effects of BHD on the gut microbiota in rats with CI, we performed 16S rRNA sequencing analysis of the intestinal contents from the rats in the control, model and M-BHD groups. The high-quality sequences were clustered into OTUs at 97% similarity for species annotation analysis. The species accumulation curve (SAC) indicated that the amount of sequencing data was sufficient, and nearly 5000 kinds of gut microbes were detected. Thus, the sequencing analysis reflected the majority of microbial information in the three groups of samples (Figure 3A). The Shannon diversity index (SDI) was calculated. The SDI was changed in the rats with CI compared to the control rats, and BHD had no significant effect on gut microbiota α diversity in the rats with CI compared to the model group (Figure 3B). It indicates that the overall richness and diversity of species within the gut microbiota community (α diversity) are not changed by BHD compared to the model group. The β diversity was examined by principal coordinate analysis (PCoA) based on weighted UniFrac distances. There were significant differences in the microbiome composition among the three groups (ANOSIM analysis, p=0.001), which suggested that BHD could modulate the microbial composition of the gut microbiota in rats with CI (Figure 3C). As shown in the ternary phase diagram for the relative abundances of the top 20 phyla in the gut microbiota, Bacteroidetes, Firmicutes and Proteobacteria were the dominant phyla in all three groups, while Actinobacteria was more abundant in the control and BHD groups, and Deferribacteres and Dependentiae were more abundant in the BHD groups (Figure 3D). Figure 3E shows the community structure at the genus level. Here, the relative abundance of the top 30 genera in the gut microbiota of the three groups is shown. Prevotella_9 and Lactobacillus were the dominant genera in the three groups. We observed that the proportion of Prevotella_9 increased in the CI model groups, but the difference is not significant (p>0.05). Lactobacillus significantly decreased in the CI model group (p<0.05). In contrast, with BHD treatment, the proportion of Prevotella_9 decreased, while that of Lactobacillus increased, compared with that in the model group, although the difference is not significant (p>0.05). The results suggested that microbial communities might play an important role in the effects of BHD treatment on rats with CI.




Figure 3 | BHD modulated the overall structure and composition of the gut microbiota in rats with CI. (A) Species accumulation curve. (B) Shannon diversity index. (C) PCoA based on unweighted UniFrac distances. (D) Ternary phase diagram. (E) Community structure bar plot at the genus level. **p < 0.01, *p < 0.05. ns, not statistically significant. Con, control group; Mod, model group; BHD, BHD group. n = 8 per group.





Key Gut Microbiota Members Influenced by BHD in Rats With CI and Related Metabolic Function Prediction

To identify significantly differentially abundant microorganisms across the three groups, we used the Kruskal–Wallis test and found that 60 microorganisms showed significant changes at the genus level (p<0.05). Among the three groups, the relative abundances of the genera Escherichia-Shigella, Klebsiella, Streptococcus, Coprococcus_2, Enterococcus, etc., increased significantly after CI but decreased significantly after BHD treatment. The relative abundances of the genera Lactobacillus, Faecalibacterium, Ruminococcaceae_UCG-002, etc., decreased significantly after CI but increased significantly after BHD gavage (Figure 4A). At the family level, the relative abundances of Arcobacteraceae, Vibrionaceae and Enterobacteriaceae increased in the model group compared with the control group but decreased after BHD gavage (Table S2). In addition, we used the linear discriminant analysis (LDA) effect size (LEfSe) method (Segata et al., 2011) to identify the most differentially abundant taxa (LDA score>3 and p<0.05) among the three groups. The results indicated that there were 36 significantly differentially abundant microorganisms at the phylum (n=3), class (n=5), order (n=4), family (n=11) and genus (n=14) levels. In the BHD group, Bacteroides (from the phylum to genus levels) had the highest LDA scores. The LDA scores of Prevotellaceae_NK3B31_group, Parabacteroides and Prevotellaceae_UCG_001 were also high in the BHD group (Figures 4B, C).




Figure 4 | BHD affected the relative abundances of gut microbiota members in rats with CI. (A) Relative abundances of differentially abundant bacterial taxa across the three groups at the genus level. (B) LDA score distribution of differentially abundant bacterial taxa. (C) Cladogram of differentially abundant bacterial taxa. (D) Abundances of KEGG metabolic pathways of the gut microbiota. n = 8 per group.



Subsequently, PICRUSt was employed to further explore the effects of BHD on the metabolic function of the gut microbiota. As predicted from the 16S rRNA profile, 203 KEGG metabolic pathways were significantly affected in the CI model group compared with the control group (p<0.05), and their levels tended to be partially restored after BHD gavage (Table S3). In Figure 4D, the total abundances of the top 30 metabolic pathways (KEGG Level 3) are shown. Compared with the control group, the abundances of purine metabolism, glutamatergic synapse, arginine and proline metabolism, and alanine, aspartic acid and glutamate metabolism were upregulated significantly in the CI model group, and the abundances of these metabolic pathways decreased significantly after BHD gavage (Figure 4D and Table S3).



Effects of BHD on the Microbiota May Be Related to Inflammatory Responses

The gut microbiota could affect multiple host organs including brain by modulating the host immune system (Benakis et al., 2016). Microglia play an important role in neuroinflammation (Kwon and Koh, 2020). To examine the effects of BHD on inflammatory responses, microglia in the brain tissue of the rats were labeled with the specific marker Iba-1. Compared with the control group, the number of Iba-1+ cells in the ischemic side brain tissue of the rats in the model group increased, and the cell body became larger (p<0.001), indicating that the microglia were transformed from the resting state to a highly activated state. However, intervention with BHD significantly inhibited microglial activation (p<0.001). Previously studies show that the gut microbiota could influence brain physiology and pathology by the abnormal production of inflammatory cytokines (Rutsch et al., 2020). We tested three peripheral proinflammatory cytokines, namely, IL-1β, TNF-α and IL-6 by ELISA. The levels of IL-1β, TNF-α and IL-6 in the serum of rats with CI increased significantly (p<0.001) compared with the control group, while BHD treatment significantly reduced their levels (p<0.05, Figures 5C–E). The above results implied that BHD could affect the gut microbiota and modulate the inflammatory responses of rats with CI.




Figure 5 | Effects of BHD on microglia in the brain and peripheral proinflammatory cytokines in rats with CI. (A, B) Quantification of Iba-1-positive cells in the ischemic brain tissue of rats (n = 4 per group). (C-E) Serum levels of IL-1β, IL-6, and TNF-α (n = 6 per group). All the data are presented as the mean ± SD. Differences were assessed by one-way ANOVA: ***p < 0.001, **p < 0.01, *p < 0.05. ns, not statistically significant. n = 8 per group.





Identification of Brain Metabolites and Related Metabolic Pathways Influenced by BHD Treatment in Rats With CI

Changes in the trajectories of brain metabolites are widely involved in a vast range of biological processes after CI. To characterize the brain metabolic changes caused by BHD, we determined the comprehensive metabolic profile of the brains of all the rats by UPLC–MS/MS. We focused on the hippocampus because it is an important area in the brains of adult mammals and is involved in neurogenesis, promoting neurorepair and affecting cognitive function (Lisman et al., 2017; Marques et al., 2019). PCA was used to reflect the overall differences in metabolic profiles among the three groups. As shown in Figure 6A, there was a strong trend of separation between the BHD group and the other two groups. The findings suggested that the structure of metabolites in the hippocampus of rats with CI was changed after BHD treatment. Next, OPLS-DA was used to identify biomarkers of different groups. As seen in Figures 6B, C, the metabolic characteristics of the control group, the model group and the BHD treatment group were significantly different. The hippocampal metabolites in different groups were identified based on a variable importance of projection (VIP) value >1 and a t test with p<0.05. According to this qualification, 34 metabolites showed significant changes among the three groups (Table 1). Among them, 17 metabolites showed significant changes between the BHD group and the model group. Another 17 metabolites showed significant changes between the control group and the model group. They also presented an opposite trend in the BHD group. Compared with the model group, the levels of D-fructose 2,6-bisphosphate, sedoheptulose 1,7-bisphosphate, alpha-D-glucose 1,6-bisphosphate, L-acetylcarnitine, L-glutamine, N2-succinyl-L-ornithine, adenine, D-glucurono-6,3-lactone, 1-methyladenosin and zidovudine were significantly reduced in the BHD group (p<0.05). BHD treatment also tended to reduce the levels of maltol, PC (15:0/16:1(9Z)), butyrylcarnitine, PE (16:1(9Z)/22:4(7Z,10Z,13Z,16Z)), D-glucose, O-acetylserine, N6,N6,N6-trimethyl-L-lysine, 5’-methylthioadenosine, creatine and pyroglutamic acid, which were significantly increased in the model group compared to the control group. On the other hand, glycolic acid, glyceraldehyde, argininosuccinic acid, asparaginyl-valine, 3’-AMP, trans-cinnamic acid and 3a,6b,7b-trihydroxy-5b-cholanoic acid were significantly enriched in the BHD group compared with the model group. BHD treatment also had a certain callback effect on the levels of N-methylethanolaminium phosphate, S-(formylmethyl)glutathione, methylisocitric acid, citrulline, succinyladenosine, phenethylamine glucuronide and N-acetylneuraminic acid, which were significantly decreased in the model group compared to the control group.




Figure 6 | BHD regulated hippocampal metabolism in rats with CI. (A) Hippocampal metabolite analysis of the three groups based on PCA. QC, quality control. (B) Score plots of OPLS-DA between the control and model groups. (C) Score plots of OPLS-DA between the BHD and model groups. (D) Bubble diagram of the metabolic enrichment pathways based on the differentially abundant metabolites among the three groups. The x-axis shows the Rich factor, the color of the circle indicates the p value, and the size of the circle reflects the number of differentially abundant metabolites in each pathway. n = 8 per group.




Table 1 | The differential metabolites in the hippocampus after BHD treatment.



To explore the functions of the differentially abundant metabolites, we analyzed the metabolic pathways in which the metabolites were involved based on the KEGG database. The top 20 metabolic pathways ranked according to significance are shown in Figure 6D. Nine metabolic pathways with P<0.05 were selected as potentially enriched pathways for BHD intervention in CI, including arginine biosynthesis, D-glutamine and D-glutamate metabolism, glycerophospholipid metabolism, retrograde endocannabinoid signaling, alanine, aspartate and glutamate metabolism, central carbon metabolism in cancer, autophagy – other, purine metabolism, Kaposi sarcoma-associated herpesvirus infection and autophagy – animal. Some of these enriched metabolic pathways were similar to the metabolic pathways of the gut microbiota predicted by PICRUSt analysis, such as purine metabolism, glutamatergic synapse, arginine and proline metabolism, and alanine, aspartic acid and glutamate metabolism. This indicated the possibility that the effects of BHD treatment on brain metabolites and the gut microbiota might be associated.



Potential Relationships Between Hippocampal Metabolites and the Gut Microbiota

To further investigate the potential relationship between the changes in hippocampal metabolites and the gut microbiota in rats with CI after BHD treatment, the correlations among 34 differentially abundant metabolites and 60 differentially abundant microbial species were measured by Spearman correlation. The results are shown in Figure 7. Shewanella, Vibrio, Brevinema, Arcobacter, Streptococcus, Lactobacillus and Escherichia-Shigella were significantly correlated with multiple metabolites (p<0.05). This suggested that there is a potential complex relationship between the gut microbiota and brain metabolites. BHD may affect the communication between the gut and brain by modulating the gut microbiota as well as hippocampal metabolites in rats with CI, which may play an important role in the mechanism underlying the effect of BHD in the treatment of CI.




Figure 7 | Correlation analysis of differentially abundant microbial taxa and differentially abundant hippocampal metabolites. Spearman correlation coefficients were used to generate the matrix. The degree of correlation is shown by the gradient change in colors; red denotes a positive correlation, and blue denotes a negative correlation. ***p < 0.001, **p < 0.01, *p < 0.05.






Discussion

BHD contains diverse chemical components, and the different components can affect different targets in various pathways. However, most previous studies could not systematically and comprehensively clarify the characteristics of the efficacy of BHD. In this study, we investigated the therapeutic mechanism of BHD on CI using a rat MCAO model. First, our results suggest that BHD could effectively improve neurological function and alleviate neuronal damage in rats with MCAO, which confirmed that BHD had a therapeutic effect on CI. Second, we explored the therapeutic mechanism of BHD by an omics method from holistic and systemic perspectives, which is suitable for the multitarget and multilink nature of TCMs such as BHD. Specifically, the gut microbiota has been shown to be related to CI through its interaction with the host immune system (Benakis et al., 2016). This study revealed a novel connection between the therapeutic mechanism of BHD and the gut microbiota by 16S rRNA sequencing. The data suggest that BHD not only modulates the overall structure and function of the gut microbiota in rats with CI but also affects inflammatory responses. Furthermore, through metabolomic profiling of the hippocampus, we revealed that BHD could influence the metabolic pathways in rats with CI. We also found a potential relationship between hippocampal metabolites and the gut microbiota in rats with CI after BHD treatment. Therefore, our study demonstrates a novel mechanism for the therapeutic effects of BHD on CI.

In the present study, 16S rRNA sequencing results showed that the relative abundance of Enterobacteriaceae increased significantly in the gut of rats with CI, while its abundance significantly decreased after BHD treatment. A previous study showed that Enterobacteriaceae is an independent risk factor for the early recovery of CI patients, and inhibiting the growth of Enterobacteriaceae can reduce systemic inflammation, ameliorate hippocampal neuron injury and alleviate CI in MCAO model mice (Xu et al., 2021). At the genus level, 60 microbial taxa with significant differences were found; some of these taxa may affect the therapeutic effects of BHD. In particular, the relative abundances of the genera Escherichia-Shigella, Klebsiella, Streptococcus, Coprococcus_2 and Enterococcus increased significantly in the gut of rats with CI, while BHD gavage significantly decreased their relative abundances. Among them, Escherichia-Shigella, a typical member of Enterobacteriaceae with high pathogenicity and transmissibility, can increase intestinal permeability, produce a large amount of endotoxin, and induce a systemic inflammatory response (Soares et al., 2012; Small et al., 2013; Belotserkovsky and Sansonetti, 2018). Studies have found that Escherichia-Shigella can induce the production of proinflammatory cytokines by activating the NLRP3 inflammasome (De la Fuente et al., 2014; Liu et al., 2020), and its abundance is positively correlated with the levels of the proinflammatory molecules CXCL2, IL-1β, and NLRP3 (Cattaneo et al., 2017). Klebsiella species are among the main pathogenic bacteria that causes pneumonia, sepsis, meningitis and other diseases (Pitout et al., 2015; Mashni et al., 2019). A recent study demonstrated that overgrowth of Klebsiella in the gut was significantly associated with severe brain damage in premature neonates through proinflammatory polarization of immune cells and dysregulation of the gut-microbiota-immune-brain axis (Seki et al., 2021). Streptococcus is a large genus of Gram-positive bacteria that can cause severe inflammatory responses or autoimmune diseases (Syed et al., 2020). A study found that Coprococcus_2 is a characteristic genus in the feces of patients with obesity and polycystic ovary syndrome (Zhou et al., 2020). Enterococcus is a genus of important pathogens that cause nosocomial infection, which can lead to infectious diseases such as meningitis, septicemia and abdominal infection (Raza et al., 2018). On the other hand, BHD could increase the relative abundance of Faecalibacterium. Faecalibacterium can produce butyric acid, affect the differentiation of colonic regulatory T cells, inhibit histone deacetylation to reduce the levels of the proinflammatory cytokines IL-1β, TNF-α and IL-6, and attenuate NF-κ B-mediated NLRP3 signaling to exert anti-inflammatory effects (Glauben et al., 2006; Furusawa et al., 2013; Parada Venegas et al., 2019). It has also been found that supplementation with butyric acid in the gut can alleviate neuroinflammation and neurotoxicity and play a beneficial role in the treatment of Parkinson’s disease (Sharma et al., 2015). In sepsis, the disappearance of Faecalibacterium and other symbiotic bacteria is accompanied by an increase in the relative abundances of drug-resistant pathogens such as Enterococcus in the gut microbiota (Ravi et al., 2019). This dysbiosis is similar to our results. We found that compared with the control group, the relative abundance of Enterococcus increased significantly and that of Faecalibacterium decreased significantly in the gut microbiota of rats with CI, whereas BHD gavage reversed these changes. In addition, BHD gavage also significantly increased the relative abundances of the genera Lactobacillus and Ruminococcaceae_UCG-002, which significantly decreased in the model group. Lactobacillus is a kind of intestinal probiotic that has been proven to help repair damaged intestinal barrier function (Liu et al., 2011) and plays an important role in regulating human immune function and maintaining human health (Hirano et al., 2003; Vlasova et al., 2013). In addition, a study reported that an increase in Lactobacillus abundance can help inhibit neuronal apoptosis, decrease cerebral infarction volume and reduce oxidative stress in rats with CI (Wanchao et al., 2018). It has been reported that the abundance of Ruminococcaceae_UCG-002 is significantly reduced in the gut of patients with hyperglycemia during pregnancy (Gao et al., 2020) or in patients with ulcerative colitis (Liu et al., 2021). Therefore, the low level of Ruminococcaceae_UCG-002 may have an impact on host gut dysbiosis.

The above analyses show that disorder of the gut microbiota after CI can lead to an increase in the abundance of pathogenic bacteria and a decrease in the abundance of beneficial bacteria. Dysbiosis may be an important factor triggering a systemic inflammatory response and exacerbating neuroinflammation in the brain. Microglia, the innate immune cells in the brain, are rapidly activated after stroke and gather at the site of cerebral infarction to release inflammatory mediators, which are an important part of the neuroinflammatory response after stroke (del Zoppo et al., 2007; Du et al., 2021). Microglia can receive signals from the gastrointestinal tract under disease conditions, and gut microbiota intervention can affect the maturation and function of microglia and participate in the regulation of neuroinflammation (Erny et al., 2015; Abdel-Haq et al., 2019).In this work, we found that the number of Iba-1-positive cells increased significantly in ischemic brain side tissue, and their cell bodies became larger. This suggested that microglia were rapidly activated and accumulated at the infarct site, exacerbating neuroinflammation. Our results showed that this change could be reversed by BHD treatment. We also found that the levels of serum IL-1β, TNF-α and IL-6 were elevated significantly. Previous studies have found that the levels of these proinflammatory cytokines increase after CI, contributing to the systemic inflammatory response and exacerbating cerebral ischemic injury (Ferrarese et al., 1999; Lambertsen et al., 2012). After BHD treatment, the abundances of intestinal pathogens decreased, while those of beneficial bacteria increased, and the levels of the proinflammatory cytokines IL-1β, TNF-α and IL-6 in serum were significantly downregulated. Based on the above results, we hypothesize that BHD could modulate the disordered gut microbiota after CI and alleviate the inflammatory response. Thus, the gut microbiota might be a new therapeutic target for BHD in the treatment of CI. However, the specific mechanisms involved in the regulation of inflammatory responses by the gut microbiota after CI remain to be further explored.

Metabolomics can be used to systematically reveal the mechanisms of diseases as well as the possible therapeutic mechanisms of drugs (Schrimpe-Rutledge et al., 2016). The complex host–microbial co-metabolism is also closely related to various diseases (Heinken and Thiele, 2015). Many host metabolites are affected by the interactions of the gut microbiota and host cells (Lai et al., 2021). In this study, we used UPLC–MS/MS analysis to explore the metabolites in the hippocampus of rats and identified 17 differentially abundant metabolites. We found some common pathways, such as purine metabolism, glutamatergic synapse, arginine and proline metabolism, and alanine, aspartic acid, and glutamate metabolism, in both the predicted functions of the gut microbiota and the KEGG metabolic pathways of the hippocampal metabolome. Through correlation analysis, it was found that some differentially abundant microbial taxa and some differentially abundant metabolites were highly correlated. Next, we will discuss some potential relationships between hippocampal metabolites and the gut microbiota in detail.

Glutamatergic synapse and glutamate metabolism were both enriched for the hippocampal metabolites and preidcted from 16S rRNA profile. Glutamate is one of the most important excitatory neurotransmitters. Excitotoxicity is the primary factor that causes damage to neurons after CI. Ischemia and hypoxia can stimulate massive accumulation of extracellular glutamate and trigger a cascade of delayed neuronal degeneration and death (Krzyżanowska et al., 2014; Lai et al., 2014). Glutamine is a precursor of glutamate. Studies have shown that maintaining the optimal concentration and ratio of glutamine and glutamate in the brain during CI is essential for the survival of neurons, astrocytes and normal nervous system function (Stelmashook et al., 2011). In this study, we observed a significant increase in the L-glutamine level in the hippocampus of rats with CI, suggesting that the glutamate-glutamine cycle was enhanced. BHD significantly decreased the L-glutamine content, which may alleviate the excitotoxic injury of neurons by indirectly inhibiting the production and release of glutamate. Furthermore, we found that the abundance of Lactobacillus was negatively correlated with the level of L-glutamine (correlation coefficient=-0.48, p<0.05). This observation implies the modulation of the L-glutamine level by Lactobacillus may contribute to the effect of BHD treatment.

In addition, we found that the concentration of pyroglutamic acid increased significantly after CI compared to that in the control group and decreased after BHD treatment. The metabolic pathway involved in pyroglutamate is the glutathione metabolism which significantly affected in the CI model group (Table S3). Pyroglutamic acid can be cleaved by 5-oxoprolinase to produce glutamate and regulate the concentration of glutamate in the γ-glutamyl cycle (Niehaus et al., 2017). Excessive accumulation of pyroglutamate can lead to high anion gap metabolic acidosis (Serpa et al., 2018) and can cause protein oxidation and the production of active substances in the brains of rats to damage the antioxidant defense of the brain and promote oxidative stress (Pederzolli et al., 2007; Pederzolli et al., 2010). In addition, we found that the level of pyroglutamic acid was positively correlated with Candidatus_Stoquefichus (correlation coefficient=0.64, p<0.001) and negatively correlated with Lactobacillus (correlation coefficient=-0.49, p<0.05). Candidatus_Stoquefichus was significantly increased in the model group (p<0.01). It needs further study for the role of these genera in the metabolism of pyroglutamic acid and their relationships with the effect of BHD treatment.

The microbiota related to purine metabolism pathway significantly increased in the model group and decreased in BHD group (p<0.05). Energy metabolism disorder caused by CI is an important factor leading to neuronal injury (Sveinsson et al., 2014). Purine plays multiple roles in brain injury. During metabolic stress induced by CI, adenosine is released and mobilized (Dale and Frenguelli, 2009) to inhibit energy expenditure, neurotransmitter release and neuronal firing, increase nutrient supply (Borea et al., 2018) and promote the recovery of transmembrane sodium ion gradients (Attwell and Laughlin, 2001), which is beneficial to the energy budget of metabolically stressed neurons. In the purine metabolic pathway, 3’-AMP, as the precursor of adenosine, can be converted to adenosine (Verrier et al., 2012). Adenosine can be cleaved to form adenine (Cader et al., 2020). Family_XIII_AD3011_group was significantly correlated with the level of 3’-AMP (correlation coefficient=-0.61, p<0.01). We found that BHD significantly decreased the abundance of Family_XIII_AD3011_group and increased the level of 3’-AMP (p<0.05). BHD also significantly reduced the level of adenine and the abundance of Shewanella that were upregulated in the hippocampus of rats with CI. The level of adenine and the abundance of Shewanella were correlated (correlation coefficient=0.70, p<0.001). Thus, BHD may regulate the level of adenosine and improve energy metabolism disorders in CI by modulate the abandunce of Family_XIII_AD3011_group and Shewanella.

Arginine metabolism was both related to the hippocampal metabolites and the gut microbiota. The inflammatory response is a typical pathological feature of CI. Intestinal malabsorption disorders caused by intestinal failure and decreased intestinal blood flow under inflammatory responses such as endotoxemia may be involved in the decrease in citrulline and arginine levels (Luiking et al., 2009; Kao et al., 2013). Citrulline and aspartate are condensed under the catalysis of argininosuccinate synthetase to produce argininosuccinic acid, the immediate precursor of arginine (Rochovansky and Ratner, 1967). Argininosuccinic acid is catalyzed by argininosuccinate lyase to form arginine (Ratner et al., 1953). It has also been found that oral administration of L-citrulline can reduce the death of hippocampal neurons in mice after transient cerebral ischemia (Yabuki et al., 2013; Matsuo et al., 2017). In this study, the concentration of citrulline decreased significantly in the model group. Argininosuccinic acid was significantly upregulated in the BHD group. It is suggested that the occurrence of disorder of the arginine biosynthesis pathway is related to CI. BHD treatment may alleviate the inflammatory response by regulating the arginine biosynthesis pathway. In addition, BHD treatment significantly decreased the abundance of Shewanella which was negatively correlated with the level of argininosuccinic acid (correlation coefficient=-0.65, p<0.001). The influence of BHD on Shewanella may also be a way to promote the absorption of arginine.



Conclusion

In summary, BHD has therapeutic effects on MCAO in rats by effectively improving neurological function, alleviating neuronal damage, reducing the level of peripheral proinflammatory cytokines, and inhibiting neuroinflammation. Our study found that BHD could modulate the overall structure and function of the gut microbiota and lead to a decrease in pathogenic bacteria and an increase in beneficial bacteria in rats with CI. BHD could also affect hippocampal metabolism pathways, such as purine metabolism, glutamatergic synapse, and arginine biosynthesis. There may be potential links between changes in gut microflora and changes in hippocampal metabolism. This study provides new ideas and a preliminary experimental basis for the pharmacodynamic effects of BHD after CI.
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The rising incidence of ulcerative colitis has become a new challenge for public health. Chimonanthus nitens Oliv. leaf granule (COG) is a natural medicine used for the treatment of respiratory diseases, which has excellent anti-inflammatory and antioxidant effects. However, the therapeutic effect of COG in ulcerative colitis (UC) has not been reported. Here, the experimental colitis was treated with dextran sodium sulfate (DSS) and COG. After treatment with high (30 g/kg), medium (15 g/kg), and low (7.5 g/kg) doses of COG for 11 consecutive days, the body weight, disease activity index (DAI) score, colon length, colon weight index, and the pathological score of mice were effectively improved. COG significantly reduced the levels of inflammatory cytokines in UC mice in vitro and in vivo and restored the secretion levels of IL-6 and IL-10 in the colon. Meanwhile, compared to mice with colitis, COG-treated mice showed lower levels of MDA, MPO, NO, and eNOS and higher levels of GSH-Px and MAO, which indicated that oxidative stress damage in colitic mice was alleviated by COG. Moreover, less Th17 and more Tregs were observed in the COG-treated groups. In addition, COG improved the diversity and relative abundance of gut microflora in the colon of colitic mice, and Lachnospiraceae_NK4A136_group and Lachnospiraceae_UCG-006 were obviously regulated at the genus level. In summary, COG has a protective effect on DSS-induced experimental colitis, mainly through inhibition of immune-inflammatory responses and oxidative stress and regulation of mTreg cell responses and intestinal flora composition.
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Introduction

Ulcerative colitis (UC) is a non-specific chronic relapsing inflammatory disorder that continuously damages the colonic mucosa from the rectal side, often leading to erosions and ulcers (Nakase et al., 2021). It mainly affects people between 18 and 50 years of age and seriously reduces the quality of life of patients (Li et al., 2017). Because of the unknown etiology and pathogenesis of UC, as well as its high recurrence rate and low cure rate, it is considered one of the top 10 intractable diseases in the world (Kaplan and Windsor, 2021). The pathogenesis of UC involves several mechanisms. Now, it is commonly accepted that immune abnormality, intestinal microecological imbalance, and oxidative stress are the three main suspected pathogenesis of UC (Xavier and Podolsky, 2007).

In the pathogenesis of UC, excessive inflammation and oxidative stress run through the pathogenesis of UC. Overproduction of IL-6 was reported to cause cytokine storm (Oldstone and Rosen, 2014; Oladele et al., 2020), which produced a large number of inflammatory cytokines and thus induced the increase of myeloperoxidase (MPO) level and the production of reactive oxygen species (Wu et al., 2005). Colonic cells were impaired by oxidative stress injury and further aggravated the inflammatory cell infiltration and injury (Adjouzem et al., 2020). Meanwhile, regulatory T-cell (Treg) imbalance could further aggravate the intestinal immune disorder of colitis. Some clinical studies have shown that a deficiency of Treg cells aggravates the clinical and endoscopic severity of UC (Takahashi et al., 2006; Kamikozuru et al., 2009), and it has been verified in animal experiments that the adoptive transfer of Treg cells effectively alleviated experimental colitis (Grayson et al., 2018). Moreover, the functional diversity and stability of intestinal flora in patients with UC are impaired, which suggests that intestinal flora is the basic factor involved in the inflammatory process of inflammatory bowel disease (IBD) (Hansen et al., 2010). Alleviating the clinical symptoms of UC patients by adding probiotics in the intestinal flora, as an emerging strategy to relieve chronic gut inflammation, has shown some promise in the treatment of UC (Vich Vila et al., 2018; Iheozor-Ejiofor et al., 2020). Interestingly, many natural medicines (such as daphnetin and dietary resveratrol) were reported to reduce pathogenic bacteria, increase probiotics, correct the imbalance of intestinal microbiota, and even change the metabolic characteristics of intestinal flora (Sartor, 2006; Ji et al., 2019; Li et al., 2020). Interestingly, such changes are causatively related to the enhanced development of Treg cells and the reduced proinflammatory Th17 cell differentiation. Therefore, reducing inflammatory damage, inhibiting oxidative stress, and regulating Treg and gut microflora structure can be regarded as potential therapeutic strategies for UC.

Chimonanthus nitens Oliv. leaf is a commonly used traditional Chinese medicine and has been known as one of the four famous medicinal herbs in Jiangxi Province (Chen et al., 2017b). Clinically, C. nitens Oliv. leaf is mostly used for upper respiratory disease, hand-foot-and-mouth disease, herpangina, and other diseases, with definite curative effect and safety (Wu et al., 2021). However, apart from the abovementioned diseases, traditionally, people often use C. nitens Oliv. leaf as a tea drink to alleviate diarrhea during the spring–summer. Many studies have shown that C. nitens Oliv. leaf has a variety of biologically active ingredients (including volatile oil, alkaloids, flavonoids, quercetin, rutin, and coumarin), with diverse pharmacological effects and antioxidant, immunomodulatory, hypolipidemic, and antitumor properties (Shu et al., 2019). These main active ingredients play biological activities to treat UC, which were reported by many researchers in a previous study (Vezza et al., 2016). For example, quercetin and rutin can reduce the production of proinflammatory mediators and inhibit NF-κB activity (Pavlick et al., 2002; Korhonen et al., 2005) and oxidative stress damage in UC (Zhang et al., 2017). Similarly, alkaloids have well-documented anti-inflammatory and antioxidant activities (Peng et al., 2019), which show contribution to the interaction with gut microflora, such as berberine (Liu et al., 2018).

Chimonanthus nitens Oliv. leaf granule (COG) has already been used in clinics. However, whether COG can be used to alleviate UC has not been reported. In this present study, we investigated the protective effects of C. nitens Oliv. leaf granule on mice with dextran sulfate sodium (DSS)-induced colitis and its potential mechanisms of action.



Materials and Methods


Drug Preparation

COG was purchased from Jiangxi, YouMei Pharmaceutical Co., Ltd. (Z20027113)(Nanchang, Jiangxi). Before use, it was dissolved in sterile water and heated at 70°C in a water bath for 20 min to fully release the active ingredients of the drug. The mother liquor of COG for the cell experiments was prepared as follows: The COG was weighed precisely and solvated in sterile PBS. Then, the mixture was treated for 20 min by using an ultrasonic cleaning machine with 300 W of power and heated in a water bath at 70°C for 30 min. After centrifugation at 2,000 rpm for 5 min, the supernatant was collected and filtered using a 0.22-μm syringe-filter unit. DSS (molecular weight: 36–50 kDa) was obtained from MP Biomedicals (Santa Ana, CA, USA). Mesalazine (batch number: 130407) was purchased from Sunflower Pharma (Jiamusi, China).



Quantitative Liquid Chromatography Tandem-Mass Spectrometry Analysis of Chimonanthus nitens Oliv. Leaf Granule

Liquid chromatography tandem-mass spectrometry (LC-MS/MS) analysis was performed for the quality control of COG utilizing Thermo Fisher Scientific U3000 UHPLC (Bremen, Germany) coupled with an AB Sciex™ TripleTOF 5600+ (Framingham, MA, USA) at a column temperature of 35°C. The mobile phase (A: aqueous solution containing 0.1% of formic acid; B: acetonitrile solution containing 0.1% of formic acid) was delivered at a speed of 0.3 ml/min, and liquid chromatography separation was performed for 15 min per sample with linear gradient steps programmed as follows: 0–8 min (95%–5% B), 8–10 min (50%–50% B), 10–12 min (5%–95% B), and 12–15 min (95%–5% B).



Mice

Male-specific pathogen-free (SPF) BALB/c mice (7–8 weeks of age, weighing 20–22 g) were purchased from GemPharmatech Co., Ltd. (Nanjing, China) (animal certificate number: SCXK 2018-0008) and housed in specific pathogen-free conditions (temperature: 21°C ± 2°C, humidity: 45% ± 10%, light: 12-h light–dark cycle). The protocol (permit number: JZLLSC20210065) was approved by the Animal Care and Use Committee of Jiangxi University of Traditional Chinese Medicine and conducted following the guidelines prescribed by the committee.



DSS-Induced Colitis and Therapeutic Evaluation

All mice were acclimatized for 3 days prior to starting the study and then randomly divided into six groups with 10 mice in each group: normal group (Nor), DSS group (DSS), DSS+high-dose COG group (DSS+COG-H, 30 g/kg), DSS+medium-dose COG group (DSS+COG-M, 15 g/kg), DSS+low-dose COG group (DSS+COG-L, 7.5 g/kg), and DSS+mesalazine group (DSS+5-ASA, 200 mg/kg). To induce acute experimental colitis (Figure 1), BALB/c mice were administered with 3.0% (w/v) of DSS in their drinking water ad libitum for 7 days followed by 4 days of normal water (Wirtz et al., 2017). The mice of the normal group were provided with an equal amount of sterile water. From day 8 until the end of the experiment, mice in the treatment group were orally given COG and 5-ASA with corresponding concentrations, respectively. During the entire experimental period, all mice were weighed, their body weights were recorded, and the disease activity index (DAI) score, including fecal consistency score, blood stool score, and weight loss rate score, was calculated daily. DAI score was estimated using the following parameters: rate of weight loss (no significant loss, 0; loss of 1%–5%, 1; loss of 6%–10%, 2; loss of 11%–20%, 3; decline of more than 20%, 4), degree of loose stools [normal stools, 0; loose stools (dry), 2; loose stools or diarrhea (watery stools), 4], and degree of bleeding (no bleeding, 0; positive fecal occult blood, 2; blood in stools, 3; anal bleeding, 4).




Figure 1 | Colitis induction and Chimonanthus nitens Oliv. leaf granule (COG) administration.





Pathological Histology Analysis

The colon samples were emptied of fecal contents and washed with cold phosphate-buffered saline (PBS, pH = 7.3). The distal colon samples were fixed in 4% paraformaldehyde (PFA) for 3 days at 4°C, dehydrated with grade ethanol solution (from 50% to 100%), and embedded in paraffin. The samples were cut into 4-μm-thick sections and then deparaffinized and rehydrated. The sections were stained with hematoxylin and eosin (H&E); subsequently, they were imaged with a biomicroscope. The microscopic scores were evaluated by two different pathologists blindly. Histopathological injury scores included inflammatory infiltrate and tissue damage. The points for infiltration were given as follows: 0, no infiltration; 1, increased number of inflammatory cells in the lamina propria; 2, inflammatory cells extending into the submucosa; and 3, transmural inflammatory infiltrates. For tissue damage, the points were as follows: 0, no mucosal damage; 1, discrete epithelial lesions; 2, erosions or focal ulcerations; and 3, severe mucosal damage with extensive ulceration extending into the bowel wall.



Enzyme-Linked Immunosorbent Assay

The colon tissue of the mice was weighed and lysed using radioimmunoprecipitation assay (RIPA) buffer at a ratio of 1:10, homogenized with an electric homogenizer in ice water, incubated at 4°C for 30 min, and centrifuged at 12,000 rpm for 10 min to obtain the supernatant of the colon tissue homogenate. The total protein in each mouse was quantified with a total protein detection kit (Aidlab Biotechnologies Co., Ltd., Beijing, China). Cytokines including IL-4, IL-6, IL-10, and IL-1β were measured by commercial enzyme-linked immunosorbent assay (ELISA) kits following the manufacturer’s protocol, and the absorbance values of each sample were detected using a microplate reader (Thermo, Varioskan, MA, USA). Then, the concentrations of the cytokines were obtained according to standard curves.



Antioxidant Activity Determination of the Colon Tissue

The colon tissue was weighed and homogenized with sterile saline (1:9) on ice using a handheld tissue homogenizer for 45 s at 12,000 rpm. Then, the homogenate was centrifuged at 2,500 rpm for 10 min at 4 C. The supernatant was collected and diluted with sterile saline (1:15), and the levels of malondialdehyde (MDA), glutathione (GSH), nitric oxide (NO), endothelial nitric oxide synthase (eNOS), monoamine oxidase (MAO), and myeloperoxidase (MPO) in a 50-μl sample were examined according to the manufacturer’s instructions. The determination kits were provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



Flow Cytometric Analysis

In a sterile environment, the abdominal cavity was rapidly opened and the spleen was isolated on ice, then placed in a Petri dish, and minced with ophthalmic scissors. Subsequently, 1 ml of 1640 cell culture solution was added, and the spleen was gently ground with a 5-ml syringe core, followed by adding another 1 ml of 1640. The cell mixture was filtered with a 70-μm cell sieve and centrifuged at 300×g for 5 min, the supernatant was removed, and the red cells were eliminated by lysis in 1 ml of erythrocyte lysis buffer. Then, the cells were rinsed twice and centrifuged at 350×g for 5 min. The supernatant was discarded, and the cells were resuspended in 100 μl of stain buffer. The cell suspension was stimulated with a leukocyte activation cocktail (InvivoGen, 00-4975-93) at 37 C in 5% CO2 for 2–4 h. Then, 1 μg of FcR blocking sealant was added and incubated at 4°C for 8 min. Furthermore, the cells were stained with cell-surface antibodies and incubated for 15 min at room temperature in the dark. The cells were washed with 1 ml of stain buffer twice, the supernatant was discarded, and 500 μl of stain buffer was added to resuspend the cells. Then, the cells were fixed and permeabilized using a Cytofix/Cytoperm kit (BD Biosciences, Franklin Lakes, NJ, USA), followed by incubation with intracellular and intranuclear antibodies for 40 min at 4 C in the dark. Finally, these stained cells were detected using a FACSCanto II flow cytometer (BD Biosciences, NJ, USA). The following mAbs were used: BV510 rat anti-mouse CD4 (1:200), PerCP rat anti-mouse CD45 (1:100), Alexa Fluor 647 rat anti-mouse CCR7 (1:100), BV421 rat anti-mouse Foxp3 (1:100), PE rat anti-mouse IL-17A (1:100), and Alexa Fluor 488 rat anti-mouse IL-10 (1:100) (BD Biosciences). The cells were washed, resuspended in 500 μl of stain buffer, and finally detected using a FACSCanto II flow cytometer (BD Biosciences, NJ, USA). The limits for the quadrant markers were set based on negative populations and isotype controls. The analysis of the acquired data was performed with the FlowJo software (FlowJo 10.4).



Fecal Microbial Community Analysis

Colonic contents of all mice were collected in cryopreservation tubes and preserved at −80°C. Microbial diversity analysis was conducted according to the procedures of Majorbio Bio-Pharm Technology (Shanghai, China). The genomic DNA was extracted from fecal samples using the QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA, USA), according to the manufacturer’s instructions. The extracted DNA was used as a template to amplify the V3–V4 region of the bacterial 16S rRNA gene with the following primers: 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTAC HVGGGTWTCTAAT-3′). The PCR reaction consisted of 4 μl of 5× FastPfu buffer, 2 μl of 2.5 mM dNTPs, 0.8 μl of forward primer (5 μM), 0.8 μl of reverse primer (5 μM), 0.4 μl of FastPfu polymerase (Trans-Start FastPfu DNA Polymerase, TransGen Biotech, Beijing, China), and 10 ng of template DNA. The amplification was performed on an Applied Biosystems PCR system (GeneAmp 9700, ABI, USA) as follows: 3 min of denaturation at 95°C, 27 cycles of 30 s at 95°C, 30 s at 55°C, and 45 s at 72°C, with a final elongation at 72 C for 10 min. The PCR products were purified using the AxyPrep DNA gel extraction kit (Axygen, Union City, USA). High-throughput sequencing was carried out on a MiSeq platform (Illumina, San Diego, CA, USA) according to the standard protocols by Majorbio Bio-Pharm Technology. The quality control of the raw sequence reads, deposited in the NCBI Sequence Read Archive (SRA) database (accession number: PRJNA655607), was conducted by FastQC on FastQ files. The operational taxonomic units (OTUs) were clustered with 97% similarity cutoff using UPARSE (version 7.1). The taxonomy of each 16S rRNA gene sequence was assigned by the Ribosomal Database Project (RDP) Classifier algorithm (http://rdp.cme.msu.edu/) against the SILVA (SSU123) 16S rRNA database using a confidence threshold of 70%. The Shannon index was calculated using Mothur (version v.1.30.1) to evaluate α-diversity. Partial least squares discriminant analysis (PLS-DA) was performed using Mothur, and statistical analysis was performed based on the values of COMP4. Linear discriminant analysis (LDA) coupled with effect size (LEfSe) measurements (based on non-parametric factorial Kruskal–Wallis sum-rank test and the Wilcoxon rank-sum test) was used to identify taxa that were significantly different (biomarkers) among groups, with p <0.05 and an LDA score threshold of 4. Microbial difference analysis and correlation analysis were performed using I-Sanger (Majorbio Bio-Pharm Technology Co., Ltd.; www.i-sanger.com).



Cell Culture and Treatment

The murine macrophage RAW264.7 cells (Procell Life Science and Technology Co., Ltd., Wuhan, China) were cultured in DMEM medium containing 10% (v/v) of FBS and 1% (v/v) of penicillin–streptomycin (100 units/ml of penicillin, 100 μg/ml of streptomycin) at 37 C in a humidified incubator with 5% of CO2/95% of air atmosphere and subcultured as needed using trypsin–EDTA. The culture medium was changed every 2–3 days.



Cytotoxicity Assay on RAW264.7 Cells

The cell viability was determined by the Cell Counting Kit-8 (CCK-8) assay (AbMole BioScience, USA). Briefly, RAW264.7 macrophages were seeded in 96-well plates (1 × 105 cells/well). After adhering for 4 h, the cells were co-cultured with 2, 4, 6, and 8 mg/ml of COG for 24 h. After co-cultured with COG, 10 μl of the CCK-8 reagent was added to each well and the plates were incubated at 37 C in a humidified incubator with 5% of CO2/95% of air atmosphere for 2 h. A microplate reader (Thermo Fisher, USA) was used to measure the absorbance at a wavelength of 450 nm. According to the OD value, the cell viability and half-maximum inhibitory concentration (IC50) were evaluated by analysis using the software GraphPad Prism 8.0. Each experiment was performed in triplicate.



Anti-Inflammatory Assay and Real-Time PCR on RAW264.7 Cells

The RAW264.7 macrophages were seeded in a six-well plate at a density of 1 × 106 cells/well and allowed to reach confluence in this experiment. COG (0, 2, 4, 6, 8 mg/ml) and 1 μg/ml of LPS (Escherichia coli 055:B5, Sigma Aldrich, USA) were added to the cells in the different dose groups. After being treated with LPS and COG for 24 h, the cell culture medium from the cells was collected and centrifuged to remove any debris. Enzyme kits were applied for the determination of the proinflammatory cytokines TNF-α (BMS607-3, Invitrogen, USA), IL-6 (MM-0163M1, Meimian, China), and IL-1β (MM-0040M1, Meimian, China) in the RAW264.7 macrophages according to the manufacturers’ instructions. All experiments were carried out in five replicates.

In order to investigate the RNA expression levels of IL-1β, IL-6, and TNF-α, total RNA was isolated from the cells treated with COG (2, 4, 6, 8 mg/ml) or LPS (1 μg/ml) for 24 h and reverse-transcribed to cDNA using M5 Super plus qPCR RT kit (Mei5 Biotechnology, China) based on the manufacturer’s protocol. Then, the IL-1β, IL-6, TNF-α, and GAPDH cDNA were amplified by 2× Real-time PCR SuperMix (Mei5 Biotechnology, China). cDNA was normalized to the same concentration. The PCR reaction was conducted on a bioanalyzer (Roche LightCycler 96 instrument) programmed as follows: 95 C for 60 s and 45 cycles of 95 C for 15 s, 60 C for 15 s, and 72 C for 45 s. The primer sequences are listed in Table 1. GAPDH was used as the housekeeping gene and the expression level of the target gene was calculated using the 2−ΔΔCt method.


Table 1 | Primers used in this study.





Statistical Analysis

All the data were presented as mean ± standard error of the mean (SEM), and GraphPad Prism software version 8.3.1 (GraphPad Software Inc., La Jolla, CA, USA) was used for the statistical analysis and plotting. One-way analysis of variance (ANOVA), followed by the Tukey–Kramer multiple comparisons test, was used to analyze the significant difference among the six groups. All p-values <0.05 were considered statistically significant.




Results


Quantitative Analysis of COG by LC-MS/MS

LC-MS/MS analysis was performed to establish the quality control of COG by identifying and quantifying ingredients, namely, scopoletin, isofraxidin, scoparone, rutin, chimonanthine, and calycanthine. The structures of the aforementioned compounds are displayed in Figure 2A, and the general ion flow chromatogram of COG is shown in Figure 2B. The scopoletin, isofraxidin, scoparone, rutin, chimonanthine, and calycanthine contents in COG were 0.16, 0.11, 0.08, 0.50, 0.08, and 0.32 μg/ml, respectively (Table 2).




Figure 2 | Analysis of the components of Chimonanthus nitens Oliv. leaf granule. (A) The chemical structure of scopoletin, isofraxidin, scoparone, rutin, chimonanthine, and calycanthine. (B) Total ion chromatogram of C. nitens Oliv. leaf granule in positive and negative ion modes.




Table 2 | Quantification of the components of COG.





COG Alleviated DSS-Induced Colitis

Ulcerative colitis was successfully induced in all mice after DSS administration for 7 days, which was evidenced by the continuous body weight loss, DAI score increase, shortened colon length, and higher colon weight index (Figures 3A–E, respectively), compared with animals without DSS treatment. Compared with DSS treatment, the administration of high- and medium-dose COG significantly ameliorated DSS-induced colitis, as evidenced by the markedly reduced weight loss (Figure 3A), lower DAI score (Figure 3B), and significant relief of colonic shortening and colon weight index (Figures 3C–E). Although the low-dose COG did not present an obvious effect on weight loss prevention (Figure 3A) and DAI score increase (Figure 3B), it mitigated colon length shortening and colon weight index increase (Figures 3C–E). Additionally, the H&E-stained DSS sections revealed a destruction of colonic tissue with histopathological changes in the mucosal, submucosal, and muscular layers and colonic wall. The mucosa was ulcerated with an abundant inflammatory infiltrate in the submucosa; also, the colonic wall was thickened. Conversely, the different DSS+COG dose groups all exhibited less inflammatory cell infiltration, relatively intact colonic architecture, less mucosal damage, and lower histology score than the DSS group (Figures 3F, G). These results indicated that COG effectively alleviated experimental colitis induced by DSS.




Figure 3 | COG treatment ameliorated DSS-induced experimental colitis. (A) Body weight. (B) Disease activity index (DAI) score. (C) Representative pictures of colon gross appearance and colon length. (D) Colon length. (E) Colon weight index. (F) Representative microscopic pictures of H&E-stained sections (magnifications: ×40 and ×100). (G) Pathological injury score. Data were presented as mean ± SEM (n = 8–12). #p < 0.05 and ##p < 0.01 compared to the normal group; *p < 0.05 and **p < 0.01 compared to the DSS group.





COG Relieved the Inflammation Response In Vivo and In Vitro

To investigate whether COG intervention could ameliorate colitis by modulating the inflammatory response, inflammatory cytokines were analyzed in the colon tissue. IL-4 and IL-10 concentrations in the DSS group were significantly lower than those in the normal group (Figures 4A, B), while IL-6 and IL-1β were higher (Figures 4C, D), which suggested that DSS successfully induced inflammation in mice colon. Furthermore, compared to the DSS group, COG treatment significantly upregulated the concentrations of IL-4 and IL-10 in colon tissue (Figures 4A, B), and a decrease in the concentrations of IL-6 and IL-1β was observed in the COG group (Figures 3A, C).




Figure 4 | Anti-inflammatory effects of COG in vivo and in vitro. Cytokine levels of (A) IL-4, (B) IL-10, (C) IL-6, and (D) IL-1β in mice colon. (E, F) Cell viability of COG on RAW264.7 cells. (G) IC50 of COG on RAW264.7 cells. Inflammatory cytokine secretion levels of (H) IL-1β, (I) IL-6, and (J) TNF-α on RAW264.7 cells. The relative mRNA expression levels of (K) IL-1β, (L) IL-6, and (M) TNF-α on RAW264.7 cells. Data were presented as mean ± SEM (n = 6–12). #p < 0.05 and ##p < 0.01 compared to the normal group; *p < 0.05 and **p < 0.01 compared to the DSS or LPS group.



The cytotoxicity of COG was assessed first. When the concentration of the COG solution exceeded 10 mg/ml, COG had a significant effect on the relative proliferation rate of cells and this relative proliferation rate of cells decreased with the continuous increase of COG concentration (Figure 4E). When the concentration was below 10 mg/ml, the relative proliferation rate of RAW264.7 cells was close to 100%, indicating that COG had no significant toxic effect on the cells at the dose below 10 mg/ml (Figures 4E, F). Our experiments showed that the IC50 value of COG on RAW264.7 cells was 37.34 mg/ml (Figure 4G). Therefore, the concentrations of 2, 4, 6, and 8 mg/ml were chosen as optimal for the subsequent treatments.

The anti-inflammatory activity of COG in vitro was performed in LPS-induced RAW264.7 macrophages. Compared to the control group, LPS stimulated remarkably the secretion of IL-1β, IL-6, and TNF-α (Figures 4H–J). After treatment with different concentrations of COG, the secretion levels of these three inflammatory cytokines all showed downward trends (Figures 4H–J). Among them, 2 mg/ml of COG could only significantly reduce the secretion level of IL-6 (Figure 4I). At the concentrations of 4 and 6 mg/ml, COG significantly decreased the secretion levels of IL-1β, IL-6, and TNF-α (Figures 4H–J). When the concentration of COG was 8 mg/ml, the levels of IL-1β and TNF-α in RAW264.7 cells were significantly reduced (Figures 4H, J). Similarly, LPS could significantly upregulate the IL-1β, IL-6, and TNF-α mRNA expression levels on RAW264.7 cells. After treatment with different concentrations of COG, the mRNA expression levels of IL-1β, IL-6, and TNF-α were decreased remarkably (Figures 4K–M). The results above indicated that COG effectively reduced the inflammation of DSS-induced colitis in mice in vivo and in vitro.



COG Improved the DSS-Induced Oxidative Stress

To further assess whether COG treatment has an antioxidant effect on DSS-induced mice, we examined several indicators involved in oxidative stress. Compared to the normal group, the DSS group showed a significant decrease in the levels of MAO, superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and eNOS (Figures 5A–D), while the levels of NO, MDA, and MPO were significantly increased in the DSS group (Figures 5E–G). After the administration of COG, a significant increase was observed in the levels of MAO, SOD, GSH-Px, and eNOS in the high- and low-dose COG groups (Figures 5A–D), while in the medium-dose COG group, an obvious effect was found in the levels of SOD, GSH-Px, and eNOS (Figures 5B–D). The concentrations of NO, MDA, and MPO were significantly reduced in the COG groups except in the medium-dose COG group, where no significant effect on the level of MDA was found (Figures 5E–G). The above findings confirmed that COG treatment alleviated oxidative stress damage in colon tissues, but this was not evident in a dose-dependent manner.




Figure 5 | Antioxidant activity of COG in colitic mice. (A) Monoamine oxidase (MAO) activity changes. (B) Superoxide dismutase (SOD) activity. (C) Glutathione peroxidase (GSH-Px) activity changes. (D) Endothelial nitric oxide synthase (eNOS) production. (E) Nitric oxide (NO) production. (F) Malondialdehyde (MDA) production. (G) Myeloperoxidase (MPO) activity changes. Data were presented as mean ± SEM (n = 8–12). #p < 0.05 and ##p < 0.01 compared to the normal group; *p < 0.05 and **p < 0.01 compared to the DSS group.





COG Regulated the T Lymphocyte Subsets

CCR7, a chemokine receptor that controls homing to secondary lymphoid organs, was highly expressed on mature DCs as well as naive and central memory T cells (Sallusto et al., 1999). In this study, we gated on CD45+ cells of Spleen mononuclear cells (SMCs) (Figures 6A, B) the frequency of CD4+CD45+CCR7+ cells was significantly higher in the DSS group than in the normal group (Figure 6C). The frequency of CD4+CD45+CCR7+ cells significantly decreased in the different COG treatment groups compared to the DSS group (Figure 6C). Based on CD4+CD45+CCR7+ cells, the expression of cytokine IL-17A (Figure 6D) was upregulated, while the levels of IL-10 (Figure 6E) and Foxp3 (Figure 6F) were downregulated, which indicated that DSS induced inflammation in the colon of mice. By contrast, COG intervention reduced the frequency of CD4+CD45+CCR7+ and CD4+CD45+CCR7+IL-17A+ cells and upregulated the frequency of CD4+CD45+CCR7+IL-10+ and CD4+CD45+CCR7+Foxp3+ cells.




Figure 6 | COG regulated CCR7+CD4+ T cells in mice with colitis. (A) Spleen mononuclear cells (SMCs). (B) CD45+ cells. (C) Flow cytometry analysis of CCR7+ memory T cells: C1–C6 represent CCR7+ memory T cells in the normal, DSS, DSS+COG-H, DSS+COG-M, DSS+COG-L, and DSS+5-ASA groups, respectively; C7: statistical analysis of CCR7+ memory T-cell frequencies in these six groups. (D) Flow cytometry analysis of Foxp3+CCR7+ memory T cells: D1–D6 represent Foxp3+CCR7+ memory T cells in the normal, DSS, DSS+COG-H, DSS+COG-M, DSS+COG-L, and DSS+5-ASA groups, respectively; D7: statistical analysis of Foxp3+CCR7+ memory T-cell frequencies in these six groups. (E) Flow cytometry analysis of IL-10+CCR7+ memory T cells: E1–E6 represent IL-10+CCR7+ memory T cells in the normal, DSS, DSS+COG-H, DSS+COG-M, DSS+COG-L, and DSS+5-ASA groups, respectively; E7: statistical analysis of Foxp3+CCR7+ memory T-cell frequencies in these six groups. (F) Flow cytometry analysis of IL-17A+CCR7+ memory T cells: F1–F6 represent IL-17A+CCR7+ memory T cells in the normal, DSS, DSS+COG-H, DSS+COG-M, DSS+COG-L, and DSS+5-ASA groups, respectively; F7: statistical analysis of IL-17A+CCR7+ memory T-cell frequencies in these six groups. Data were presented as mean ± SEM (n = 8–12). #p < 0.05 and ##p < 0.01 compared to the normal group; *p < 0.05 and **p < 0.01 compared to the DSS group.



Effector memory T cells that had a low expression of CCR7 mediated inflammatory reactions or cytotoxicity in peripheral tissues, thus rapidly containing invasive pathogens (Reinhardt et al., 2001). Moreover, CCR7 deficiency led to the accumulation of effector/memory-like Tregs at the inflammatory site (Menning et al., 2007). In this study, when gated on CD45+ cells of spleen mononuclear cells, the number of CD4+CD45+CCR7− cells (Figure 7C) in the DSS group, which performed effector cell functions, was significantly higher than that in the normal group, indicating that inflammation accumulated in mice. Meanwhile, the expression of IL-17A on them (Figure 7F) was significantly increased. After treatment with COG and 5-ASA, compared with DSS treatment, CD4+CD45+CCR7− cells (Figure 7C) decreased to some extent, but it was not statistically significant. However, the cytokines they secreted were apparently regulated. The level of IL-17A was remarkably upregulated, while the expression levels of IL-10 and Foxp3 were downregulated in the different doses of the COG treatment groups and the 5-ASA group (Figures 7D, E). The results showed that COG could effectively regulate the CCR7−CD4+ T cells in DSS-induced experimental colitis.




Figure 7 | COG regulated CCR7−CD4+ T cells in mice with colitis. (A) Spleen mononuclear cells (SMCs). (B) CD45+ cells. (C) Flow cytometry analysis of CCR7− memory T cells: C1–C6 represent CCR7− memory T cells in the normal, DSS, DSS+COG-H, DSS+COG-M, DSS+COG-L, and DSS+5-ASA groups, respectively; C7: statistical analysis of CCR7− memory T-cell frequencies in these six groups. (D) Flow cytometry analysis of Foxp3+CCR7− memory T cells: D1–D6 represent Foxp3+CCR7− memory T cells in the normal, DSS, DSS+COG-H, DSS+COG-M, DSS+COG-L, and DSS+5-ASA groups, respectively; D7: statistical analysis of Foxp3+CCR7− memory T-cell frequencies in these six groups. (E) Flow cytometry analysis of IL-10+CCR7− memory T cells: E1–E6 represent IL-10+CCR7− memory T cells in the normal, DSS, DSS+COG-H, DSS+COG-M, DSS+COG-L, and DSS+5-ASA groups, respectively; E7: statistical analysis of Foxp3+CCR7− memory T-cell frequencies in these six groups. (F) Flow cytometry analysis of IL-17A+CCR7− memory T cells: F1–F6 represent IL-17A+CCR7− memory T cells in the normal, DSS, DSS+COG-H, DSS+COG-M, DSS+COG-L, and DSS+5-ASA groups, respectively; F7: statistical analysis of IL-17A+CCR7− memory T-cell frequencies in these six groups. Data were presented as mean ± SEM (n = 8–12). #p < 0.05 and ##p < 0.01 compared to the normal group; *p < 0.05 and **p < 0.01 compared to the DSS group.





COG Modulated the Composition of the Gut Microflora

The fecal microbial populations of mice in the normal, DSS, DSS+COG-H, DSS+COG-M, DSS+COG-L, and DSS+5-ASA groups were analyzed using 16S gene sequencing. The Shannon index curves of all samples tended to flatten (Figure 8A), indicating that the amount of sequencing data obtained from each sample was large enough, and the results demonstrated that the majority of the diversity was captured in all samples. The overlaps between the six groups were shown by the Venn diagram. There were 24, 15, 3, 3, 6, and 11 distinct OTUs in the normal, DSS, DSS+COG-H, DSS+COG-M, DSS+COG-L and DSS+5-ASA groups, respectively, whereas a total of 378 OTUs were shared among these groups (Figure 8B). Partial least squares discrimination analysis (PLS-DA) (Figure 8C) showed that these six groups had different compositions of gut microflora. The normal group showed an obvious distinction from the other groups; the DSS+COG-H and DSS+5-ASA groups shared the same quadrants; and the DSS, DSS+COG-M, and DSS+COG-L groups were clustered into different quadrants. PLS-DA also showed that the difference between the groups was greater than that within the groups (Figure 8C).




Figure 8 | COG improved the composition of gut flora in colitic mice. (A) Shannon index of operational taxonomic unit (OTU) level. (B) The Venn diagram depicts OTUs that differed in each group. (C) PLS-DA of OTU level of taxonomy of gut flora in mice. (D) The percentage of community abundance at the genus level. (E) Top 7 bacterial rankings of microflora abundance at the genus level. (F) Comparisons between the normal group and the DSS group at the genus level. (G) Comparisons between the DSS group and the DSS+COG-H group at the genus level. (H) Comparisons between the DSS group and the DSS+COG-M group at the genus level. (I) Comparisons between the DSS group and the DSS+COG-L group at the genus level. n = 5.



Compared to the percentage of community abundance at the genus level of the normal group, Lachnospiraceae_NK4A136_group and Alistipes of the DSS group were significantly downregulated, while Mucispirillum was significantly upregulated (Figure 8D). After COG treatment, the percentage of community abundance at the genus level of Lachnospiraceae_NK4A136_group and Alistipes was upregulated, while Mucispirillum was downregulated (Figure 8D). To determine the role of COG in regulating the gut flora of colitic mice, differential analysis among these four groups at the genus level (Figure 8E) was performed. A multispecies difference test at the genus level was performed on the data from the top 7 bacterial rankings of microflora abundance in the samples to detect species differences in microflora community abundance between groups, namely, Lachnospiraceae_NK4A136_group, Alistipes, Bacteroides, Akkermansia, norank_f_Oscillospiraceae, Lachnospiraceae_UCG-006, and Prevotellaceae_UCG-001 (Figure 8E). Comparisons were made between every two groups, and it was found that there was a significant decrease of Alistipes in the DSS group compared to the normal group and that Bacteroides increased apparently in the DSS group. Also, the level of Lachnospiraceae_NK4A136_group in the DSS group decreased substantially, albeit without reaching statistical significance (Figure 8F). Interestingly, Lachnospiraceae_NK4A136_group and Lachnospiraceae_UCG-006 decreased obviously in all the COG treatment groups compared to the DSS group (Figure 8G–I). The aforementioned results showed that COG improved the gut composition of microflora in colitic mice.



The Correlation Among COG, Gut Microflora, and T Lymphocyte Subsets

The aforementioned results suggested that COG was effective in reducing inflammation of the intestines and oxidative stress response and in regulating T lymphocyte subsets and gut microflora composition in colitic mice. However, whether COG regulates the correlation or consistency among the three factors has not been elucidated. Here, canonical correlation analysis (CCA), distance-based redundancy analysis (db-RDA), and Spearman’s correlation heatmap were used to analyze their correlation. In the CCA and db-RDA analyses, the points of different colors or shapes in the figure represent sample groups under different environments or conditions. The red arrows indicate quantitative environmental factors (such as colon weight index, MPO, etc.). The length of the arrows represents the impact of environmental factors on species data, and whether the direction of the arrow and the point is consistent represents positive and negative correlations. Based on the CCA analysis (Figure 9A), the abundance of colon weight index, MPO, and CD4+CD45+CCR7+ and CD4+CD45+CCR7− cells was consistent with the gut microflora of the DSS group, which meant that these environmental factors were positively related with the gut microflora in the DSS group. db-RDA analysis is similar to PCoA analysis but is constrained by additional environmental factors. In the db-RDA graph at the OTU level (Figure 9B), the abundance of colon weight index and MPO was consistent with the gut microflora of the DSS group, which meant that these factors were positively related to the gut microflora in the DSS group at the OTU level. Pearson correlation analysis on species (Figure 9C) showed that Akkermansia was positively correlated with all the four factors, which indicated that Akkermansia may be involved in COG regulation of inflammation, oxidative stress, and T lymphocyte subsets. Bacteroides was positively correlated with CD4+CD45+CCR7+ and CD4+CD45+CCR7− cells. In addition, Alistipes was negatively correlated with MPO and CD4+CD45+CCR7+ and CD4+CD45+CCR7− cells, while Lachnospiraceae_NK4A136_group only had a negative correlation with colon weight index (Figure 9C).




Figure 9 | COG regulated the correlation among oxidative stress response, CCR7+/CCR7− T lymphocytes, and gut microflora in colitic mice. (A) Correlation among colonic index, MPO, and CCR7+/CCR7− T lymphocytes displayed by canonical correlation analysis (CCA). (B) Correlation among colonic index, MPO, and CCR7+/CCR7− T lymphocytes displayed by distance-based redundancy analysis (db-RDA). (C) Spearman’s correlation heatmap of colonic index, CCR7+/CCR7− T lymphocytes, MPO, and gut microflora. n = 5. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.






Discussion

Chimonanthus nitens Oliv. leaf granule is a common clinical medication for the treatment of respiratory diseases, which has been used as a recommended drug for the prevention and treatment of COVID-19 in Jiangxi, China (Wu et al., 2021). In this study, COG alleviated DSS-induced experimental colitis by reducing intestinal inflammatory injury and excessive oxidative stress and regulating the composition of Treg cells and gut microflora. By reviewing domestic and foreign literature, it was found that using COG to control UC, whether in humans or animals, was rarely reported. However, inspired by folk diagnosis and treatment experience, combined with the material basis and pharmacological activity of C. nitens Oliv. leaf, we proposed the hypothesis that COG can be used to treat DSS-induced colitis. The DSS-induced colitis model is a classic model for UC drug development. Our results showed that COG has a significant protective effect on DSS-induced colitis, as evidenced by the recovery of weight loss, DAI score, colon weight, colon length, and histopathological score. However, not all doses of COG showed significant effects. In terms of therapeutic effect, compared with the low-dose COG treatment, the high- and medium-dose COG treatments can better alleviate weight loss and increase DAI score in colitic mice. In the anti-inflammatory evaluation experiment, the regulatory effect of COG on inflammatory cytokines was generally dose-dependent, except that the low-dose COG did not effectively restore the level of IL-4 in colon tissue. Similarly, in vitro, 2 mg/ml of COG did not effectively inhibit the levels of IL-1β and TNF-α produced by LPS-induced RAW264.7 cells. It was possible that the low dose of COG or the duration of treatment used in this trial was not sufficient to affect DSS-induced UC. The results above suggested that the anti-inflammatory activity of COG is affected by drug dose, which provides a basis to further explore the dose–effect relationship of COG.

In IBD, intestinal long-term exposure to reactive oxygen species leads to intestinal oxidative stress injury, which is one of the common pathogenic factors of IBD (Ananthakrishnan et al., 2018). Studies have confirmed that compared with healthy people, the total antioxidant capacity of UC patients decreased significantly (Achitei et al., 2013), and adding antioxidants to the diet can effectively prevent the intestines from oxidative stress damage (Moura et al., 2015). In this study, COG significantly reduced the levels of NO, MDA, and MPO in colitic mice and improved the levels of MAO, SOD, GSH-Px, and eNOS, which contributed to UC remission. Antioxidant activity is one of the most important biological activities of C. nitens Oliv. leaf, which is closely related to a large number of antioxidant components, such as flavonoids (rutin, quercetin, kaempferol, etc.) and phenolic compounds (Wu et al., 2021). Sufficient experimental and clinical evidence has proven that C. nitens Oliv. leaf has strong antioxidant activity: First, the extracts (such as polysaccharides) from C. nitens Oliv. leaf can increase the enzyme activities of SOD, catalase (CAT), GSH-Px, and total antioxidant capacity (T-AOC) to eliminate oxidative stress injury (Chen et al., 2017a; Ye et al., 2020). Particularly, MAO activity was significantly reduced in the colon tissue of patients with active and quiescent colitis. Moreover, MAO activity was much lower in active colitis than in quiescent colitis (Borkje et al., 1987). Interestingly, COG upregulated MAO in our study, and we thought that it was possible to improve monoamine metabolism and the main source of ROS to protect the mucosa from injury. Second, COG can markedly decrease MPO to inhibit neutrophil infiltration (Rahal et al., 2014) or reduce MDA to suppress lipid peroxidation in experimental colitis induced by DSS. Finally, in the present study, COG can control the mucosa from oxidative stress injury induced by overexpressed NO products, which are increased when activated inflammatory cells stimulate inducible nitric oxide synthase (iNOS) to induce oxidative stress injury in experimental IBD (Pacher et al., 2007). Based on previous studies, the protective or damage-promoting effects of eNOS on mucosal inflammation had been disputed (Sasaki et al., 2003; Vallance et al., 2004). Combined with the above analysis, we found in our study that COG can effectively improve the eNOS level, which hinted that COG can beneficially protect the damaged colonic mucosa by inhibiting oxidative stress injury.

There is a material basis to support the anti-inflammatory and antioxidant effects of COG. The chemical constituents of C. nitens Oliv. leaf are complex, mainly including flavonoids, volatile oil, alkaloids, steroids, and coumarins. In this study, we found six main compounds of COG, namely, scopoletin, isofraxidin, scoparone, rutin, chimonanthine, and calycanthine, through LC-MS/MS material identification.

The main active ingredients of COG present definite pharmacological actions, including anti-inflammatory (such as scopoletin, scoparone, isofraxidin), antioxidant (such as scoparone, isofraxidin, rutin), regulatory of gut microflora (such as alkaloids and isofraxidin), and antitumor (such as isofraxidin, rutin) (Wang et al., 2017; Enogieru et al., 2018; Imani et al., 2020; Liu et al., 2020; Majnooni et al., 2020; Nouri et al., 2020; Sakthivel et al., 2021), which help alleviate colonic mucosa injury induced by DSS. Chimonanthine and calycanthine are important alkaloids in C. nitens Oliv. leaf. Notably, unlike the other components mentioned above, chimonanthine and calycanthine are special alkaloids of Chimonanthus praecox. Our results showed (Table 2) that the content of calycanthine in C. nitens Oliv. leaf granule is relatively high. In the present experiment, COG was proven to have the effect of relieving colitis in mice, which set the stage for the development of monomeric drugs from C. nitens Oliv. leaf for the treatment of UC in the future.

The mechanism of COG-treated colitis in mice involves immunoregulation of Treg or memory T cells and other T cells. Treg is a kind of immunosuppressive cells that participates in the pathogenesis of IBD in the intestinal microenvironment (Galvez, 2014), which controls intestinal inflammatory response mainly through the secretion of anti-inflammatory cytokines such as IL-10 and TGF-β (Mayne and Williams, 2013). The immunosuppressive effect of Treg cells on inflammatory sites requires chemokines such as CCR7 to promote their migration. CCR7 affects the function of Treg in vivo by regulating the transport of Treg cells to the lymph nodes and inflammatory sites. When Treg cells lack CCR7 expression, the migration into the lymph nodes is impaired and the suppressive effect is weakened. However, under inflammatory conditions, effectors and memory Treg, which are deficient in CCR7, accumulate at the inflammatory sites and show a stronger suppressive effect on inflammation (Menning et al., 2007). In this study, CD4+CCR7+/− cells in mice with DSS-induced colitis were overactivated, and their subsets CD4+CCR7+IL-17A+ and CD4+CCR7−IL-17A+ increased significantly, while CD4+CCR7+IL-10+, CD4+CCR7−IL-10+, CD4+CCR7+Foxp3+, and CD4+CCR7−Foxp3+ decreased significantly. After COG treatment, the changes of CD4+CCR7+/− cells and their subsets were effectively reversed. The balance between Th17 and Treg cells in CD4+CCR7+/− cell subsets was restored, which effectively alleviated UC.

Local Treg is crucial to maintain gut microbiota balance.  CCR7-/- Treg cells alway accumulate in the effector or inflammatory local to exert immediate effect and exacerbate metabolic disorders of microflora. Gut flora imbalance is one of the important reasons involved in the pathogenesis of UC (Ni et al., 2017). Compared with healthy people, the α-diversity of gut flora in UC patients decreased significantly (Colquhoun et al., 2020). Intestinal bacteria, such as Clostridium, Streptococcus, Bacteroides, and Escherichia coli, produced proinflammatory mediators and indirectly activated the NF-κB signaling pathway under specific conditions, and the overactivated NF-κB signaling pathway reduced the apoptosis of inflammatory cells and immune cells (Vieira-Silva et al., 2019). In this study, the regulatory effect of COG on intestinal flora of UC mice was reported for the first time. COG effectively upregulated the relative abundance of Lachnospiraceae_NK4A136_group, Alistipes, and Lachnospiraceae_UCG-006, thus alleviating DSS-induced experimental colitis. Meanwhile, the correlation analysis showed that Alistipes was negatively correlated with MPO and CD4+CD45+CCR7+ and CD4+CD45+CCR7+ cells when experimental colitis was treated with COG. As a beneficial bacterium, Alistipes (such as A. finegordii) mainly existed in the gut of healthy people (Shkoporov et al., 2015) and effectively attenuated experimental colitis by gavage (Dziarski et al., 2016). Some studies indicated that patients with UC had lower amounts of Lachnospiraceae than healthy people, which was possible because the reduced abundance of Lachnospiraceae produced low butyrogenesis and thus triggered the recurrence of UC (Frank et al., 2007; Vacca et al., 2020). We deduced that COG can improve the balance of CD4+CD45+CCR7+/CD4+CD45+CCR7− cells and CCR7+/CCR7− Treg cells to maintain immunity homeostasis in the intestinal tract, further restoring the above beneficial bacterium level to rebuild the balance of gut microbiota in colitis. Of course, this needs further research to verify the relationship between COG, CCR7+/CCR7− Treg cells, and gut microbiota.

Some studies have shown that the extract from C. nitens Oliv. leaf regulates glucose transporters and reduces blood sugar by affecting the glycolipid metabolism in diabetic mice (Chen et al., 2018), which hints that COG can regulate cell metabolism (such as glucose metabolism and fat metabolism). In UC treatment and research, it is essential to regulate the function and differentiation of Treg cells by metabolism improvement (Cluxton et al., 2019; Galgani et al., 2021). Hence, we hypothesize that COG can improve the immune metabolism of CCR7+/CCR7− Treg cells to restore the balance of gut microbiota and finally alleviate UC. In the future, CCR7+/CCR7− Treg cells from colitic mice will be separated and cultured with COG and then their energy metabolism and differentiation level will be analyzed under special microbiota (such as Alistipes and Lachnospiraceae). Furthermore, colitic mice without special microbiota (such as Alistipes and Lachnospiraceae) will be prepared and treated with COG, and we will measure the function and metabolism of CCR7+/CCR7− Treg cells separated by flow cytometry, Seahorse cell energy analysis system, and so on. All these endeavors will lead to a better understanding of the mechanism of COG to regulate the relationship between CCR7+/CCR7− Treg cells and gut microbiota in UC treatment.

In conclusion, we found for the first time that C. nitens Oliv. leaf granule alleviates DSS-induced experimental colitis through remitting inflammation in vivo and in vitro, reducing oxidative stress response, regulating Treg cell differentiation, and improving intestinal flora composition. These findings should help us to explore the potential of COG as an alternative treatment for UC and expand the application prospect of COG in the clinic.
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Hypertension is frequently comorbid with the disorders of glucose and lipid metabolism. The increased intakes of fructose and salt contribute to the development of hypertension and related metabolic disorders, which are closely associated with gut dysbiosis. Fufang-Zhenzhu-Tiaozhi capsule (FTZ), a traditional Chinese patent medicine commonly used in clinical practice, has recently emerged as a promising drug candidate for metabolic diseases. In this study, FTZ treatment is identified as attenuating blood pressure increase and improving the metabolism of lipid and uric acid in high-fructose and high-salt (HFS) diet-fed rats. FTZ also substantially alleviated renal fibrosis and the mRNA expression of inflammation cytokines, NADPH oxidases, and the renin–angiotensin system in the renal cortex. 16S rRNA sequencing of fecal samples revealed that FTZ restored HFS-induced gut dysbiosis, seen as increased intestinal microbial richness and diversity. Furthermore, fecal microbiota transplantation also achieved similar therapeutic effects and alterations in gut microbiota profile induced by FTZ. Taken together, this study highlights the efficacy of FTZ in attenuating HFS-induced hypertension and related metabolic disorders and renal injury. The antihypertensive effect is associated with the modulation of gut microbiota.
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1 Introduction

Hypertension, a common chronic disease, is the highest risk factor for global death, causing more than 10 million deaths every year (Collaborators, 2020). According to the latest survey results of global trends in hypertension prevalence, there were 1.28 billion hypertensive patients aged 30 to 79 in 2019, yet only about 20% of them had their blood pressure controlled (Collaboration, 2021). Furthermore, hypertension is frequently comorbid with glucose and lipid metabolism disorders, which markedly increases the risks of cardiovascular disease and death (Mottillo et al., 2010; Ji et al., 2013; Lin et al., 2021; Wang et al., 2021b). It is imperative to discover comprehensive and effective therapies to combat these disorders in this context.

Traditional Chinese medicine (TCM) is widely used to prevent and treat hypertension, dyslipidemia, diabetes, and other metabolic diseases in China (Yin et al., 2008; Wu et al., 2020). Fufang-Zhenzhu-Tiaozhi capsule (FTZ), a TCM patent prescription consisting of Rhizoma Coptidis, Radix Salivae Miltiorrhizae, Glossy Privet Fruit, Eucommia ulmoides Oliver, and four other herbs, has been widely used to treat glucolipid metabolic disorders in clinical practice for more than 20 years (Luo et al., 2018; Luo et al., 2019). Previous studies showed that FTZ exerted broad pharmacological effects, such as regulating lipid and glucose, anti-inflammation, anti-oxidation, improving insulin resistance, and protecting endothelial function (Chen et al., 2018; Bei et al., 2019; Song et al., 2021; Wang et al., 2021a). However, it is still unknown whether FTZ is effective for hypertension.

Recently, increasing evidence has suggested a critical role of gut microbiota in developing hypertension and its complications (Marques et al., 2018; Muralitharan et al., 2020). A notable decrease in intestinal microbial richness, diversity, and evenness has been observed in spontaneously hypertensive rats and chronic angiotensin II infusion rats (Yang et al., 2015). Consistent with animal studies, human studies have also found that the richness and diversity of intestinal microbiota in patients with pre-hypertension and hypertension were also significantly reduced as compared with the healthy subjects (Li et al., 2017). Furthermore, transplantation with the fecal microbiota from hypertensive patients into sterile mice led to elevated blood pressure (Li et al., 2017), implying that the abnormal intestinal flora plays a causal role in hypertension development.

Notably, both blood pressure and gut microbiota are profoundly influenced by dietary factors (Marques et al., 2018; Kolodziejczyk et al., 2019). Epidemiologic data show that increased fructose and salt intakes globally exceed the amount needed in most populations, substantially increasing the risks for hypertension and metabolic abnormalities (Brown et al., 2009; Kelishadi et al., 2014; Shen et al., 2019; Taskinen et al., 2019). Previous studies demonstrated that high-fructose and high-salt (HFS) diet-induced intestinal dysbiosis contributes to elevated blood pressure (Chen et al., 2020). In addition, the regulatory effects of FTZ on gut microbiota and its metabolites were reported (Luo et al., 2020; Shenghua et al., 2020).

This study aims to investigate whether FTZ treatment could alleviate HFS-induced hypertension and ascertain the role of intestinal microbiota in the antihypertensive effect of FTZ. Furthermore, the potential link between the regulation of intestinal microbiota and the hypotensive benefit of FTZ treatment is also to be discussed, which may contribute to a better understanding of the potential mechanisms of FTZ in the prevention and treatment of hypertension.



2 Materials and Methods


2.1 Drug Preparation

FTZ (Kangyuan Pharmaceutical Co., Ltd., Guangzhou, China) was extracted from eight herbs, including Rhizoma Coptidis (Huang Lian), Radix Salivae Miltiorrhizae (Dan Shen), Fructus Ligustri Lucidi (Nv Zhen Zi), Cortex Eucommiae (Du Zhong), Fructus Citri Sarcodactylis (Fo Shou), Rhizoma Atractylodis Macrocephalae (Bai Zhu), Radix Notoginseng (San Qi), and Herba Seu Radix Cirsii Japonici (Da Ji). The detailed preparation scheme, technical process, and storage method of FTZ capsules have been described in our previous study (Guo et al., 2011). Quality analysis of the FTZ extract was also performed via high-performance liquid chromatography (HPLC) fingerprinting as previously reported (Zhong et al., 2012).



2.2 Animals and Experimental Design

Male, specific pathogen-free (SPF) Wistar rats aged 5 weeks (Charles River Laboratory Animal Technology Company, Jiaxing, China) were caged and maintained in a temperature-controlled room with a 12-h light/dark cycle and free access to tap water and chow. Animal study procedures were approved by the Animal Studies Committee of Guangdong Pharmaceutical University.


2.2.1 Experiment 1

Rats were randomly divided into five groups: a control group (Ctrl) fed a normal chow (NC; Xietong Pharmaceutical Co., Ltd., Nanjing, China) and sterilized water, an HFS group (HFS) fed 20% fructose (Macklin Biochemical Co., Ltd., Shanghai, China) in drinking water and high salt diet (HSD; Xietong Pharmaceutical Co., Ltd., Nanjing, China), a high-dose FTZ-treated HFS group (HFS+FTZ-H) by gavage daily with 1.6 g/kg of FTZ, a low-dose FTZ-treated HFS group (HFS+FTZ-L) by gavage daily with 0.8 g/kg of FTZ, and a positive drug-treated HFS group (HFS+losartan) by gavage daily with 10 mg/kg of losartan (Merck Sharp & Dohme Pharmaceutical Co., Ltd., Hangzhou, China). NC (0.49% NaCI) and HSD (8% NaCI) were customized and identical in composition except for NaCl content. The body weight, blood pressure, and heart rate of all rats were recorded weekly. The feeding process lasted for 6 weeks. The schematic diagram for Experiment 1 is shown in Figure 1A. Blood samples and kidney tissues were collected and stored at −80°C for further usage.




Figure 1 | FTZ inhibited blood pressure elevation and improved lipid and uric acid metabolism in HFS-fed rats. (A) A schematic diagram for Experiment 1. (B) Systolic blood pressure. (C) Diastolic blood pressure. (D) Heart rate. (E) Body weight. (F) Fasting blood glucose. (G–I) Serum TG, TC, and UA. ∗p < 0.05, ∗∗p < 0.01 vs. Ctrl; #p < 0.05, ##p < 0.01 vs. HFS $p < 0.05, $$p < 0.01 vs. HFS+Losartan. n = 8 per group. FTZ, Fufang-Zhenzhu-Tiaozhi capsule; HFS, high fructose and high salt; TG, triglyceride; TC, total cholesterol; UA, uric acid.





2.2.2 Experiment 2

This experiment comprised 3 phases with different interventions. In phase 1, rats were randomly divided into four groups: a control group (Ctrl) fed an NC and sterilized water, two HFS subgroups (HFS-A and HFS-B) fed 20% fructose in drinking water and 8% NaCl in the diet, and an FTZ-treated HFS group (HFS+FTZ) by gavage daily with 0.8 g/kg of FTZ (a more effective dosage according to the results in Experiment 1). This intervention process lasted for 6 weeks. In phase 2, with all the interventions in phase 1 unchanged, all rats were given an antibiotic cocktail daily by gavage feeding for 2 weeks. In phase 3, with the dietary intervention maintained, cross fecal microbiota transplantations (FMTs) were conducted for another 2 weeks between the Ctrl and HFS-A groups and the HFS-B and HFS-FTZ groups, respectively. The schematic diagram for Experiment 2 is shown in Figure 4A. The body weight, blood pressure, and heart rate of all the rats were recorded weekly, and the fresh fecal pellets were collected in the sixth, eighth, and tenth weeks.




2.3 Blood Pressure and Heart Rate Measurements

Systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate (HR) of conscious rats were measured using the tail-cuff system (Softron BP-2010A, Beijing, China) as described previously (Yan et al., 2020). The measurements were performed during the daytime (13:00−18:00) in a quiet environment after a 3-day adaptive training. Each rat was measured five times, and the average value was used as the blood pressure and HR of the corresponding time point.



2.4 Enzyme Immunoassay

The serum contents of fasting blood glucose (FBG), triglyceride (TG), total cholesterol (TC), uric acid (UA), creatinine (Cr), and cystatin C (Cys-C) were detected by the commercially available enzyme immunoassay kits following the manufacturer’s instructions (Jiancheng Bioengineering Institute, Nanjing, China; Cloud-clone Corp., Wuhan, China).



2.5 Quantitative Reverse Transcriptase PCR

For quantitative reverse transcription PCR (qRT-PCR), total RNA isolation of kidney tissue was performed as previously described (Wang et al., 2017). Reverse transcription and SYBG qPCR were performed following the manufacturer’s instructions (Transgen Biotech, Beijing, China). Primers for AGT, AT1, TGF-β, α-SMA, TNF-α, IL-6, NOX-2, NOX-4, and β-Actin are listed in Supplementary Table 1. 2−ΔΔCt method was applied to determine the relative changes in gene expression levels.



2.6 Histology

Masson staining was used to visualize histological morphology and fibrosis in kidney tissue. Before each staining, kidney tissue was fixed in 4% paraformaldehyde solution for 1 week and embedded in paraffin. Transverse sections that are 4 µm thick were cut and then stained with a Masson staining kit (Solarbio Science & Technology Co., Ltd., Beijing, China) following the manufacturer’s instructions. All stained sections were examined using light microscopy (×100 and ×200 magnification). The positive area was analyzed using Image-Pro Plus software.



2.7 Fecal Microbiota Transplantation

The FMT materials were obtained from the rats in the sixth week of Experiment 2. The rats were stimulated to defecate by gentle means, such as grasping and rectal massage. The fecal pellets were collected directly in a sterile cryotube, quick-frozen in liquid nitrogen immediately, and subsequently stored at −80°C until use. The recipient rats were then given an antibiotic cocktail by gavage daily for 2 weeks until 48 h before FMT. The antibiotic cocktail comprised ampicillin (MedChemExpress, Monmouth Junction, NJ, USA; 110 mg/kg), vancomycin (MedChemExpress; 55 mg/kg), metronidazole (MedChemExpress; 110 mg/kg), and neomycin (MedChemExpress; 110 mg/kg) as previously reported (Yan et al., 2020). The gavage volume was 2.5 ml/kg, and the antibiotic cocktail solution was thoroughly mixed before each gavage. The fecal pellets collected in phase 1 were added with sterile phosphate-buffered saline (PBS) buffer (10 ml/g, containing 20% sterile glycerol). The fecal samples of each group were fully mixed and resuspended. After the fecal mixture suspension solution was centrifugated at 2,000 rpm at 4°C for 10 min, the supernatants were collected and quickly stored at −80°C until use. The above operations were conducted under sterile conditions. The recipient rats were orally inoculated with 1 ml of prepared fecal contents from donor rats once a day.



2.8 16S rRNA Gene Sequencing

Total genomic DNA from fecal samples in the sixth, eighth, and tenth weeks was extracted using cetyl trimethylammonium bromide (CTAB) or sodium dodecyl sulfate (SDS) method. DNA concentration was determined by NanoDrop. The purity and integrity could be evaluated using 1% agarose gel electrophoresis. DNA was diluted to 1 ng/μl using sterile water according to the concentration. 16S rRNA genes were amplified using the specific primer with the barcode. The same volume of 1× loading buffer was mixed (contained SYBR Green) with PCR products, and electrophoresis was operated on 2% agarose gel for detection. Samples with a bright main strip between 400 and 450 bp were chosen for further experiments. Amplicons were pooled in equal proportions and purified using TIANgel Purification Kit (TIANGEN Biotech, Beijing, China). The purified product was used to prepare the Illumina DNA library. Sequencing libraries were generated using TIANSeq Fast DNA Library Prep Kit (Illumina) (TIANGEN Biotech). The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on the Illumina platform using the 2 × 250 bp paired-end protocol. According to the official tutorials, microbiome bioinformatics was performed with QIIME 2, with slight modifications. Briefly, raw sequence data were demultiplexed using the demux plugin, followed by primer cutting with the cutadapt plugin. Sequences were then quality filtered, denoised, and merged, and chimera was removed using the DADA2 plugin. Species annotation was performed using QIIME2 software. For 16S, the annotation database is Silva Database. Multiple sequence alignment was performed using QIIME2 software to study the phylogenetic relationship of each amplicon sequence variant (ASV) and the differences of the dominant species among different samples (groups). Chao1 and Shannon indexes were used to quantify and compare microbial species richness and alpha diversity. Principal coordinate analysis (PCoA) based on unweighted unifrac distances was performed to obtain principal coordinates and visualize differences of samples in complex multi-dimensional data. Bacterial taxa within different groups were arranged based on their relative abundance (false discovery rate <0.05). PICRUSt2 was used to predict the pathway abundances, and STAMP software confirmed the groups’ differences.



2.9 Statistical Analysis

Data were presented as mean ± SEM or median (minimum to maximum). The Shapiro–Wilk test was used to evaluate data normality. For normally distributed data, one-way ANOVA and post-hoc test (least significant difference) were used for multi-group comparison. The Kruskal–Wallis test was used for multi-group comparison for data not distributed normally. Statistical analysis was performed using SPSS v25 (IBM, Armonk, NY, USA). The p < 0.05 was considered statistically significant.




3 Results


3.1 Fufang-Zhenzhu-Tiaozhi Capsule Inhibited Blood Pressure Elevation in High-Fructose and High-Salt Diet-Fed Rats

To evaluate the effect of FTZ on blood pressure, rats fed with HFS were treated with a high or low dose of FTZ, losartan, or vehicle by gavage for 6 weeks. Following the initiation of drug administration, the SBP and DBP of HFS-fed rats were gradually elevated and significantly higher than those of NC-fed rats at the end of the second week, subsequently reaching a plateau from the fifth week (Figures 1B, C). However, when the HFS-fed rats were administrated with a high or low dose of FTZ simultaneously, the blood pressure-increasing effect of the HFS diet was suppressed from the third week. Then the blood pressure of FTZ-treated HFS rats remained significantly lower than that of untreated HFS rats (Figures 1B, C). Additionally, the SBP and DBP of losartan-treated rats were similar to those of NC-fed rats (Figures 1B, C). Notably, the HR of all HFS-fed rats showed no apparent difference between groups but was higher than that of NC-fed rats (Figure 1D). These data reveal that FTZ administration alleviates HFS-induced hypertension.



3.2 Fufang-Zhenzhu-Tiaozhi Capsule Improved Metabolic Disorders of Lipid and Uric Acid in High-Fructose and High-Salt Diet-Fed Rats

The effects of FTZ on metabolism were assessed by measuring glucose, lipid, and UA parameters and body weight. After 6-week HFS feeding, serum TG and UA concentrations significantly increased, while FTZ treatment, especially with a high dosage, markedly improved these disorders (Figures 1G, I). Additionally, all HFS-fed rats showed slightly higher FBG levels and lower body weight than NC-fed rats, while FTZ treatment made no significant difference (Figures 1E, F). Losartan treatment decreased the level of serum UA but did not impact body weight and serum TG and FBG levels (Figures 1E–G, I). Moreover, no significant difference in TC was observed between all groups (Figure 1H). These results imply that FTZ administration alleviates HFS-induced lipid and UA metabolism disorders.



3.3 Fufang-Zhenzhu-Tiaozhi Capsule Reduced Renal Fibrosis in High-Fructose and High-Salt Diet-Fed Rats

The serum concentrations of Cr and Cys-C were measured, two indicators of kidney function. Intriguingly, the serum Cr level in HFS-fed rats was not higher than in NC-fed rats (Figure 2F), presumably because the serum Cr level is only elevated when the kidney is severely damaged. Despite this, we found a lower level of serum Cr in FTZ-treated HFS-fed rats than in HFS-fed rats (Figure 2F). Notably, the serum level of Cys-C, a more accurate and sensitive biomarker for early renal injury, was significantly elevated in HFS-fed rats and reduced by FTZ treatment (Figure 2G). These data were further supported by Masson staining. The results demonstrated that the positive area of fibrosis in HFS-fed rats was markedly increased compared with NC-fed rats. At the same time, FTZ administration effectively inhibited the extension of the fibrotic area caused by the HFS diet (Figures 2A–C). The mRNA levels of α-SMA and TGF-β in renal cortical tissues were upregulated by the HFS diet and declined during FTZ treatment (Figures 2D, E). These data collectively infer that FTZ attenuates HFS-induced renal fibrosis.




Figure 2 | FTZ reduced renal fibrosis and improved renal function in HFS-fed rats. (A) Masson staining of kidney sections. (B) Positive staining area in renal cortex. (C) Positive staining area in renal medulla. (D, E) Relative mRNA expression of α-SMA and TGF-β in renal cortex. (F, G) Serum Cr and Cys-C. ∗p < 0.05, ∗∗p < 0.01 vs. Ctrl; #p < 0.05, ##p < 0.01 vs. HFS. n = 8 per group. FTZ, Fufang-Zhenzhu-Tiaozhi capsule; HFS, high fructose and high salt; Cr, creatinine; Cys-C, cystatin C.





3.4 Fufang-Zhenzhu-Tiaozhi Capsule Alleviated Renal Gene Expression of Inflammation Cytokines, NADPH Oxidases, and Renin–Angiotensin System in High-Fructose and High-Salt Diet-Fed Rats

Hypertension and renal fibrosis are associated with inflammation and oxidative stress. NADPH oxidases are the enzymes that produce reactive oxygen species as primary products, which are closely associated with oxidative stress. To determine whether FTZ intervention could attenuate the renal inflammation and oxidative stress triggered by the HFS diet, mRNA expression levels of the representative indicators of inflammatory cytokines (IL-6 and TNF-α) and NADPH oxidases (NOX-2 and NOX-4) were analyzed in renal cortical tissues. The results revealed that the highly expressed mRNA levels of TNF-α, IL-6, NOX-2, and NOX-4 were downregulated by FTZ treatment (Figures 3A–D), suggesting the potential favorable effects of FTZ on HFS-induced renal inflammation and oxidative stress.




Figure 3 | FTZ alleviated renal gene expression of inflammation cytokines, NADPH oxidases, and RAS in HFS-fed rats. (A, B) Relative mRNA expression of IL-6 and TNF-α in renal cortex. (C, D) Relative mRNA expression of NOX-2 and NOX-4 in renal cortex. (E, F) Relative mRNA expression of AGT and AT1 in renal cortex. ∗p < 0.05, ∗∗p < 0.01 vs. Ctrl; #p < 0.05, ##p < 0.01 vs. HFS; ^p < 0.05 vs. HFS+HFZ-H; $p < 0.05, $$p < 0.01 vs. HFS+losartan. n = 8 per group. FTZ, Fufang-Zhenzhu-Tiaozhi capsule; RAS, renin–angiotensin system; HFS, high fructose and high salt.



The renin–angiotensin system (RAS) plays an essential role in HFS-induced hypertension. Previous studies showed that the HFS diet elevated the renin and Ang II levels in both serum and urine and the mRNA level of AGT in renal cortical tissues. In contrast, vancomycin treatment lowered the increased blood pressure and suppressed the intrarenal but not systemic RAS (Chen et al., 2020). This study examines whether FTZ treatment could reduce the mRNA levels of RAS components in renal cortical tissues. Notably, the increased renal mRNA expression levels of AGT and AT1 were downregulated by FTZ treatment (Figures 3E, F). Consequently, these results indicate that the blood pressure-lowering effect of FTZ is probably due to the inactivation of intrarenal RAS.



3.5 Fufang-Zhenzhu-Tiaozhi Capsule Restored Gut Dysbiosis in High-Fructose and High-Salt Diet-Fed Rats

Previous studies showed that gut dysbiosis was associated with the activation of intrarenal RAS, which mediates HFS-induced hypertension (Chen et al., 2020). Experiment 2 (Figure 4A) was undertaken to examine and verify the regulatory effect of FTZ on gut microbiota by sequencing the bacterial 16S rRNA V3–V4 region in feces, which suggests the potential mechanisms of FTZ’s therapeutic effects on hypertension. Almost consistent with previous studies, after a 6-week intervention in phase 1, there were a lower number of ASVs and less intestinal microbial richness and diversity in HFS-fed rats than in NC-fed rats, as evidenced by the two decreased alpha diversity indexes, Chao1 and Shannon (Figures 4B–D). Beta diversity of intestinal microbiota evaluated by unweighted unifrac-based PCoA also showed that HFS-fed rats exhibited a substantially different microbiota composition than NC-fed rats (Figure 4E). On the contrary, FTZ-treated HFS-fed rats displayed a remarkably similar gut microbiota structure to NC-fed rats (Figure 4E). The microbial richness and diversity and ASVs in FTZ-treated HFS-fed rats were also strikingly improved compared to those in HFS-fed rats (Figures 4B–D).




Figure 4 | Significant changes of gut microbiota in response to FTZ treatment. (A) A schematic diagram for Experiment 2. (B) ASV number. (C) Chao1 index. (D) Shannon index. (E) β-Diversity based on unweighted unifrac PCoA. (F) Relative abundance of microbiota compositions at the phylum level. (G) Relative abundance of microbiota compositions at the genus level. (H) Ratio of Firmicutes to Bacteroidetes. (I, J) Relative abundances of the top 9 bacterial phyla, including Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, Desulfobacterota, Patescibacteria, Verrucomicrobia, Fusobacteria, and Cyanobacteria. (K–M) Relative abundances of the top 9 bacterial genera, including Lactobacillus, Escherichia-Shigella, Muribaculaceae, Burkholderia-Caballeronia-Paraburkholderia, Bifidobacterium, Corynebacterium, Dubosiella, Coriobacteriaceae_UCG-002, and Prevotella. ∗p < 0.05, ∗∗p < 0.01. n = 6~8 per group. ABX, antibiotics; FMT, fecal microbiota transplantation. FTZ, Fufang-Zhenzhu-Tiaozhi capsule; ASV, amplicon sequence variant; PCoA, principal coordinate analysis.



Overall microbial compositions at different levels were further analyzed (Figures 4F, G). Phylum-level analysis showed that HFS feeding significantly reduced the relative abundance of Proteobacteria, Patescibacteria, Verrucomicrobia, Fusobacteria, and Cyanobacteria and a significant increase in Firmicutes (Figures 4I–J). However, when HFS-fed rats were treated with FTZ, there was a significant increase in the relative abundance of Proteobacteria, Verrucomicrobia, and Fusobacteria, and a significant decrease in Firmicutes and the F/B ratio (Figures 4H–J). Further analysis at the genus level revealed that HFS-fed rats had a higher relative abundance of Lactobacillus, Bifidobacterium, Dubosiella, and Coriobacteriaceae_UCG-002 and a lower abundance of Burkholderia-Caballeronia-Paraburkholderia, Corynebacterium, and Prevotella compared with NC-fed rats (Figures 4K–M). However, when HFS-fed rats were administered FTZ, a significant decrease in the relative abundance of Lactobacillus and Bifidobacterium and a significant increase in that of Burkholderia-Caballeronia-Paraburkholderia, Corynebacterium, and Prevotella were observed (Figures 4K–M).

Difference analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways using PICRUSt2 was performed to find the abundance differences of functional genes within the microbial community between groups. The results showed that the genes related to carbohydrate metabolism were upregulated significantly in HFS-fed rats compared to those in NC-fed rats (Figures 5A–D). Furthermore, FTZ treatment upregulated the genes related to amino acid metabolism but downregulated the genes involved in lipid metabolism and replication and repair. These data, in combination, indicate that FTZ treatment regulates HFS-induced gut dysbiosis.




Figure 5 | KEGG metabolic pathway analysis of differential functional genes. (A) Functional differences between the Ctrl and HFS-A groups. (B) Functional differences between the Ctrl and HFS-B groups. (C) Functional differences between the HFS-FTZ and HFS-A groups. (D) Functional differences between the HFS-FTZ and HFS-B groups. KEGG, Kyoto Encyclopedia of Genes and Genomes; HFS, high fructose and high salt.





3.6 Transplantation With Fufang-Zhenzhu-Tiaozhi Capsule-Modulated Gut Microbiota Decreased the Blood Pressure in High-Fructose and High-Salt Diet-Fed Rats

There is growing evidence from animal and clinical studies suggesting that FMT effectively treats hypertension (Kim et al., 2018; Zhong et al., 2021). Hence, FMT was performed to determine whether FTZ exerted the blood pressure-lowering effect by modulating gut microbiota. After a 6-week intervention in phase 1, the results demonstrated similar trends and differences in SBP, DBP, and HR between the Ctrl group, HFS group, and FTZ group in Experiment 1 (Figures 1B–D, Figures 6A–C). After a 2-week antibiotic intervention, the HRs in all groups were decreased in phase 2 and remained at a low level during the FMT period in phase 3 (Figures 6F, I). Additionally, in phases 2 and 3, the body weights in all groups had the same growth trends and differences as those in phase 1, probably suggesting no ill effects due to either antibiotics or FMT treatment (Figure 6J).




Figure 6 | Transplantation with FTZ-modulated gut microbiota decreased the blood pressure in HFS-fed rats. (A) SBP before ABX intervention. (B) DBP before ABX intervention. (C) HR before ABX intervention. (D) SBP after ABX and FMT interventions. (E) DBP after ABX and FMT interventions. (F) HR after ABX and FMT interventions. (G) SBP in these three phases. (H) DBP in these three phases. (I) HR in these three phases. (J) Body weight in these three phases. ∗p < 0.05, ∗∗p < 0.01 vs. Ctrl; #p < 0.05, ##p < 0.01 vs. HFS-A/B; $p < 0.05, $$p < 0.01. n = 8 per group. FTZ, Fufang-Zhenzhu-Tiaozhi capsule; HFS, high fructose and high salt; SBP, systolic blood pressure; ABX, antibiotics; DBP, diastolic blood pressure; HR, heart rate; FMT, fecal microbiota transplantation.



More importantly, the elevated SBP and DBP of HFS-fed rats were significantly decreased after antibiotic treatment and further decreased to near-normal levels after transplantation with intestinal flora from NC-fed rats or FTZ-treated HFS-fed rats (Figures 6D, E, G, H). In contrast, the alleviated SBP and DBP of FTZ-treated HFS-fed rats were gradually elevated after antibiotic treatment and further increased after transplantation with intestinal flora from HFS-fed hypertensive rats (Figures 6D, E, G, H). No significant changes in SBP and DBP were observed in NC-fed rats (Figures 6D, E, G, H). These data indicate that the therapeutic effects of FTZ on HFS-induced hypertension could be transferred through FMT.

Meanwhile, the results also demonstrated that transplantation with normal intestinal flora shaped by a regular diet could abrogate the blood pressure-elevating effect of the HFS diet, and transplantation with disordered intestinal flora induced by the HFS diet could hardly elevate the blood pressure in the context of normal diet (Figures 6D, E, G, H). Thus, these data also imply that the HFS diet and its induced gut dysbiosis are interdependent in contributing to the development of hypertension.



3.7 Transplantation With Fufang-Zhenzhu-Tiaozhi Capsule-Modulated Intestinal Microbiota Reshaped Gut Flora in High-Fructose and High-Salt Diet-Fed Rats

To obtain more robust evidence, the gut microbiota profiles of the rat feces were analyzed after antibiotic and FMT interventions. Beta diversity analysis revealed that each group exhibited distinctly different gut microbiota compositions in the three phases with various treatments, suggesting the effectiveness of antibiotics and FMT interventions (Figures 7C, F, I). Additionally, alpha diversity analysis indicated that the decreased microbial richness and diversity induced by antibiotic treatment in NC-fed and HFS-fed rats were remarkably improved after FMT (Figures 7A, B, D, E). Notably, antibiotic treatment only reduced the diversity of intestinal flora in FTZ-treated HFS-fed rats but had no apparent effect on intestinal microbial richness (Figures 7G, H). These results imply a potential protective role of FTZ in preventing the reduction of intestinal microbial richness caused by antibiotics. Moreover, transplantation with intestinal flora from HFS-fed donor rats significantly reduced the intestinal flora richness of FTZ-treated HFS-fed receiver rats. However, it had no significant effect on diversity. In summary, these data suggest that FMT reconstructs intestinal microbiota compositions in receiver rats.




Figure 7 | Transplantation with FTZ-modulated intestinal microbiota reshaped gut flora in HFS-fed rats. (A–C) Significant changes in Ctrl group’s gut microbiota after ABX and FMT interventions. (D–F) Significant changes in HFS group’s gut microbiota composition after ABX and FMT interventions. (G–I) Significant changes in HFS-FTZ group’s gut microbiota composition after ABX and FMT interventions. (J) Chao1 index after FMT intervention. (K) Shannon index after FMT intervention. (L) ASV number after FMT intervention. ∗p < 0.05, ∗∗p < 0.01. n = 6~8 per group. CtrlABX, Ctrl group after ABX intervention; CtrlFMT, Ctrl group after FMT intervention; HFSABX, HFS group after ABX intervention; HFSFMT, HFS group after FMT intervention; HFS-FTZABX, HFS-FTZ group after ABX intervention; HFS-FTZFMT, HFS-FTZ group after FMT intervention. FTZ, Fufang-Zhenzhu-Tiaozhi capsule; HFS, high fructose and high salt; ABX, antibiotics; FMT, fecal microbiota transplantation; ASV, amplicon sequence variant.





3.8 Reshaped Intestinal Microbiota by Transplantation With Fufang-Zhenzhu-Tiaozhi Capsule-Modulated Gut Flora Contributed to the Hypotensive Effect

The gut microbiota profiles in all groups after FMT intervention were examined to clarify the causal relationship between the reshaped intestinal microbiota and the decreased blood pressure. Consistent with the well-known conclusion that high blood pressure is associated with low richness and diversity of gut flora, the lowest intestinal microbial richness, diversity, and ASVs number occurred in FTZ-treated HFS-fed rats after FMT treatment, which was concurrently accompanied by the highest blood pressure (Figures 6D, E, Figures 7J–L). In addition, after crossing FMT to each other, no significant differences in alpha diversity and blood pressure were observed between the NC-fed and HFS-fed rats (Figures 6D, E, Figures 7J–L). Such outcomes may indicate that during FMT, NC diet and transplantation with NC diet-shaped normal gut flora are more predominant in gut flora reconstruction than transplantation with HFS-induced abnormal intestinal microbiota and HFS diet, respectively.

A comprehensive analysis of the gut microbiota profiles before and after cross FMT was undertaken to elucidate further the relationship between blood pressure, diet, and gut flora. The results of beta diversity analysis showed that the gut microbiota compositions of most cross FMT receiver rats were remarkably similar to those of the cross FMT donor rats (Figures 8C, F). Intriguingly, transplantation with intestinal flora from FTZ-treated HFS-fed donor rats failed to make HFS-fed receiver rats such a shift in gut microbiota composition (Figure 8F). Such data infer that the HFS diet has a more dominant role in microbiota-shaping effects than transplantation with FTZ-modulated gut microbiota during FMT.




Figure 8 | Reshaped intestinal microbiota by transplantation with FTZ-modulated gut flora contributed to the hypotensive effect. (A–C) Comparative analysis of gut microbiota between the Ctrl and HFS-A groups. (D–F) Comparative analysis of gut microbiota between the HFS-B and HFS-FTZ groups. (G–I) Comparative analysis of gut microbiota between the Ctrl and HFS-FTZ groups. (J–L) Comparative analysis of gut microbiota between the HFS-A and HFS-B groups. (M–O) Comparative analysis of gut microbiota between the HFS-A and HFS-FTZ groups. ∗p < 0.05, ∗∗p < 0.01. n = 6~8 per group. FTZ, Fufang-Zhenzhu-Tiaozhi capsule; HFS, high fructose and high salt.



In terms of alpha diversity, both NC-fed rats’ and HFS-fed rats’ decreased intestinal microbial richness and diversity induced by antibiotic treatment were remarkably improved after cross FMT (Figures 7A, B, D, E). The differences in richness and diversity between these two groups were also significantly diminished after cross FMT (Figures 8A, B). Meanwhile, the blood pressure of these two groups was at similarly low levels (Figures 6D, E). These results suggest the potential therapeutic effects of the NC diet and NC diet-shaped normal flora against the blood pressure-elevating effects of HFS-induced intestinal dysbiosis and HFS diet, respectively.

On the contrary, the intestinal microbial richness and diversity of HFS-fed and FTZ-treated HFS-fed rats were reversed after antibiotics and cross FMT (Figures 8D, E). This could be primarily attributed to the regulatory effect of FMT, considering that these two groups were in the same context of the HFS diet. Interestingly, these two groups simultaneously presented with opposite blood pressure trends (Figures 6D, E). Therefore, these results indicate that FTZ-regulated gut flora, as with the normal gut flora, could effectively suppress the blood pressure-elevating effect of the HFS diet.

To study the effects of diet and transplanted flora on blood pressure, the blood pressure and intestinal flora of NC-fed rats and FTZ-treated HFS-fed rats were compared. Before antibiotic and FMT treatments, the blood pressure of these two groups was significantly lower than that of the two HFS subgroups (Figures 6D, E). Their intestinal microbial richness and diversity were also at high levels (Figures 4C, D, Figures 8G, H). Moreover, beta diversity analysis showed similar compositions of these two groups, which differed from those of the two HFS subgroups (Figure 4E, Figure 8I). After transplantation with the dysregulated intestinal flora induced by the HFS diet, these two groups’ blood pressure and gut flora profiles showed inconsistent changes due to their different diets (Figures 6D, E, Figures 8G–I). These data imply that maintaining an HFS diet is necessary for the blood pressure-increasing effect of HFS-disturbed flora. In contrast, keeping a normal diet could resist the transplanted abnormal flora and its blood pressure-increasing effect.

The blood pressure and gut microbiota profiles of the two HFS subgroups were compared to clarify further the effects of diet and transplanted flora on blood pressure. Before antibiotic and FMT treatments, no apparent differences in blood pressure and gut microbial richness and diversity existed in these two HFS subgroups (Figures 6D, E, Figures 8J, K). Moreover, after being transplanted with NC-shaped normal flora and FTZ-remodeled flora, these two HFS subgroups still demonstrated similar blood pressure levels and microbial richness and diversity (Figures 6D, E, Figures 8J, K). Interestingly, beta diversity analysis showed different gut microbiota compositions in these two groups (Figure 8L). This may be because FMT increased the minor differences between these two HFS subgroups. Nevertheless, these results indicate that both the normal gut flora and the FTZ-reshaped intestinal flora could inhibit HFS-induced high blood pressure.

Finally, the blood pressure and intestinal flora profiles of the FTZ-treated and untreated HFS-fed groups were compared. Before antibiotic and FMT interventions, the blood pressure of FTZ-treated HFS-fed rats was significantly lower than that of HFS-fed rats (Figures 6D, E), and the intestinal microbial richness and diversity of FTZ-treated HFS-fed rats were markedly higher compared with HFS-fed rats (Figures 4C, D, Figures 8M, N). Beta diversity analysis also showed distinctly different gut microbiota compositions between these two groups (Figure 4E, Figure 8O). After being transplanted with HFS-induced abnormal gut flora and NC-shaped normal gut flora, the blood pressure of FTZ-treated HFS-fed receiver rats increased further (Figures 6D, E). In contrast, the blood pressure of HFS-fed receiver rats decreased further (Figures 6D, E). In addition, the intestinal microbial richness and diversity of these two groups appeared to be exchanged (Figures 8M, N). Beta diversity analysis also showed different intestinal microbial compositions of these two groups (Figure 8O). Moreover, HFS-fed receiver rats demonstrated a similar gut flora composition to FTZ-treated HFS-fed rats (Figure 8O). FTZ-treated HFS-fed receiver rats displayed a similar gut flora composition to NC-fed rats (Figure 8O). These results indirectly indicate the similarities of gut microbiota compositions between FTZ-treated HFS-fed and NC-fed rats and between the HFS-fed rats in these two subgroups. Furthermore, these results suggest that when maintaining an HFS diet, transplantation with HFS-disturbed gut flora can promote an increase in blood pressure. In contrast, transplantation with normal flora can inhibit the increase of blood pressure.




4 Discussion

Hypertension is highly prevalent worldwide. Although there are many antihypertensive drugs, the control rate of hypertension is still low. Additionally, hypertension is frequently comorbid with metabolic disorders, and these diseases interact closely with each other, which makes the treatment more difficult. Hence, it is urgent to develop novel, effective, and safe therapeutic agents.

In our diet-induced hypertension model, HFS-fed rats exhibited markedly elevated blood pressure and serum levels of TG and UA, whereas FTZ administration significantly suppressed these increasing effects. HFS diet has a complex synergistic effect on promoting the increase of blood pressure. Excessive dietary fructose intake contributes to the development of sodium-induced hypertension through multiple mechanisms (Eren et al., 2019). In addition, fructose was reported to induce hypertriglyceridemia and hyperuricemia (Nakagawa et al., 2006). Previous studies showed an elevated level of serum TG in HFS-induced hypertensive rats (Chen et al., 2020). Notably, an epidemiological study revealed that serum TG level was considerably associated with the development of hypertension (Tomita et al., 2021). Hyperuricemia was also involved in the development of hypertension since it activated RAS and inhibited nitric oxide synthesis (Ponticelli et al., 2020). Additionally, a clinical study found that allopurinol lowered the serum UA level and prevented blood pressure elevation caused by excessive fructose intake (Perez-Pozo et al., 2010).

Renal mechanisms, including the activation of intrarenal RAS and sympathetic nerves, the decreased renal nitric oxide production, and the increased renal UA and reactive oxygen species production and sodium retention, play a crucial role in HFS-induced hypertension (Xu and Yang, 2018; Komnenov et al., 2019). In this study, Masson staining of kidney tissues revealed significant renal fibrosis in HFS-fed rats. The mRNA expression levels of inflammatory cytokines and NADPH oxidases, and biomarkers of fibrosis and RAS components in renal cortical tissues were also upregulated. However, these abnormalities were ameliorated after FTZ administration. Thus, these results imply that FTZ exhibits beneficial efficacy against HFS-induced hypertension, related metabolic disorders, and renal injury, which may be related to the inhibition of intrarenal RAS activation, inflammatory reaction, and oxidative stress.

Previous work had suggested that the intestinal microbial imbalance was related to renal RAS activation, which regulated HFS-induced hypertension (Chen et al., 2020). Notably, there is accumulating evidence supporting that gut dysbiosis is linked to the development of hypertension (Yang et al., 2015). Intestinal flora can regulate blood pressure directly by affecting the production of vasoactive hormones (such as dopamine, norepinephrine, and serotonin) (Afsar et al., 2016). Moreover, intestinal microbial metabolites, such as short-chain fatty acids, also mediate systemic or local RAS to regulate blood pressure. A previous study showed that sodium butyrate inhibited angiotensin II-induced hypertension by inhibiting renal (pro)renin receptor and intrarenal RAS (Wang et al., 2017). Acetate supplementation was also reported to result in the downregulation of RAS in the kidney (Marques et al., 2017). Moreover, propionate regulated renin release from afferent arterioles in an olfr78 receptor-dependent manner (Pluznick, 2014). TMAO, a carnitine-derived intestinal microbial metabolite, also prolonged the blood pressure-raising effect of angiotensin II (Ufnal et al., 2014). In addition, uremic toxins (indophenol sulfate and p-cresol sulfate) derived from intestinal flora caused chronic renal injury by activating intrarenal RAS (Sun et al., 2012).

Therefore, restoring intestinal dysbiosis is considered a promising therapy in hypertension management. Many natural herbal products effectively manage metabolic syndrome by modifying gut microbiota (Shabbir et al., 2021). The herbal formulas of TCM, consisting of several herbal medicines, have also shown blood pressure-lowering and gut flora-modifying effects. Zhengganxifeng decoction regulated intestinal flora and decreased blood pressure via mediating RAS in spontaneously hypertensive rats (Yu et al., 2019). The combination of E. ulmoides and Tribulus terrestris also exerted an antihypertensive effect in spontaneously hypertensive rats, which was associated with the modulation of intestinal microbiota and their beneficial metabolites (Qi et al., 2020). In addition, Xiaoqinglong decoction reduced the blood pressure of Dahl salt-sensitive rats and improved intestinal microbiota composition, and transplantation with fecal microbiota treated by Xiaoqinglong decoction also achieved similar results in hypotensive effects (Zhou et al., 2019).

FTZ is a widely used TCM patent prescription consisting of many chemical substances, from which 44 substances have been identified (Zhong et al., 2012). Many of these substances, including Berberine (Xu et al., 2020), Salidroside (Li et al., 2020), Ginsenoside Rb1 (Bai et al., 2021), and Oleanolic acid (Xue et al., 2021), have been reported to affect gut microbiota in metabolic diseases. Therefore, the therapeutic effects of FTZ are postulated to be partly due to the remodeling of gut microbiota. After oral administration, the compounds from FTZ inevitably interact with intestinal flora in the gut. These interplays mainly include (Feng et al., 2019) the following: 1) compounds regulate the composition of gut microbiota, 2) compounds affect the metabolism of gut microbiota, and 3) gut microbiota transform the compounds. In a previous study, serum pharmacochemistry analysis showed that 36 constituents (27 prototype components and nine metabolites originating from FTZ) in FTZ-treated rat serum were identified, which were different from the components directly detected from FTZ extract (44 substances) (Zhong et al., 2012). These results suggest a significant change in FTZ compounds, presumably due to their interaction with gut microbiota.

This study found a profound shift in gut flora composition of HFS-fed rats, characterized by the decreased intestinal microbial richness and diversity. FTZ administration effectively reversed these alterations in both alpha and beta diversities of gut microbial profile. The functional analysis results of the KEGG metabolic pathway showed that the HFS diet significantly upregulated the genes related to carbohydrate metabolism, which may be associated with the increased intake of fructose. FTZ treatment downregulated the genes involved in lipid metabolism and replication and repair, which may be related to the beneficial effects of FTZ on dyslipidemia and renal injury. Additionally, relative abundances of the gut microbiota at phylum and genus levels also demonstrated significant changes. Taken together, these data indicate that FTZ treatment modifies HFS-induced gut dysbiosis.

However, it is still hard to determine whether the alteration of gut microbiota was a concomitant phenomenon or a potential mechanism through which FTZ exerted its antihypertensive effect. Mounting evidence has shown that FMT is a feasible method of confirming the role of gut flora in disease pathology and treatment (Li et al., 2017; Zhou et al., 2019). Hence, we performed FMT to validate if FTZ lowered blood pressure by remodeling intestinal microbiota.

To improve the effectiveness of FMT, most of the gut microbiota was removed with antibiotic pretreatment in all rats. Then, with the diet unchanged, fecal microbial materials obtained from HFS-fed and FTZ-treated HFS-fed donor rats were cross-transplanted to each other and from HFS-fed and NC-fed donor rats to each other, respectively. The results showed that the antibiotic-decreased blood pressure of FTZ-treated flora receivers was further reduced. The antibiotic-decreased richness and diversity of intestinal microbiota were greatly improved, indicating that FMT effectively lowered HFS-induced high blood pressure and restored HFS-induced gut dysbiosis. Interestingly, we noticed that FTZ-treated flora receivers did not exhibit a similar gut microbiota composition with FTZ-treated HFS-fed donor rats but with HFS-fed donor rats and their corresponding receivers. On the contrary, the antibiotic-increased blood pressure of HFS-induced flora receivers was further elevated, and the intestinal microbial richness and diversity were both decreased to the lowest. Additionally, HFS-induced flora receivers displayed a similar gut microbiota composition to HFS-fed donor rats. These results suggest the role of FTZ in gut microbiota alteration and the synergistic effects of the HFS diet and its induced abnormal intestinal microbiota on elevating blood pressure. Furthermore, the results of cross FMT between the NC-fed and HFS-fed rats demonstrated that with the improved intestinal microbial richness and diversity by FMT, both the NC diet and its shaped normal intestinal flora could inhibit the increase of blood pressure induced by HFS-disturbed abnormal intestinal flora and HFS diet, respectively. The comparative analysis of NC-fed and FTZ-treated HFS-fed rats and the two HFS-fed subgroups further confirmed that the HFS diet and the imbalanced gut flora induced by the HFS diet were interdependent in promoting hypertension. In contrast, this effect could be inhibited by a normal gut flora transplantation or a normal diet, respectively.

In conclusion, our data show that FTZ treatment could attenuate HFS-induced hypertension, related metabolic disorders, and renal injury. The antihypertensive effect is partly attributed to restoring gut dysbiosis. Therefore, FTZ holds promise for comprehensively preventing and treating hypertension.
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Objective

The objective of this study was to identify the biological correlation between the tongue coating color and oral and gut micro-characteristics in metabolic-associated fatty liver disease (MAFLD) patients.



Method

The characteristics of the tongue coating were examined using an automatic tongue diagnosis system. Tongue coating and stool samples were collected from 38 MAFLD patients, and 16S rDNA full-length assembly sequencing technology (16S-FAST) was used for bioinformatic analysis.



Results

Twenty-two and 16 subjects were included in two distinct clusters according to the white/yellow color of the tongue coating, which was assessed by the L*a*b* values of the image. Upon analyzing the microorganisms in the tongue coating, 66 and 62 pathognomonic bacterial genera were found in the White and Yellow Coating Groups, respectively. The abundance of Stomatobaculumis positively correlated with the a* values of the tongue coating in the White Coating Group, while Fusobacterium, Leptotrichia, and Tannerella abundance was significantly correlated with the b* values in the Yellow Coating Group. Function prediction mainly showed the involvement of protein families related to BRITE hierarchies and metabolism. The MHR (MONO%/high-density lipoprotein cholesterol) of the Yellow Coating Group was higher than that of the White Coating Group.



Conclusion

In MAFLD patients, lower a* values and higher b* values are indicators of a yellow tongue coating. There were also significant differences in the flora of different tongue coatings, with corresponding changes in the intestinal flora, indicating a correlation between carbohydrate metabolism disorders and inflammation in the oral microbiome.





Keywords: metabolic dysfunction-associated fatty liver disease, tongue coating, oral-intestinal microbiome, 16S rDNA full-length assembly sequencing technology analysis, lab color mode



Introduction

With a global surge in obesity-associated morbidity, non-alcoholic fatty liver disease (NAFLD) has become the most dominant chronic liver disease. NAFLD has a 25% global incidence, resulting in high global health system costs, and approximately 1.7 billion people have been affected (Zhu et al., 2021). In view of the multisystem metabolic dysfunction involving the liver, an international panel of experts has formally renamed NAFLD as metabolic dysfunction-associated fatty liver disease (MAFLD). Although the pathogenesis of this complex disease is not fully elucidated and several major prophylactic and therapeutic barriers remain to be clarified, MAFLD is believed to involve dynamic interactions between genetic susceptibility and environmental factors. As a result of genome-wide association studies, candidate gene and epigenetics research has gradually unveiled factors related to susceptibility, genetic variation, and heterogeneity among patients with MAFLD. Patatin-like phospholipase domain 3 (PNPLA3), transmembrane 6 superfamily member 2, glucokinase regulator isogenetic gene variants, and gene polymorphisms related to inflammation, immunity, metabolism, oxidative stress, adipokines, and muscle kinase have been proven to be significantly associated with MAFLD-related intrahepatic diseases (Kozlitina et al., 2014; Eslam and George, 2016; Eslam et al., 2018). For example, PNPLA3 gene polymorphism is associated with diet pattern, increased sugar intake, and omega-6 polyunsaturated fatty acid intake, and obesity and insulin resistance play a prominent role in MAFLD gene–environment cross talk (Zaharia et al., 2020; Banini et al., 2021).

In traditional Chinese medicine (TCM), the diagnosis of diseases follows the principle of “inspecting exterior to predict interior”, which means the doctor can speculate about changes in diseases inside the body by examining various external signs. The tongue is located in the oral cavity, the first part of the digestive tract, and diseases may affect the tongue coating. The tongue characteristics, which include information about the tongue body, tongue proper, tongue dorsum, and tongue shape, are regarded as a reflection of human health. These characteristics also serve as key evidence for fundamental clinical diagnosis using four diagnostic methods of TCM. However, this information is collected by physicians, and they may be unable to obtain objective or quantitative generalization of the characteristics. Computer image processing technology can be used to segment the images of different parts of the tongue, automatically obtain the spectral parameters of different tongue images, identify the features of the tongue images, and provide objective indicators to describe those features, such as division of area, color, texture, and shape (Zhang et al., 2017). Meanwhile, deep learning can be used to comprehensively interpret tongue images while obtaining a description of the pathological features. The U-net network was used to examine pavement crack images, and the trained model was utilized to assess tongue cracks for further training to avoid the small sample problem (Liu et al., 2012; Xu et al., 2020). Computer-aided tongue diagnosis eliminates the differences caused by environmental and human interference to achieve a standardized result. Although its accuracy depends on continuous improvement by assessing a large number of tongue images, spectral technique and data mining algorithm are applied to explore the physiological and pathological information about the tongue from holistic and systematic perspectives and establish the optical information about tongue image features (Li et al., 2010). The digitized parameters of tongue images have been accepted by various researchers and are gradually being applied in clinical studies; however, the relationship between the tongue image parameters and diseases such as NAFLD, diabetes, and post-cancer diseases has not yet been elucidated. The results of relevant studies are shown in Table 1 (Zhang et al., 2005; Li et al., 2010; Jiang et al., 2011; Qi et al., 2016; Xue et al., 2018; Woo et al., 2019; Li et al., 2021).


Table 1 | Recent research about L*a*b* values.



As a part of the human microbiota, there is a correlation between the oral microbiome and normal oral ecological balance and the occurrence and development of systemic diseases (Gao et al., 2018). The normal oral biofilm is colonized by a complex microbial community in a dynamic equilibrium. Occasionally, the symbiotic relationship is disrupted by lifestyle, immune status, or broad-spectrum antibiotic therapy, and the symbiotic environment of microorganisms is disturbed, resulting in the expansion of opportunistic pathogens and invader species. Such perturbations have been reported to be associated with numerous clinical disorders such as obesity, allergies, and a variety of inflammatory diseases (Costello et al., 2012; Arrieta et al., 2014). Tongue coating microorganisms are important factors affecting the formation of the tongue coating. In recent years, extensive research conducted on the microecology of tongue coating has attracted increasing attention. Studies have shown that the dorsal mucosa of the tongue accumulates abundant bacteria (Rabe et al., 2019), enabling this portion of the tongue to form a relatively complete and independent microecosystem.

The biological mechanism underlying the formation and alteration of the tongue coating is related to the interaction between the microorganisms and the epithelial cells of the dorsal part of the tongue. For example, Bacillus was found only in the yellow tongue coating of chronic erosive gastritis patients (Ye et al., 2016). Furthermore, there were significant differences between the dental plaque-derived complexes of Veillonella and Streptococcus (Kolenbrander et al., 2000). A more clear and thorough understanding of microbial composition on the tongue coating is required for the diagnosis and treatment of different diseases. Wilbert et al. combined species-specific fluorescent tags and high-resolution microscopy to visualize human dorsal tongue microbial communities and highlighted their structure and dynamics (Wilbert et al., 2020). Metagenomic analysis revealed that the variation in abundance of 21 microbial species in the tongue coating microbiota was associated with the occurrence and development of gastritis (Cui et al., 2019). Furthermore, researchers have attempted to study the relationship among different microorganisms in the tongue coating. In this study, standardized tongue images were obtained using specialized equipment. Then, tongue coating and stool samples were collected from 38 MAFLD patients. Cluster analysis showed that the tongue characteristics of MAFLD patients could be clearly divided into two categories by L*a*b* spectral values, which represented white and yellow coating. 16S rDNA full-length assembly sequencing technology analysis revealed the typical variation and differentiation in the tongue-coating microbiome between the two clusters.



Methods


Study Subject Recruitment

Thirty-eight MAFLD patients who met the inclusion and exclusion criteria were enrolled in this study from September 2020 to May 2021 at the Hubei Provincial Hospital of TCM (China). Individuals who met the following MAFLD diagnostic criteria were included: MAFLD diagnoses were based on histological (biopsy) and imaging or blood biomarker evidence of fat accumulation in the liver (hepatic steatosis), in addition to one of the following three criteria: overweight/obesity, presence of type 2 diabetes mellitus (T2DM), or evidence of metabolic dysregulation such as the presence of at least two metabolic risk abnormalities: (1) waist circumference (WC) ≥90/80 cm (men/women), (2) blood pressure (BP) ≥130/85 mmHg or specific drug treatment, (3) plasma triglyceride levels (TG) ≥150 mg/dl (≥1.70 mmol/l) or specific drug treatment, (4) plasma high-density lipoprotein (HDL)-cholesterol (HDL-C) levels <40 mg/dl (<1.0 mmol/l) for men and <50 mg/dl (<1.3 mmol/l) for women or specific drug treatment, (5) prediabetes [i.e., fasting glucose levels 100–125 mg/dl (5.6–6.9 mmol/l), or 2-h post-load glucose levels 140–199 mg/dl (7.8–11.0 mmol) or HbA1c content 5.7%–6.4% (39–47 mmol/mol)], (6) homeostasis model assessment of insulin resistance (HOMA-IR) score ≥2.5, and (7) plasma high-sensitivity C-reactive protein (hs-CRP) levels >2 mg/l. The exclusion criteria were as follows: (1) antibiotic, probiotic, or immunosuppressive drug use in the past 2 weeks and (2) the combination of other oral diseases and their complications, such as periodontitis, pulpitis, or oral carcinoma.



Ethics Statement

This study was approved by the Ethics Committee of Hubei Provincial Hospital of TCM (Ethics No. HBZY2020-C43-01). The protocol used in this study conformed to the Declaration of Helsinki, and all patients and their guardians voluntarily signed the informed consent. Procedures were conducted in compliance with relevant public health laws and privacy regulations.



Data Collection

This cross-sectional study describes the clinical characteristics of all the enrolled patients. (1) Body weight-related indicators, i.e., body mass index (BMI), body fat percentage, basal metabolic rate, waist-to-hip ratio (WHR), and visceral fat area (VcFA), were assessed using a bioelectric impedance device (InBody 770, InBody, China). These indicators were measured on an empty stomach and without metal attachment. (2) Liver stiffness measurement (LSM) and controlled attenuation parameter (CAP) were determined using a FibroScan® M probe simultaneously to assess liver fibrosis and steatosis via evidence-based non-invasive measures (Eddowes et al., 2019). (3) The Homeostasis model assessment-Insulin Resistance (HOMA-IR) score was calculated as fasting plasma glucose (mM) × fasting insulin (mIU/L)/22.5.



Tongue Image Analysis

The TCM Healthcare Union app (DAOSH Co., Shanghai, China) was used to image the tongue coatings of MAFLD patients under uniform light conditions. Deep learning-based visual tongue qualitative analysis and fractal dimensions were applied to tongue pictures from 38 subjects. In our study, tongue coating color quantitative values were obtained with L*a*b* color mode, developed by the International Commission on Lighting (CIE), in which color space is larger than that in the RGB and CMYK mode. The L*a*b* color model consists of three elements; L shows brightness, while a and b show gradation of color. A higher a value indicates a redder tongue color; a higher b value indicates a yellower tongue color.



Sample Collection

Blood samples were collected on an empty stomach and at multiple time points to determine the clinical, biochemical, and metabolic signatures of MAFLD individuals at the initial visit, using the oral glucose tolerance test (OGTT), insulin provocation, hs-CRP level, liver function test, and blood lipid level.

Subjects were instructed not to eat or drink colored foods or beverages (except water) during the 8 h before sampling. Brushing of tongues was not allowed 2 h before sampling. The tongue dorsa of subjects were sampled by gently scraping the dorsal surface of the tongue from back to front using a swab and then putting the swab into a collection tube containing a DNA preservation solution (Swab DNA Storage Tube, CwBiotech, Beijing, China). Fecal DNA storage tubes (CW2654, CwBiotech, Beijing, China) were provided to patients for stool collection in the morning after ≥8 h of fasting. Tongue dorsum and fecal samples were finally stored at -25°C for further processing.



DNA Extraction and 16S Full-Length Library Construction

Bacterial DNA from the tongue dorsum and fecal samples was extracted using a swab genomic DNA extraction kit (CW2654, CwBiotech, Beijing, China) and an intestinal DNA extraction kit, respectively (TIANamp Stool DNA Kit, DP328, Tiangen Biotech, Beijing, China). The 16S rDNA full-length assembly sequencing technology (16S FAST) was used to perform further classifications to reach a species level (Karst et al., 2018) by assaying DNA sequences encoding bacterial ribosomal 16S RNA, including 9 variable regions and 10 conserved regions. Qualitative and quantitative analyses as well as quality control were performed using 10 ng DNA. The splice and link libraries were then built. Next, data from electrophoresis and the measurements of Qubit concentrations were assembled for quality control before Illumina NovaSeq 6000 sequencing (Illumina, USA). The detailed process was reported in a previously published study (Dong et al., 2021).



Bioinformatic Analysis

The Unique Molecular Identifier (UMI) pairing relationship was extracted via the connecting library. All sequences corresponding to each paired UMI were obtained from the splicing library. Cutadapt V1.2.1 was applied to remove primers and UMI tags for each paired UMI sequence, and SPAdes V3.13.1 software was used for assembly with default parameters to obtain the full-length 16S sequence for each UMI. The reads were classified with a taxonomy-finding algorithm assigned to operational taxonomic units (OTUs) within the software package Mothur V1.42.0 to determine the microbial communities of individuals. Alpha diversity at the genus level was measured with Simpson and Shannon indices derived using the QIIME1.8.0 tool. The beta diversity was measured at the genus level with principal component analysis (PCoA) using R3.6.1 package vegan2.5-3. The OTU table was compared with the (Kyoto Encyclopedia of Genes and Genomes) KEGG database to obtain metabolic pathway information for each OTU. The functional potential of the tongue microbiome was predicted by Statistical Analysis of Metagenomic Profiles (PICRUSt), and it was used to construct the gene function prediction spectra of the whole lineages of archaeal and bacterial domains.



Statistical Analysis

Data analysis was performed with SPSS v. 25.0 software (IBM Corp., Armonk, NY, USA). The normality of the variable distribution and homogeneity of variances were determined with the Shapiro–Wilk and Levene tests, respectively.

In the case of normal distribution and homogeneity of variance, a t-test was used. Otherwise, a non-parametric test was performed. The comparison of categorical variables by Fisher’s exact test and Wilcoxon rank-sum test was applied to categorical variables and continuous variables. The associations between independent variables were analyzed via Spearman’s rank test, and the p-values were corrected via the Bonferroni correction for multiple comparisons.




Results


Characteristics of the Patients

The basic, biochemical, and microbiome composition-related information of 91 patients was collected. Ultimately, 38 patients who completed tongue imaging and information recognition analysis were included in the follow-up study (Figure 1). Further research statistics showed that most patients with MAFLD were middle-aged males.




Figure 1 | Program flowchart.



The L*a*b* parameters of coating color for the overall tongue imaging of the patients were compared, and these patients were divided into two groups by system cluster analysis with SPSS (Table 2). There were significant differences between the two clusters (p = 0.000); the cluster with higher a* and b* values tended to exhibit a yellow tongue coating, while those with higher a* values tended to have a red tongue color. The other cluster with lower values could be regarded as a white coating, and representative pictures of the two clusters are shown in Figure 2.


Table 2 | Characteristics of the two groups.






Figure 2 | Images of the two groups. (A) Female with an a* value of 7.46 and b* value of 3.65. (B) Male with an a* value of 8.46 and b* value of 3.71. Both (A) and (B) are in the White Coating Group. (C) Female with an a* value of 15.82 and b* value of 10.72. (D) Male with an a* value of 13.83 and b* value of 13.28. Both (C, D) are in the Yellow Coating Group.



In the two groups, some individuals had abnormal biochemical indices and increased levels of metabolic disease risk factors. Compared to the Yellow Coating Group, the White Coating Group showed higher abnormal levels of ALT and less insulin resistance. However, there were no significant differences (p > 0.05, Table 3), except that the MONO% and MHR (MONO%/HDL-C) in the Yellow Coating Group were higher than those of the White Coating Group. Furthermore, all patients in the Yellow Coating Group were obese (BMI ≥ 28) (Dewulf et al., 2013).


Table 3 | Characteristics of MAFLD patients in the two groups.





Patient Microbiome Information

16S DNA full-length sequencing was conducted on fecal and oral samples from 38 MAFLD patients to characterize the microbial community diversity. A total of 18,407 contigs were obtained in oral samples, while 18,351 contigs were obtained in fecal samples. There was no statistical significance in terms of Shannon and Simpson indices of genus between the two different groups in amplicon sequence variant (ASV) (p > 0.05, Figures 3A, B). In terms of class level, there were 22 classes in all samples; however, Mollicutes and Deltaproteobacteria only existed in the White Coating Group. Meanwhile, Flavobacteriia was statistically more abundant in the Yellow Coating Group than in the White Coating Group (p = 0.041, Figures 3C, D).




Figure 3 | Tongue coating and intestinal microbial information from MAFLD patients. Microbial diversity, which was calculated by the Shannon index (A) and Simpson index (B), showed no significant differences between the two groups (p > 0.05). (C, D) showed a statistically different flora at the class level. (E, F) showed a statistically different flora at the genus level.



In terms of genus level, upon the taxonomic analysis of oral microbiomes, 66 and 62 bacterial genera were found in the White Coating Group and Yellow Coating Group, respectively. Corynebacterium, Moraxella, Ottowia, Lactobacillus, Johnsonella, Tissierella, and Enterobacter were only found in the White Coating Group, while Shuttleworthia, Simonsiella, Desulfobulbus, and Mycoplasma were unique to the Yellow Coating Group (Figure 3D). In terms of relative abundance, Neisseria was dominant in the White Coating Group, while Prevotella was dominant in the Yellow Coating Group (Figures 3E, F).



Correlation Between Microbiome and Tongue Parameters

To further explore the correlation between tongue image parameters and tongue coating colonies, we conducted a correlation analysis. Among the 51 shared genera of tongue coating bacteria in 38 patients, Capnocytophaga (b* values, R = 0.440, Figure 4C), Aggregatibacter (a*/b* values, R = 0.434/0.374, Figure 4C), Okadaella (L*values, R = 0.327, Figure 4C), and Megasphaera (L*values, R = 0.378, Figure 4C) were significantly correlated with tongue image parameters.




Figure 4 | Heat map of the correlation between tongue coating bacteria and the tongue image parameters. Red represents positive correlation and blue represents negative correlation; the darker the color, the stronger the correlation. (A) Four genera in the White Coating Group that were significantly related to L*a*b* values. (B) Thirteen genera in the Yellow Coating Group significantly related to L*a*b* values. (C) Tongue flora in both groups significantly related to L*a*b* values.



In the White Coating Group, Haemophilus, Fusobacterium, Lachnoanaerobaculum, Stomatobaculum, and Lautropia and tongue coating color parameters were significantly correlated. Among them, Stomatobaculum (R = 0.461, Figure 4A) was correlated with a* values of the whole tongue coating. In the Yellow Coating Group, Fusobacterium (R = 0.526, Figure 4B), Leptotrichia (R = 0.521, Figure 4B), Tannerella (R = 0.611, Figure 4B), and the b*values of tongue coating color parameters were significantly correlated.



Characteristics of Intestinal Microflora in Patients

To estimate the structure of the gut microbiome, we studied 29 individual 16S DNA full-length sequencing results of microbial DNA obtained from all 38 patients. In total, 137 genera were identified in this cohort. Among them, 89 common genera existed in two groups, and the others were only found in one of two groups (Figure 5A). Of all these genera, the relative abundance of Dialister, Megasphaera, and Eisenbergiella showed significant differences between the two groups (p = 0.03, p = 0.021, p = 0.026, Figure 5B), while Eisenbergiella was only found in the Yellow Coating Group. Those intestinal flora, as shown in the heat map, were closely related to the tongue coating flora, proving its impact on tongue coating parameters in the respective group. According to correlation statistical analysis, oral Stomatobaculum was highly associated with the species of intestinal flora in the White Coating Group (Figure 5C). Meanwhile, oral Shuttleworthia and Mycoplasma were highly correlated with intestinal flora in the Yellow Coating Group (Figure 5D).




Figure 5 | Distribution of intestinal flora. (A) The distribution of different groups at the genus level is shown in the bar chart. (B) Bacterial communities with statistical differences between the two groups are shown in the boxplot. In (C, D), the correlation between tongue coating bacteria and intestinal bacteria in the White Coating Group and Yellow Coating Group, respectively, are shown in the heatmap.





PICRUSt Function Predictive Analysis

In order to predict and compare the functions of the White Coating Group and Yellow Coating Group, PICRUS software was used to predict the functions based on the KEGG database with an OTU table of tongue coating bacteria. Function prediction mainly involves protein families, genetic information processing, signaling, and cellular processes. The results showed that there were 11 pathways related to metabolism, which were mainly related to the metabolism of cofactors and vitamins, amino acids, and energy (Figure 6).




Figure 6 | Histogram of functional prediction for different groups of bacteria.






Discussion

Tongue disease diagnosis is an important aspect of TCM. However, traditional tongue disease diagnosis methods, including direct observation of the tongue, have limitations because of various external and subjective factors (Kim et al., 2014). The in-depth application of computer and image processing technology has facilitated a more objective analysis of the MAFLD patient tongue image, which is helpful in disease determination using TCM.

The L*a*b* color model was developed by CIE (International Lighting Committee). The L*a*b* color model utilizes a coordinate system (Kainuma et al., 2015). Upon comparing the characteristics of moss color in different color modes of L*a*b*, the a*and b* values for the 22 patients in the Yellow Coating Group were significantly larger than those in the White Coating Group; tongue coating color was more associated with yellow, indicating obvious fever. In addition, the BMI of Yellow Coating Group patients met the diagnostic criteria for obesity. Combined with the b* values, it can be inferred that the thermal image in obese people is heavier than that in non-obese individuals.

Endocrine system diseases are closely associated with tongue coating. Further analysis showed that the oral microbiota of patients in this study showed two major “stomatotypes” in the oral microbiome, which included Neisseria and Prevotella as the main bacteria (Willis et al., 2018). Studies have shown that interleukin-6 (IL-6) expression is increased in human dental pulp cell cultures stimulated with Prevotella intermedia lipopolysaccharide, while the changes in IL-6 and HDL-C were related with carbohydrate diet (Sarkar et al., 2021). Actinomycetes and Prevotella may serve as key strains to distinguish between physiological and pathological yellow greasy coatings. Alterations in the tongue coating resulting from disease reflect changes in the tongue microbes. Li found the correlation between the changes in oral microbial flora and the formation mechanism of a greasy coating using denaturing gradient gel electrophoresis technology to detect the microbial flora of the tongue coating in the greasy group, non-greasy group, and normal group of chronic gastritis patients (Li et al., 2012). Our study also showed that Shuttleworthia, Simonsiella, Desulfobulbus, and Mycoplasma only appeared in MAFLD patients with yellow moss. These genera are found in patients with dental caries, resulting from biofilm-induced acidification in response to dietary carbohydrates (Wang et al., 2019). In the study of the relationship of gut microbial carbohydrate metabolism with weight loss, increased abundance of Dialister in patients who lost 5% of their body weight was found (Muñiz Pedrogo, 2018). This was related to our finding that Yellow Coating Group patients were all obese with more Dialister than other groups. Tongue microorganisms are one of the agents that lead to the formation of different coatings.

Upon exploring oral microflora and L*a*b* parameters, our analysis of the correlation between intestinal and tongue flora in different groups found a strong correlation between the a* values and Stomatobaculum. tomatobaculum is able to convert glucose into butyrate, lactate, isovalerate, and acetate as major metabolic end products (Sizova et al., 2013). High a* values were a characteristic of the Yellow Coating Group, which means that the patients in this group tend to have a red tongue covered with yellow moss. This also means that the patients in the Yellow Coating Group have a deeper heat constitution than those of the White Coating Group. Leptotrichia in the Yellow Coating Group was able to ferment carbohydrates, producing lactic acid as its major metabolic end product.

The relationship between tongue coating colonies and intestinal flora in the same host has been demonstrated widely. Shuttleworthia in the tongue coating and the intestinal flora was also highly positively correlated in the Yellow Coating Group. Shuttleworthia also plays an important role in the metabolism of glucose to short-chain fatty acids and presents the advantages of duodenal ecological imbalance and conversion to specific potential pathogenic bacteria (Luca Maccioni et al., 2021). This also proves the relationship between liver flora and liver metabolism. Simonsiella plays the same role in carbohydrate metabolism, and it has been demonstrated that the dietary intake of Simonsiella carriers is generally excessive (Gregory et al., 1985). Shuttleworthia and Simonsiella, which have the same metabolic effect, had the same related flora in the intestine, but their correlation results were quite opposite. Their symbiotic relationship in the oral cavity needs to be further explored in our follow-up study. In the meantime, Mycoplasma in the tongue coating uniformly correlates with Rothia, Atopobium, Gemella, Okadaella, and Streptococcus in the gut. Mycoplasma, which are clinically important components of the human pathogenic microbiome in various tissues, are related with Atopobium that coexist in intramucosal tumors and significantly increase in multiple polyp adenomas. Another study showed that the risk of colorectal cancer was increased in patients with bacteremia from Gemella morbillorum. Mycoplasma may be a significant predictive factor for gastrointestinal cancer. There are also significant differences in the flora and characteristic functions of tongue coating in patients with yellow fur, which is of guiding significance for the dialectical medication of TCM based on network pharmacology.

Monocytes are immune cells derived from bone marrow precursors, which play an important role in immune monitoring and inflammatory response. Under the stimulation of lipopolysaccharide, typical monocytes secrete a large amount of granulocyte colony-stimulating factor and IL-6 (Wong et al., 2011). LPS, as the active component of gram-negative membrane and endotoxin, can be produced in large quantities by bacteria (Gao et al., 2021). Combined with higher MONO% results in the Yellow Coating Group, the red tongue covered with yellow moss might be the manifestation of excessive intake of carbohydrates, making the oral environment more conducive to the growth of lipopolysaccharide bacteria, aggravating inflammation in the body, and showing the heat symptoms estimated by TCM. HDL-C had been found to reverse the transport of cholesterol out of cells. Increasing HDL-C could reduce inflammation and insulin resistance, and reducing the MHR level could help to reduce insulin resistance (Han et al., 2021). The same high MHR and similar trend of HOMA-IR were observed in the Yellow Coating Group, which consisted of all obese patients. In obese patients, inflammatory factors increase and aggravate insulin resistance (Gastaldelli et al., 2017). This result could be further verified in subsequent studies with larger sample size.

In general, compared to the tongues of patients with smaller a-mean and b-mean values, the tongues of MAFLD patients with higher b-mean values had a deeper yellow color. There were significant differences between the two characteristic microbiomes, and the enrichment of bacteria related to carbohydrate metabolism could be seen in patients with yellowish tongue.

Our study has limitations as a result of its retrospective cross-sectional design without metabolomics analysis of microorganisms to explain the different internal mechanisms of the genera. Currently, tongue images and flora samples from patients are being continuously collected. At the same time, the serum and urine of each patient have also been preserved for further metabolomic analysis and verification of the above research results. However, most patients with MAFLD have no obvious symptoms. In the field of TCM, further guidelines related to tongue image information will be needed in the future. Overall, our study preliminarily confirmed that color formation in the tongue coating is related to microbial metabolism; these findings can provide a theoretical basis for the objective analysis of tongue color.
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Background

Changes in the intestinal microenvironment affected bone destruction in rheumatoid arthritis (RA), and spleen deficiency (SD) was closely related to the intestinal microenvironment. In this study, we aimed to explore the aggravation of SD on collagen-induced arthritis (CIA) and the bone protection of compound Xiong Fu powder (XFP) on CIA with SD (SD-CIA) based on the intestinal microenvironment.



Method

An SD-CIA rat model was established using Rheum officinale Baill. decoction combined with CIA and then treated with XFP. The aggravating action of SD on CIA rats and the efficacy of XFP were evaluated using AI scores, H&E staining of the joint, and level of serum anti–collagen type II antibody (Col II Ab). Bone destruction was assessed by micro-CT and TRACP staining. In addition, flow cytometry, qRT-PCR, and ELISA were used to evaluate gut mucosal immunity. Moreover, metagenomic sequencing was used to determine the distribution and function of the gut microbiota.



Results

Compared with that in CIA rats, bone destruction in SD-CIA rats was aggravated, as manifested by increased AI scores, more severe joint pathological changes and radiological damage, and increased number of osteoclasts (OCs) in the ankle joint. Meanwhile, the proportion of Tregs/Th17 cells was biased toward Th17 cells in Peyer’s patches. Furthermore, the gene levels of TNF-α, IL-1β, IL-6, and IL-17 were increased. In contrast, the expression of IL-10 and sIgA was decreased in the jejunum and ileum. XFP treatment improved bone damage and intestinal mucosal immune disorders compared with the SD-CIA group. In addition, the distribution and function of the gut microbiota were altered in the SD-CIA group. After XFP treatment, the community and function of the gut microbiota were regulated, manifested as increased abundance of several Lactobacillus species, such as L. acidophilus, which regulates the intestinal Tregs/Th17 cells and quorum sensing pathways, followed by promoting probiotic adhesion to the intestines.



Conclusion

SD can aggravate bone destruction in CIA rats. Compound XFP may attenuate bone destruction in SD-CIA rats by regulating the intestinal microenvironment. One of the mechanisms is the cross-talk between sIgA secretion regulated by intestinal mucosal Tregs and Th17 cells and adhesion of Lactobacillus mediated by quorum sensing.





Keywords: Xiong Fu powder, collagen-induced arthritis, bone destruction, intestinal microenvironment, Lactobacillus



Introduction

Rheumatoid arthritis (RA) is a common chronic inflammatory systemic autoimmune disease characterized by synovial inflammation, joint swelling, and the destruction of bone or cartilage (McInnes and Schett, 2011). Focal bone destruction in inflammatory joints is a hallmark of RA and can lead to functional disability and the development of secondary osteoporosis (McInnes and Schett, 2011). Previous studies have demonstrated that the balance between T regulatory cells (Tregs) and T helper 17 (Th17) lymphocytes affects osteoclast (OC)–mediated bone destruction (Koyama and Tanaka, 2016; Xu et al., 2016; Zhao et al., 2018). In addition, disorders of the intestinal microenvironment, primarily composed of intestinal mucosal immunity and the gut microbiota, can affect the systemic immune system and lead to further bone destruction in RA  (Xu C et al., 2020; Xu Z et al., 2020).

In the intestinal microenvironment, intestinal mucosal immunity and the gut microbiota exhibit a bidirectional regulatory effect. It is well understood that strains from Lactobacillus, such as L. acidophilus (Yanagihara et al., 2014; Chen et al., 2015; Li et al., 2019; Pan et al., 2019), L. murinus (Wilck et al., 2017; Bernard-Raichon et al., 2021), L. johnsonii (Lau et al., 2011; Zheng et al., 2021), and L. reuteri (Mu et al., 2017), display strong immune regulation ability, especially with respect to Tregs and Th17 cells. On the other hand, enteric-related tissues such as mesenteric lymph nodes, Peyer’s patches (PPs) and lamina propria are rich in immune cells to resist attack from intestinal pathogens. Among them, secretory immunoglobulin A (sIgA), indirectly regulated by Tregs and Th17 cells, plays an important role in maintaining the intestinal barrier. Pan et al. found that by administering L. casei to adjuvant-induced arthritis (AIA) rats, the abundance of L. acidophilus was significantly increased, accompanied by downregulation of interleukin-17 (IL-17) and reduced destruction of articular bone (Pan et al., 2019). Our previous study also demonstrated that human umbilical mesenchymal stem cells (HUMSCs) upregulate ileal sIgA secretion and improve intestinal microflora abnormalities in collagen-induced arthritis (CIA) rats, which slowed the process of bone destruction (Li et al., 2020). Therefore, by maintaining intestinal microenvironment homeostasis, the systemic immune status can be improved, and bone protection can be exerted in RA.

According to the theory of traditional Chinese medicine (TCM), RA is a Chinese arthralgia syndrome, and spleen deficiency (SD) is one of the basic pathogeneses of RA. Patients with SD exhibit decreased metabolic levels and immune responses due to poor absorption function. Interestingly, many probiotics, such as Lactobacilli, are involved in lipid, carbohydrate, and amino acid metabolism (Drissi et al., 2017), and changes in their abundance and function affect the absorption of nutrients, which coincides with the cause of SD syndrome. Our previous studies have shown that a more obvious inflammatory response and degeneration of cartilage were observed in CIA rats with SD (SD-CIA) compared with CIA rats. In addition, mucosal immune function was downregulated (Xiao et al., 2003). The ancient prescription of Xiong Fu powder (XFP) is from the book named Pu Ji Ben Shi Fang of the Southern Song Dynasty, and its main function is to treat “a patient who had a weak spleen and stomach, invaded by wind-cold-dampness, and the defensive Qi does not cover the muscles”, which is, in fact, RA with SD. Our previous study found that XFP had a marked effect on SD-CIA (Xiao et al., 2007). XFP consists of 10 Chinese herbs, including Astragalus mongholicus Bunge., Atractylodes macrocephala Koidz., Saposhnikovia divaricata (Turcz. Ex Ledeb.) Schischk., and Glycyrrhiza glabra L. Interestingly, various herbs of XFP exhibited the ability to regulate the intestinal flora (Shi et al., 2019; Zou et al., 2021). However, it has not been reported whether SD aggravates CIA through the intestinal microenvironment or whether XFP can play an osteoprotective role by regulating intestinal microenvironment homeostasis.

In this study, the SD-CIA model was established by Rheum officinale Baill. purgation combined with CIA and treated with XFP, the mechanism by which XFP improved SD-CIA was researched with respect to the intestinal microenvironment. This study has an important implication for the selection of therapeutic targets and evaluation of the therapeutic effect of Chinese arthralgia syndrome treated from the spleen.



Materials and Methods


Animals

A total of 50 male Sprague–Dawley rats (210 ± 10 g) were purchased from the National Institutes for Food and Drug Control [animal licence number: SCXK (Beijing) 2019-0017]. Rats were housed in the Experimental Animal Centre of the Institute of Clinical Medical Sciences, China–Japan Friendship Hospital [Experiment Animal Centre licence number: SYXK (Beijing) 2016-0043]. In a standard light/dark cycle (6:00–18:00 light phase), the rats were maintained at a constant temperature of 23°C ( ± 2°C) with free access to standard rodent feed and water in a specific pathogen-free animal laboratory. All experimental procedures were reviewed, approved, and directed by the Institute of Clinical Medical Science, China–Japan Friendship Hospital (Ethics No. 190104).



Preparation of Decoction From Rheum officinale Baill. and XFP

Decoction from Rheum officinale Baill. (Polygonaceae, Rhei radix et rhizoma) (Beijing Tongrentang Co., Ltd., Beijing, China) was used to induce the SD rat model. In detail, 1 kg of Rheum officinale Baill. was made into powder and dissolved in 5 L of pure water followed by ultrasonication for 1 h. Then, the solution was filtered with four layers of gauze and centrifuged at 2,500 rpm for 5 min. The supernatant was collected and concentrated to 500 ml by rotary evaporation and stored at 4°C. XFP is composed of the following herbs: Astragalus mongholicus Bunge. (15 g, Fabaceae, Astragali radix), Atractylodes macrocephala Koidz. (15 g, Asteraceae, Atractylodis macrocephalae rhizome), Saposhnikovia divaricata (Turcz. Ex Ledeb.) Schischk. (10 g, Apiaceae, Saposhnikoviae radix), Glycyrrhiza glabra L. (10 g, Fabaceae, Glycyrrhizae radix et rhizome), Rehmannia glutinosa (Gaertn.) DC. (15 g, Scrophulariaceae, Rehmanniae radix praeparata), Angelica sinensis (Oliv.) Diels. (10 g, Apiaceae, Angelicae sinensis radix), Ligusticum chuanxiong Hort. (10 g, Apiaceae, Chuanxiong rhizoma), Bupleurum chinense DC. (10 g, Apiaceae, Bupleuri radix), Aconitum carmichaeli Debeaux. (10 g, Ranunculaceae, Aconiti lateralis radix praeparaia), and Cinnamomum cassia Presl. (10 g, Lauraceae, Cinnamomi cortex). The herbs were purchased from Beijing Tongrentang Co., Ltd. and identified by professor Jun He, Department of Pharmacy, China–Japan Friendship Hospital. Because of the poor solubility, XFP was made into water extract to reach the gavage dose. The preparation process of XFP decoction was as follows: The medicinal materials were mixed and made into powder, and then the powder was soaked in water at a ratio of 1:10 (v/v) for 1 h, decocted twice for 1 h each time after boiling. Finally, the collected liquid was concentrated into 100% decoction by rotary evaporation and stored at 4°C. The chemical fingerprints and ingredients of Rheum officinale Baill. and the XFP decoction were assessed by ultrahigh-performance liquid chromatography -Q exactive hybrid quadrupole -Orbit high resolution accurate mass spectrometry and presented in Supplementary Material 1.



Induction of the SD-CIA Rat Modelsand Treatments

After 3 days of acclimation, the rats were randomly divided into five groups with 10 rats in each group: the control group, SD group, CIA group, SD-CIA group, and XFP-treated SD-CIA group. Among them, the SD rat model and SD-CIA rat model were induced as previously described (Xiao et al., 2007). 1) SD rat model: Rats were administered a dose of Rheum officinale Baill. decoction at 10 g/kg/day irregular eating to cause SD in the first 2 weeks. Then, the rats were administered a dose of Rheum officinale Baill. decoction at 5 g/kg/day and remained irregular eating from the third week to the end of the experiment. 2). CIA rat model: Rats were immunized by intradermal injection of 50 µg of bovine type II collagen (Chondrex, Inc., Redmond, WA, USA) emulsified in isopyknic incomplete Freund’s adjuvant (IFA) (Chondrex) at the base of the tail. Seven days later, the same preparation was given on the other side of the tail for booster immunization. 3). SD-CIA rat model: This model is a combination of the SD rat model and CIA rat model. Briefly, rats were administered Rheum officinale Baill. decoction and irregular eating to establish an SD rat model. After 2 weeks, the rats were administered the first immunization to establish the CIA rat model.

After booster immunization in CIA and SD-CIA models, therapeutic intervention in rats began. The rats in the XFP group were administered XFP decoction at 23 g/kg/day (twice the human equivalent dose) once a day for 34 days. The other groups were intragastrically administered an equal volume of pure water (10 ml/kg/day). The entire experimental process is shown in Figure 1.




Figure 1 | Experimental schedule. Male Sprague–Dawley rats were divided into the control, CIA, SD, SD-CIA, and XFP groups. The SD, SD-CIA, and XFP groups were administered Rheum officinale Baill. decoction at 10 g/kg/day in the first 2 weeks and at 5 g/kg/day until being sacrificed. In addition, these three groups were treated with irregular eating from the beginning to the end of this experiment. Next, the CIA, SD-CIA, and XFP groups were immunized with an intradermal injection of 50 µg of IFA-emulsified bovine type II collagen on the base of the tail twice at 7-day intervals. Control group and SD group were given the same amount of normal saline by the same method. Then, the control, CIA, SD, SD-CIA, and XFP groups were intragastrically administered treatment for 34 days. At the end of the experiment, tissue samples were collected from control and SD group rats with an AI ≥ 1 in the other groups. CIA, collagen-induced arthritis; SD, spleen deficiency; SD-CIA, collagen-induced arthritis with spleen deficiency; XFP, Xiong Fu powder; AI, arthritis index; IFA, incomplete Freund’s adjuvant.





Evaluation of SD Syndrome and Arthritis of the Hind Limbs

According to the classical theory of TCM, research on standardization of TCM syndromes and the biological characteristics of rats (Du et al., 2012), the state of SD model rats primarily includes listlessness, narrow eyes, dry and dull hair, hunched posture, reduced physical activity, huddled posture, reduced food intake, weight loss, and loose stools.

The extent of hind limb swelling was assessed every 3 days from the day of administration. According to conventional criteria (Xiao et al., 2006), the severity of arthritis in each hind leg was expressed by the arthritis index (AI) scores, which ranged from 0 to 4 points: 0, no swelling or oedema; 1, detectable erythema and oedema limited to the digits; 2, slight erythema and oedema from digits to tarsal bone; 3, moderate erythema and oedema from foot to ankle; 4, maximal erythema and oedema at entire ankle. The maximum AI score was 8 points (4 points × 2 hind legs).



Microcomputed Tomography Analysis

Bone erosion was evaluated by microcomputed tomography (micro-CT). After 34 days of drug treatment, the left ankles and claws were collected and fixed in formalin for 7 days. Then, the samples were scanned using a SkyScan 1174 micro-CT scanner (Bruker, Belgium) to evaluate bone damage. N-Recon software was used for three-dimensional (3D) image reconstruction, and matched CT-AN software was used to quantify 3D images. The bone volume (BV) and bone surface (BS) of the tarsus were then calculated to assess changes in bone structure, and the BS/BV ratio was used to evaluate surface density.



Evaluation of Histopathological and Tartrate-Resistant Acid Phosphatase Staining of Ankle Joints

Haematoxylin-eosin (H&E) staining and tartrate-resistant acid phosphatase (TRACP) staining were used for histological scoring and bone damage evaluation of the ankle joints. After micro-CT, the claws and ankles were decalcified in 10% ethylene diamine tetraacetic acid (EDTA)–Na2 for 1 month. After progressive dehydration and transparency, the samples were embedded in paraffin, prepared into 7-µm-thick slices, and finally stained with H&E. Histological scores were assessed by the destruction of cartilage damage and bone damage, cell infiltration, synovial hyperplasia, pannus respectively, and the mean value of the above indicators as the overall observation index, and were scored on a criterion of 0-3 (0, normal; 1, weak; 2, moderate; and 3, severe) (Li et al., 2020). TRACP (Sigma, St. Louis, MO, USA) staining assay was used to quantify the OCs of ankle joint slice samples, which were identified by the presence of TRACP-positive multinucleated cells that contained at least three nuclei. Typical images were captured using the Leica Qwin image analysis software (Leica Microsystem, Germany).



Immunohistochemistry

The levels of sIgA in the jejunum and ileum were determined by immunohistochemistry (IHC) assay. After dewaxing and hydration, paraffin-embedded slices (5-µm-thick) of the jejunum and ileum were repaired with antigen by high pressure in citrate buffer (pH = 6.0). Then, the sample was incubated in 3% hydrogen peroxide (H2O2) in darkness, followed by goat serum blocking buffer at room temperature. Afterward, the ileum was incubated with goat anti-rat sIgA (Abcam, Cambridge, MA, USA; 1:400) overnight at 4°C and then treated with horseradish peroxidase–related species-specific secondary antibody for 20 min. The sections were stained with 3,3′-diaminobenzidine (DAB) and then counterstained with haematoxylin. Finally, random images were captured using a ZEISS Axio Observer 3 microscope, and the optical density of the positively stained area was examined using Image Pro-Plus.



Enzyme-Linked Immunosorbent Assay

The levels of anti–collagen type II antibody (Col II Ab) in the serum and sIgA in the ileum were detected using enzyme-linked immunosorbent assay (ELISA). The blood, jejunum and ileum were collected after 34 days of treatment. After being obtained from the abdominal aorta, blood was centrifuged (3,000 rpm, 10 min, 4°C). The jejunum and ileum were homogenized in normal saline at a ratio of 1:10 (g/v) followed by centrifugation (3,000 rpm, 10 min, 4°C). Both serum and homogenate were collected and stored at −80°C. Col II Ab and sIgA were measured using ELISA kits following the manufacturer’s protocol. The sIgA ELISA kit was obtained from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The Col II Ab ELISA kit was purchased from the Beijing Qisong Biotechnology Company (Beijing, China).



Flow Cytometry

PPs in small intestines were isolated. Then, similar to our previous study (Li et al., 2020), Tregs, Th17 cells, and the Tregs/Th17 cells ratio in PPs were evaluated using a FACS Canto II flow cytometer (FACS Canto II, Becton, Dickinson, Co., Franklin Lakes, NJ, USA). Briefly, PPs from the five groups were ground into single cells and filtered through a cell sieve. Antibodies against CD4+ and IL-17+ were used to identify Th17 cells. Antibodies against CD4+, CD25+, and Foxp3+ were used to stain Tregs (BD Pharmingen, San Diego, CA, USA).



Quantitative Real-Time Polymerase Chain Reaction

The quantitative real-time polymerase chain reaction (qRT-PCR) assay was used to detect the mRNA expression levels of tumor necrosis factor–α (TNF-α), IL-1β, IL-6, IL-10, and IL-17 in the ileum. According to the manufacturer’s recommended procedure, total RNA of the sample in rats was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then, the PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa, Tokyo, Japan) was used to conduct gDNA elimination and cDNA synthesis. SYBR premix Ex Taq (Tli RNaseH Plus) (TaKaRa) was used to perform qRT-PCR via a Quant Studio 5 real-time PCR system (Thermo Fisher Scientific, Waltham, MA, USA). The program was performed as follows: initial denaturation at 95°C for 30 s and amplification for 40 cycles at 95°C for 5 s and 60°C for 34 s. All experiments were repeated three times with three technical duplications, and the expression levels of relative mRNA were normalized to β-actin and determined using the 2−△△Ct method. The primers used in this experiment are shown in Supplementary Material 2.



Metagenomic Sequencing of the Gut Microbiota

The ileum intestinal contents were harvested, and microbial DNA was extracted using the Power Faecal DNA Kit (Qiagen, Valencia, CA, USA). After a series of pretreatments, the samples were amplified by PCR to form sequencing libraries. Then, the qualified libraries were sequenced using the Illumina sequencing platform. The original reads obtained by sequencing were quality-controlled and filtered to obtain clean reads. After splicing and assembly, the coding genes were predicted and annotated in the database. At the same time, clean reads were taxonomically analyzed, and the species composition, abundance of samples, and function based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database were statistically analyzed. In addition, association of pathways with dominant functions and the top 10 species in the XFP group was analyzed.



Statistical Analysis

All data are shown as the mean ± SEM. One-way analysis of variance followed by the least significant difference test was used to determine differences between groups. The Kruskal–Wallis H and Mann–Whitney U tests were used when data were not normally distributed. Significance was defined as P < 0.05 using SPSS 20.0 software.




Results


XFP Ameliorates Arthritis Progression in SD-CIA

After 34 days of XFP treatment, the symptoms of SD and arthritis progression in SD-CIA were ameliorated. Rats in the SD and SD-CIA groups were listless with dull hair and loose stools. After treatment with XFP, the state of the rats was improved, their hair became glossy, and their stool was molded. Similarly, as another important index for evaluating SD, as shown in Figure 2A, the body weight of rats was much lower in the SD and SD-CIA groups than in the control group from the first week of Rheum officinale Baill. intervention (P < 0.01), whereas the body weight was increased in the XFP group after 1 week of treatment compared with the SD-CIA group (P < 0.05). These results indicated that XFP ameliorated arthritis with SD.




Figure 2 | Therapeutic effect of XFP on a rat model of SD-CIA. (A) Body weight of each group. Weight was measured once a week. (B) Representative gross images of the ankle joint of each group on day 34 after treatment. (C) The line graph of AI scores every 3 days. (D) The levels of Col II Ab in the serum of each group. n = 10 (control and SD), n = 8 (CIA and SD-CIA), n = 9 (XFP)8. Data are presented as the mean ± SEM. #P < 0.05 and ##P < 0.01 compared to the control group; ☆P < 0.05 and ☆☆P < 0.01 compared to the CIA group; *P < 0.05 and **P < 0.01 compared to the SD-CIA group. XFP, Xiong Fu powder; Col II Ab, anti–collagen type II antibody; SD-CIA, collagen-induced arthritis with spleen deficiency; AI, arthritis index; CIA, collagen-induced arthritis; SD, spleen deficiency.



To determine the therapeutic effect of XFP in arthritis, the AI scores at the lesion location and serum Col II Ab in entirety were used. At the end of the experiment, more severe hind limb swelling occurred in the SD-CIA group than in the CIA group, and this swelling was distinctly relieved in the XFP group compared to the SD-CIA group (Figure 2B). The AI scores are shown in Figure 2C. Arthritis in the control and SD groups was as expected, with an AI score of 0. Seven days after modeling, the AI scores of the CIA model had nearly peaked. In general, the SD-CIA group displayed higher AI scores than the CIA group. After treatment, from day 28 onward, AI scores in the XFP group were significantly lower than those in the SD-CIA group (P < 0.05). The levels of Col II Ab in serum exhibited a similar trend to AI scores (Figure 2D). Col II Ab levels were significantly increased in the CIA group compared with the control group (P < 0.05), and Col II Ab levels in the SD-CIA group were significantly different from those in the CIA group (P < 0.05). After XFP treatment, the serum levels of Col II Ab were significantly lower than those of the SD-CIA group (P < 0.01) (Figure 2D). These findings suggested that although SD did not directly cause the formation of CIA, it significantly aggravated CIA. Furthermore, XFP showed the potential to slow the progression of arthritis with SD.



XFP Alleviates the Severity of Bone Erosion and Bone Destruction in SD-CIA

Next, changes in ankle joint pathology were examined using H&E staining (Figures 3A, D). Compared with the control group, the conditions of cartilage destruction, bone destruction, cell infiltration, synovial hyperplasiaand pannus formation were significantly aggravated in CIA group (P < 0.05, P < 0.01); Compared with CIA group, the above indexes were heavier (P < 0.05); Compared with SD-CIA group, XFP group showed significant improvement in these indicators (P < 0.05, P < 0.01).Taking the mean value of the above indicators as the overall observation index, the trend is similar to the above trend.




Figure 3 | Reduced bone destruction and joint damage effects of XFP in SD-CIA. (A) Representative images of ankle joint pathology shown through H&E staining. (B) Representative images of ankle joint micro-CT after treatment. (C) OCs in ankle was performed via TRACP staining. (D) Histological score of the ankle joints in each group shown by H&E staining. (E–G) Line plots showing the BS, BV, and BS/BV values of all groups. (H) OC counts after staining. The TRACP-positive multinucleated cells (>3 nuclei) were enumerated. n = 8. Data are presented as the mean ± SEM. #P < 0.05 and ##P < 0.01 compared to the control group; ☆P < 0.05 and ☆☆P < 0.01 compared to the CIA group; *P < 0.05 and **P < 0.01 compared to the SD-CIA group. XFP, Xiong Fu powder; CIA, collagen-induced arthritis; SD, spleen deficiency; SD-CIA, collagen-induced arthritis with spleen deficiency; micro-CT, microcomputed tomography; H&E, haematoxylin-eosin; OCs, osteoclasts; BS, bone surface; BV, bone volume.



In addition, micro-CT was used to evaluate the therapeutic effect of XFP on bone injury, and 3D reconstruction of the ankle joint is shown in Figure 3B. The BS, BV, and BS/BV values of the inflamed ankle were measured to quantify the degree of bone remodeling in the different groups (Figures 3E–G). The results demonstrated that the BS value of CIA was significantly different from that of the control group (P < 0.01), and the BS value in the SD-CIA group was higher than that in the CIA group (P < 0.01). After XFP treatment, the BS value had a decreasing tendency, but there was no significant difference compared to SD-CIA. The BV value was decreased in the SD-CIA group compared to the CIA group (P < 0.01), and XFP treatment increased it compared to the SD-CIA group (P < 0.05). With respect to the BS/BV value, we found that the CIA group still had bone destruction compared to the control group (P < 0.01), and the tendency of BS/BV was higher in the SD-CIA group than in the CIA group (P < 0.05). After XFP treatment, the BS/BV value was lower than that in the SD-CIA group (P < 0.05). On the one hand, the micro-CT results preliminarily confirmed our prediction that SD could aggravate the development of arthritis. These results also suggested that XFP inhibited joint damage.

Furthermore, the number of OCs in the ankle joints was measured using the TRACP assay to determine the severity of bone destruction. The results of TRACP (Figures 3C, H) showed that the number of OCs in the CIA group increased significantly compared to that in the control group (P < 0.01), and there was a significant difference between the SD-CIA and CIA groups (P < 0.01). In response to XFP intervention, the number of OCs in the XFP group decreased significantly compared to that in the SD-CIA group, which was also statistically significant (P < 0.01). The experiment also demonstrated that SD aggravated the bone destruction of joints, and XFP exerted a good therapeutic effect on SD-CIA.

In conclusion, SD might aggravate the development of CIA, whereas XFP exerted an obvious therapeutic benefit on SD-CIA.



XFP Regulates the Immune Status of Intestinal PPs

To investigate the effect of XFP on the PPs of the intestine, the percentages of Tregs and Th17 cells and the ratio of Tregs/Th17 cells in the PPs were evaluated using flow cytometry. The percentage of Tregs in the SD-CIA group was lower than that in the CIA group (P < 0.05). In contrast, the Treg percentage was higher in the XFP group than in the SD-CIA group (P < 0.05) (Figure 4A). The proportion of Th17 cells in the CIA group was upregulated compared to that in the control group (P < 0.05), and the SD-CIA group displayed a higher tendency than the CIA group (P < 0.05). However, after treatment with XFP, the proportion of Th17 cells was decreased compared to that in the SD-CIA group (P < 0.05) (Figure 4B). The ratio of Tregs/Th17 cells was decreased in the CIA group compared with the control group (P < 0.05), and in the SD-CIA rats, there was a lower tendency compared to the CIA group (P < 0.05). After XFP treatment, the Tregs/Th17 cells ratio was significantly upregulated compared to that in the SD-CIA group (P < 0.01) (Figure 4C). These results demonstrated that SD had a detrimental effect on immune function and that XFP treatment exerted an extensive regulatory effect on intestinal mucosal immune function in SD-CIA rats.




Figure 4 | The modulatory effect of XFP on the immune status of the PPs. The percentages of Tregs and Th17 cells and the Tregs/Th17 ratio in PPs were detected by flow cytometry. (A) Bar charts showing the percentage of Tregs by flow cytometry. (B) Bar charts showing the percentage of Th17 cells by flow cytometry. (C) The ratio of Tregs/Th17 cells in each group. n = 8. Data are presented as the mean ± SEM. #P < 0.05 compared to the control group; ☆P < 0.05 compared to the CIA group; *P < 0.05 and **P < 0.01 compared to the SD-CIA group. XFP, Xiong Fu powder; CIA, collagen-induced arthritis; SD, spleen deficiency; SD-CIA, collagen-induced arthritis with spleen deficiency; PPs, Peyer’s patches; Tregs, T regulatory cells; Th17, T helper 17.





XFP Modulates the Immune Status of the Ileum

The influence of XFP on ileal immune status was evaluated by detecting the expression of genes in the ileum using a qRT-PCR assay (Figures 5A–E). The CIA group exhibited upregulated expression of TNF-α, IL-1β, IL-6, and IL-17 and downregulated IL-10 levels in the ileum compared with the control group (P < 0.05 and P < 0.01, respectively), and the trend in the SD-CIA group was more significant than that in the CIA group (P < 0.05). Intervention with XFP significantly decreased TNF-α, IL-1β, IL-6, and IL-17 levels and increased levels of IL-10 compared to those in the SD-CIA group (P < 0.01) (Figures 5A–E). These results suggested that although SD had no significant effect on the immune state of the ileum, it aggravated the immune state disorder in CIA rats, and XFP treatment had an obvious therapeutic effect on the immune state of SD-CIA.




Figure 5 | The regulatory effect of XFP on immune status of jejunum and ileum. (A–E) RNA expression of TNF-α, IL-1β, IL-6, IL-10, and in the jejunum and ileum. (F) The relative concentration of sIgA in the jejunum and ileum as measured by ELISA. (G) Representative images of the expression of sIgA in the jejunum and ileum obtained by IHC. (H) Relative expression of sIgA in the jejunum and ileum via IHC. n = 8. Data are presented as the mean ± SEM. #P < 0.05 and ##P < 0.01 compared to the control group; ☆P < 0.05 and ☆☆P < 0.01 compared to the CIA group; **P < 0.01 compared to the SD-CIA group. XFP, Xiong Fu powder; CIA, collagen-induced arthritis; SD, spleen deficiency; SD-CIA, collagen-induced arthritis with spleen deficiency; TNF, tumor necrosis factor; IL, interleukin; qRT-PCR, quantitative real-time polymerase chain reaction; sIgA, secretory immunoglobulin A; ELISA, enzyme-linked immunosorbent assay; IHC, immunohistochemistry.



Because of the obvious variation in the contents of the intestinal tract, it is speculated that these effects may be caused by metabolites or antigens related to the intestinal microbiota. Therefore, we also examined the expression of sIgA using ELISA and IHC because sIgA is known to regulate intestinal microorganisms. ELISA suggested that sIgA levels in the CIA group were significantly lower than those in the control group (P < 0.05) and that sIgA levels in the SD-CIA group were lower than those in the CIA group (P < 0.05). XFP treatment upregulated sIgA levels compared to the SD-CIA group (P < 0.01) (Figure 5F). IHC experiments revealed that the protein expression density of sIgA in the CIA group was significantly decreased compared to that in the control group (P < 0.01). The density in the SD-CIA group was also significantly lower than that in the CIA group (P < 0.01). After XFP intervention, the density of sIgA protein expression increased significantly compared with that in the SD-CIA group (P < 0.01) (Figures 5G, H). These results suggested that CIA affected the intestinal tract mucosal immune barrier to a certain extent and reduced the pathogenic microorganism’s clearance rate, and the SD model might exacerbate this effect. In addition, XFP treatment affected sIgA levels, indicating that XFP treatments reshaped the immune barrier and reversed the regulatory function of the intestinal tract on intestinal bacteria.

The above results indicated that the immune barrier in CIA was impaired, and SD further aggravated the immune disorder in CIA, leading to a reduced clearance rate of pathogenic microorganisms and aggravating the occurrence of CIA. XFP treatment improved immune status and alleviated SD-CIA.



XFP Alters the Distribution of the Gut Microbiota in the Ileum

An increasing number of studies have shown that intestinal microorganisms play an important role in intestinal immune regulation (Xu C et al., 2020; Xu Z et al., 2020). Therefore, metagenomic sequencing of ileum contents was used to detect changes in the gut microbiota (Figure 6). Among the top 10 phyla in terms of abundance, Firmicutes were dominant, followed by Chlamydiae. The abundance of Firmicutes in the XFP group and Chlamydiae in the control group and Proteobacteria, Bacteroidetes, and Actinobacteria in the SD-CIA group was highest among the three groups. In addition, other phyla accounted for a certain proportion (Figure 6A). Next, the analysis of similarities (Anosim) was used to assess bacterial community similarity. The results showed that compared with the control group, the SD-CIA group and the XFP group were significantly different in their distribution of microflora at the genus level. However, there were no differences between the SD-CIA group and the XFP group (Figure 6B). The distribution of samples in each group was relatively concentrated, but one sample in the XFP group overlapped with the region in the SD-CIA group as determined using principal coordinates analysis (PCoA) (Figure 6C). Furthermore, linear discriminant analysis effect size (LEfSe) was used to identify the biomarkers in each group (Figure 6D). The control group had the most types of biomarkers, whereas L. acidophilus and its different biological classifications dominated in the XFP group. Finally, the 10 genera and species with the highest abundance in each group are shown in Figures 6E,F. Consistent with LEfSe, the abundance of Lactobacillus and L. acidophilus was highest in the XFP group. Specifically, at the species level, the abundances of L. murinus, L. reuteri, B. pseudolongum, P. excrementihominis, and F. bacterium M10-2 in the SD-CIA group were upregulated compared with those in the control group. Compared with the SD-CIA group, the abundance of the above bacteria was decreased in the XFP group. However, L. johnsonii exhibited the opposite trend. These results illustrated that SD-CIA altered the distribution of bacterial flora and that XFP restored bacterial community disorder to a certain extent.




Figure 6 | Effect of XFP on gut microbiota distribution in the ileum. (A) Relative abundance of the top 10 most abundant phyla in each group. (B) Boxplot of species composition based on Anosim. Data are presented as the medians (IQRs). (C) Differences in gut microbial communities among the groups as determined by PCoA. (D) The evolutionary branching diagram of gut microbiota using LEfSe analyses. Relative abundances among the groups at the genus (E) and species (F) levels. The data were transformed by log(10). N = 4 (control), N = 3 (SD-CIA and XFP). #P < 0.05 compared to the control group. XFP, Xiong Fu powder; CIA, collagen-induced arthritis; SD, spleen deficiency; SD-CIA, collagen-induced arthritis with spleen deficiency; IQR, interquartile range; Anosim, analysis of similarities; PCoA, principal coordinates analysis; LEfSe, linear discriminant analysis effect size.



In addition, according to the literature, we found that among the 10 strains with the highest abundance, five strains, including L. acidophilus (Yanagihara et al., 2014; Chen et al., 2015; Li et al., 2019; Pan et al., 2019), L. murinus (Wilck et al., 2017; Bernard-Raichon et al., 2021), L. johnsonii (Lau et al., 2011; Zheng et al., 2021), L. reuteri (Mu et al., 2017), and B. seudolongum (Bromberg et al., 2020), showed the ability to regulate Tregs and Th17 cells. This suggested that the therapeutic effect of XFP on SD-CIA rats might be related to the regulation of the intestinal microenvironment in which bacteria participate.



XFP Alters the Function of the Gut Microbiota in the Ileum

Furthermore, we conducted a comprehensive analysis of the functional modules in the gut microbiome to explore the potential mechanism underlying the effects of XFP administration using the KEGG database. At KEGG pathway level 1, Metabolism, Genetic Information Processing, and Cellular Processes pathways were identified. At KEGG pathway level 2, 22 pathways were enriched, including pathways related to the maintenance of bacterial survival: carbohydrate metabolism, amino acid metabolism, nucleotide metabolism, and energy metabolism under Metabolism of KEGG pathway level 1; the gene-related pathways: translation, replication, and repair under Genetic Information Processing of KEGG pathway level 1; and the pathways including signal transduction and cell motility belonging to Environmental Information Processing and Cellular Processes in level 1 (Figure 7A). The abundance of pathways generally conforms to conventional understanding. Then, sample similarity was assessed using non-metric multidimensional scaling (NMDS) analysis (Figure 7B). Except for one sample in the XFP group, the sample distribution of each group was relatively concentrated, suggesting that the composition of functional genes was similar within the group and different among the groups. Furthermore, LEfSe was used to identify pathways with significant differences among the groups. Several dominant pathways were obtained in each group. As the smallest unit of the pathway, quorum sensing contributed the most to KEGG pathway level 3 in the XFP group, followed by ABC transporters (Figure 7C).




Figure 7 | Effect of XFP on the function of gut microbiota in ileum contents. (A) Statistical map of KEGG metabolic pathway-related functional genes at level 2 in each group. (B) The differences in gut microbial communities among the groups by NMDS. (C) Diagram of the function of gut microbiota using LEfSe analyses. The data were transformed by log(10). n = 4 (control), n = 3 (SD-CIA and XFP). XFP, Xiong Fu powder; SD-CIA, collagen-induced arthritis with spleen deficiency; NMDS, non-metric multidimensional scaling; LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis.



Finally, we analyzed the association between the intestinal bacteria with high abundance and the KEGG pathway in level 3 that exerted a functional advantage in the XFP group. The results showed that except for C. abortus, F. bacterium M10-2, and P. excrementihominis, the other seven species were associated with the dominant pathways in the top 10 most abundant species. The pathways related to the high abundance of strains in the XFP group were quorum sensing and ABC transporters (Table 1). Recent reports have shown that the quorum sensing mechanism increases adherence to intestinal epithelial cells and that L. acidophilus can adhere to the intestinal epithelium and promote communication with the immune system (Buck et al., 2009). In addition, research has found that other strains can modulate immune responses via quorum sensing (Kariminik et al., 2017). Other pathways, such as those involving ABC transporters, are key processes to achieve self-immunity of bacteria (Smits et al., 2020).


Table 1 | Association analysis of pathways with dominant functions and the top 10 species in the XFP group.






Discussion

In the theory of TCM, “spleen” is a comprehensive functional unit involved in digestion and absorption, energy conversion, immunity, and the neuroendocrine system, and the syndrome of SD is a comprehensive manifestation of the reduced functions of these systems. In particular, clinical and experimental studies have shown that SD syndrome has a close relationship with immunology. Low immune function makes the body more susceptible to diseases and less likely to recover. Our available data indicated that SD-CIA rats displayed more severe joint inflammation and bone destruction than CIA rats, suggesting that SD aggravates the severity of CIA. XFP is an effective prescription for treating SD-CIA under the guidance of TCM theory (Xiao et al., 2007). Our results showed that XFP significantly alleviated SD-CIA joint swelling, inflammation, and joint bone destruction, suggesting that XFP exerts a beneficial effect on SD-CIA.

The intestinal microenvironment is primarily composed of the intestinal mucosal immune system and the gut microbiota, and these two systems affect each other to jointly maintain homeostasis of the intestinal microenvironment (Catrina et al., 2016). In a CIA model of animals and patients with RA, the intestinal mucosal immune system and gut microbiota were abnormal to varying degrees (Lucchino et al., 2019; Kishikawa et al., 2020). In addition, our previous studies have demonstrated this pathological change (Li et al., 2020).

Th17 cells and Tregs are abundant within the intestinal mucosa, where they protect the host from pathogenic microorganisms and restrain excessive effector T-cell responses, respectively (Omenetti and Pizarro, 2015). Acting as a bridge between intestinal mucosal immunity and the gut microbiota, Tregs and Th17 cells can affect the gut microbiota by regulating the secretion of sIgA. On the other hand, bacteria and their metabolites can also regulate the generation of intestinal Tregs or expansion of Th17 cells, which can actively affect intestinal mucosal immunity (Omenetti and Pizarro, 2015). Our study found that the proportion of Tregs/Th17 cells of PPs in the SD-CIA group was reduced, and this proportion was restored after XFP intervention. After modeling, TNF-α, IL-1β, IL-6, and IL-17, which are associated with Th17 cells function, were significantly upregulated, and IL-10, which is associated with Tregs, was significantly downregulated. After XFP intervention, the immune status of these disorders was improved. Moreover, sIgA secretion was, as expected, significantly reduced in the SD-CIA group, which was reversed after XFP treatment. These results are similar to those of other studies (Tong et al., 2015) and suggest that an intestinal mucosal immune disorder with Tregs/Th17 cells as the core in SD-CIA, with XFP administration, improves this situation.

Increasing evidence indicates that disorders of the gut microbiota are involved in the pathogenesis of RA (Kishikawa et al., 2020), and the process of RA can be alleviated by regulating Tregs and Th17 cells in the intestinal mucosa to improve the gut microbiome. After administering L. casei to AIA rats, Pan et al. found that arthritis symptoms were relieved and that the associated gut microbiota, especially Lactobacillus and L. acidophilus, as well as immune disorders were regulated (Pan et al., 2019). Interestingly, our results also suggested significant enrichment of Lactobacillus and L. acidophilus in response to XFP treatment. Many studies have shown that species from Lactobacillus, such as L. Acidophilus, L. Murinus, L. johnsonii, and L. reuteri, which were enriched, can modulate host immune responses, especially by regulating Tregs and Th17 cells (Yanagihara et al., 2014; Mu et al., 2017; Bernard-Raichon et al., 2021; Zheng et al., 2021), and L. johnsonii was verified in a double-blind, randomized trial in healthy adults (Marcial et al., 2017). In addition, another bacterium with high abundance, B. pseudolongum, has also been shown to regulate Treg-related IL-10 (Bromberg et al., 2020). On the basis of the discussion above, XFP regulates mucosal immunity by increasing the abundance of Tregs and Th17-related probiotics, affecting CIA bone metabolism.

In addition to abundance, the function of intestinal flora in RA was also changed. Kishikawa et al. found that the abundance of R6FCZ7 (REDOX related) in the metagenome of patients with RA was significantly lower than that of healthy controls, whereas metabolism-related pathways (fatty acid biosynthesis, mucoglycan degradation, etc.) were significantly enriched (Kishikawa et al., 2020). Because of species differences, the pathways enriched in the SD-CIA group were metabolism-related pathways, such as cyanoamino acid metabolism. After treatment with XFP, quorum sensing and ABC transporters, etc., made high functional contributions. Bacterial quorum-sensing molecules are one of the primary means allowing communication between bacterial cells or populations. Recent reports have shown that the quorum sensing mechanism of L. acidophilus increases adherence to intestinal epithelial cells (Buck et al., 2009). In addition, quorum sensing modulates immune responses (Kariminik et al., 2017). ABC transporters have multiple roles, including nutrient uptake, exporting signaling molecules or toxic compounds such as xenobiotics and toxic metabolites, as well as conferring cells with multidrug resistance. Nutrient uptake is typically mediated by ABC importers, whereas ABC exporters mediate the export of toxic molecules out of cells, so this pathway is a key process for achieving self-immunity of bacteria (Smits et al., 2020). Therefore, he mechanism by which XFP improves SD-CIA may be related to quorum sensing increasing probiotic adhesion and maintaining autoimmunity through ABC transporters. However, the specific mechanism of XFP in increasing probiotic adhesion and maintaining the autoimmunity of strains needs to be further verified.



Conclusions

SD can aggravate bone destruction in CIA. Compound XFP may attenuate SD-CIA bone destruction by regulating the intestinal microenvironment. One of the mechanisms is the cross-talk between sIgA secretion regulated by intestinal mucosal Tregs and Th17 cells and adhesion of Lactobacillus mediated by quorum sensing (Figure 8).




Figure 8 | Therapeutic mechanism of XFP in the SD-CIA rat models. XFP, Xiong Fu powder; CIA, collagen-induced arthritis; SD, spleen deficiency; SD-CIA, collagen-induced arthritis with spleen deficiency.
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Gut-derived lipopolysaccharide (LPS) leaking through the dysfunctional intestinal barrier contributes to the onset of non-alcoholic steatohepatitis (NASH) by triggering inflammation in the liver. In the present study, a combination consisting of Atractylodes macrocephala polysaccharide (A), chlorogenic acid (C), and geniposide (G) (together, ACG), was shown to ameliorate NASH in mice and reduce hepatic LPS signaling and endotoxemia without decreasing the abundance of identified Gram-negative bacteria through restoring the intestinal tight junctions. Our data indicated that inhibition of LPS gut leakage by the ACG combination contributed to its amelioration of NASH.
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1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is the subject of increasing concern not only in clinical practice but also in the basic research field because of its high global prevalence and close association with metabolic comorbidities including obesity, diabetes mellitus, and cardiovascular disease. In the wide spectrum of NAFLD histological features, non-alcoholic steatohepatitis (NASH) is an important pathological stage bridging steatosis to fibrosis (G.B.D. Mortality, 2016). Many drugs for NASH are undergoing clinical trials, including peroxisome proliferator-activated receptor agonists, mitochondrial pyruvate carrier inhibitor, ketohexokinase inhibitor, farnesoid X receptor agonist, liver X receptor alpha inhibitor, fibroblast growth factor analogs, glucagon-like peptide and glucose-dependent insulinotropic peptide receptor analogs or agonists, thyroid hormone receptor–selective agonist, fatty acid synthesis enzyme inhibitors, glucocorticoid receptor antagonist, and growth hormone releasing hormone analog (Negi et al., 2022). However, so far, only pioglitazone and vitamin E were recommended to treat biopsy-proven NASH (Chalasani et al., 2018), due to the undisclosed endpoints of these clinical trials. Meanwhile, the side effects also limited the use of these drugs.

In China, traditional Chinese medicine is considered as an important alternative strategy for the treatment of NASH. The Branch of Gastrointestinal Diseases, China Association of Chinese Medicine, has published an expert consensus on traditional Chinese medicine diagnosis and treatment of NAFLD and recommended traditional Chinese medicinal herbs and treatment principles for NAFLD ((Branch of Gastrointestinal Diseases China Association of Chinese Medicine, 2017). We previously screened many active components of traditional Chinese herbs on NAFLD in mice induced by a high-fat diet (HFD) and obtained a combination consisting of Atractylodes macrocephala polysaccharide (A, 266.67 mg/kg body weight), chlorogenic acid (C, 3.3 mg/kg body weight), and geniposide (G, 45 mg/kg body weight) (Meng et al., 2016). Atractylodes macrocephala polysaccharide is the primary component extracted from Atractylodis Macrocephalae Rhizoma, which was traditionally used to improve the function of the digestive system and is recorded in “Compendium of Materia Medica” (Bencao Gangmu), a pharmaceutical monograph written in the Qing dynasty of ancient China. Chlorogenic acid and geniposide are derived from Yin-Chen-Hao Tang, which was traditionally used to reduce heat and dampness and has been demonstrated to protect hepatocytes (Dong et al., 2012). ACG combination was found to ameliorate hepatic lipid accumulation and inflammatory infiltration significantly (Meng et al., 2016).

As the role of gut microbiota and intestinal barrier dysfunction in the onset of NASH are increasingly recognized, the gut-derived lipopolysaccharide (LPS) has been demonstrated to participate in the pathogenesis of NASH (Dai and Wang, 2015). In the present study, the effect of the ACG combination on NASH was evaluated and its potential acting mechanisms on hepatic inflammation caused by gut-derived LPS was investigated. Sodium butyrate (NaB) was used as the positive control drug, since it has been shown to protect intestinal tight junctions (Wang et al., 2012) and improve steatohepatitis (Zhou et al., 2017).



2 Materials and Methods


2.1 Material

Atractylodes macrocephala polysaccharide, chlorogenic acid {International Union of Pure and Applied Chemistry (IUPAC) name: (1S,3R,4R,5R)-3-[(E)-3-(3,4-dihydroxyphenyl)prop-2-enoyl]oxy-1,4,5-trihydroxycyclohexane-1-carboxylic acid; purity, >98%}, and geniposide {IUPAC name: methyl (1S,4aS,7aS)-7-(hydroxymethyl)-1-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate; purity, >98%} were purchased from Shanghai Winherb Medical Technology Co., Ltd. (Shanghai, China). The botanical names have been updated according to The Plant List database (http://www.theplantlist.org).



2.2 Preliminary Chemical Analysis of Atractylodes macrocephala Polysaccharide

As described previously (Saha and Brewer, 1994), Atractylodes macrocephala polysaccharide was analyzed to contain 73.64% total carbohydrate (Supplementary Table 1, Supplementary Figure 1). Gas chromatograph–mass spectrometer (Thermo Fisher Scientific, Inc., FL, USA) was employed to analyze the carbohydrate composition of Atractylodes macrocephala polysaccharide in accordance with the protocol, which showed 5.76% arabinose and 94.24% glucose (Supplementary Figure 2).



2.3 Study Setting

Male C57BL/6 mice (6 weeks old; Shanghai Experimental Animal Center of Chinese Academy of Sciences, Shanghai, China) were randomly divided into control (n = 9, control diet, D12450B, 10% kcal from fat; Research Diets, Inc., NJ, USA), HFD (n = 9, D12492, 60% kcal from fat; Research Diets, Inc., NJ, USA), ACG (n = 9, fed with HFD), and NaB (n = 9, fed with HFD) groups. At the beginning of the 13th week, mice in ACG and NaB groups were, respectively, administrated with the ACG combination (Atractylodes macrocephala polysaccharide, 266.67 mg/kg body weight; chlorogenic acid, 3.3 mg/kg body weight; and geniposide, 45 mg/kg body weight, daily) (Meng et al., 2016) and NaB (200 mg/kg body weight daily; Sigma-Aldrich, USA) (Zhou et al., 2017) intragastrically for 4 weeks. The others were administrated with double distilled water. At the end of the 16th week, the blood from the caudal vena cava, liver, and colon tissue and the colonic feces were harvested for assay. All animals received humane care and the animal study protocols were approved by the animal studies ethics committee of the Shanghai University of Traditional Chinese Medicine.



2.4 Histopathology Examination

The histological changes were illustrated via hematoxylin and eosin staining (Nanjing Jiancheng Institute of Bio Engineering, Inc., Nanjing, China). The NAFLD activity score (NAS) system was employed to evaluate hepatic histology, and NAS of > 5 is diagnosed as NASH (Supplementary Table 2) (Kleiner et al., 2005). The colonic histological injury was evaluated by the parameters including epithelial cell injury/loss, mucin (goblet cell) loss, mucosal edema, and the degree of inflammatory cells within the lamina propria and in the epithelial layer (intraepithelial lymphocytes) (Keshavarzian et al., 2001). The hepatic collagen was visualized by Sirius Red staining. The lipid droplets in hepatocyte were visualized via Oil Red staining (Sigma, MO, USA) on frozen tissue.



2.5 Alanine Aminotransferase and Triglyceride Assays

The assay kits of alanine aminotransferase (ALT) (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and triglyceride (TG) (Dongou Diagnostic Products Co., Ltd., Zhejiang, China) were used to determine ALT activity in the plasma and hepatic TG content according to the instructions.



2.6 Real-Time Polymerase Chain Reaction

Total RNA was extracted from the liver tissue (Total RNA Extractor, Sangon Biotech, Inc., Shanghai, China) and then reversely transcribed into complementary DNA (cDNA) (iScript™ cDNA Synthesis Kits, Bio-Rad, CA, USA). With the special primers (Supplementary Table 3) and commercial kit (TB Green™ Premix Ex Taq™, TaKaRa Bio, Inc., Japan), real-time polymerase chain reaction (PCR) was conducted to detect mRNA expression of hepatic collagen I, IV, CD14, and myeloid differentiation primary response 88 (MyD88) (Applied Biosystems ViiA7) (Thermo Fisher Scientific, CA, USA). The expression of target gene was calculated by the delta-delta Ct method and presented as the fold changes relative to control.



2.7 Assay for LPS and D-Lactic Acid Content

The blood samples collected from the caudal vena cava in pyrogen-free and heparin-pretreated tubes were centrifuged (500g, 15 min, 4°C) to obtain plasma. LPS content was measured by a Pyrochrome Limulus Amebocyte Lysate kit (Associates of Cape Cod, East Falmouth, MA). The PicoProbe D-Lactate Assay Kit (Fluorometric) (ab174096, Abcam, MA, USA) was employed to measure D-lactic acid in the plasma.



2.8 Immunofluorescence Staining

The immunofluorescence staining of hepatic F4/80, colonic ZO-1, and Occludin was conducted as described previously (Peng et al., 2018). The primary and secondary antibodies were listed in Supplementary Table 4. The fluorescence signal of target protein was visualized and observed under laser scanning confocal microscope (OLYMPUS-FV10i, Olympus Corporation, Tokyo, Japan).



2.9 Enzyme-Linked Immunosorbent Assay

Commercial enzyme-linked immunosorbent assay (ELISA) kits were used for assay of LPS-binding protein (LBP) (CKM043, Cell Sciences, Inc., MA, USA), tumor necrosis factor (TNF)–α (MBS49535, MyBioSource, Inc., CA, USA), and interleukin (IL)–1β (MBS036031, MyBioSource, Inc., CA, USA) as described previously (Peng et al., 2018).



2.10 Gut Microbiota Analysis

The composition of gut microbiota was analyzed by sequencing of bacterial 16S rRNA (V3–V4 region) in colonic feces, which was a contract service offered by Shanghai OE Biotech. Co., Ltd. (Shanghai, China). The total genomic DNA of gut microbiota was extracted and purified according to the previous protocol (Leng et al., 2020). The PCR amplification of V3–V4 variable regions of 16S rRNA genes was conducted with universal primers (343F: 5′-TACGGRAGGCAGCAG-3′; 798R: 5′-AGGGTATCTAATCCT-3′). Please find the dataset at https://data.mendeley.com/datasets/fzfnyxn5rm/1. As described previously (Leng et al., 2020), the same operational taxonomic units (OTUs) were consisted of valid tags with 97% similarity via Vsearch software (Edgar et al., 2011). OTU was annotated and blasted against Silva database version 123 (Quast et al., 2013) by using Ribosomal Database Project (RDP) classifier (confidence threshold was 70%).

Quantitative Insights Into Microbial Ecology (QIIME) software package was employed to analyze alpha diversity including Chao, Shannon–Wiener, Simpson, and Good’s coverage index. Beta-diversity was measured via Bray–Curtis distance matrix and then build principal coordinates analysis (PCoA) plots with QIIME (1.8.0). The distance among the samples was calculated with the unweighted pair group method with arithmetic mean (UPGMA) clustering method. Analysis of similarities (ANOSIM) was performed to identify the difference of microbiota composition among the groups.



2.11  Western Blot Analysis

The protein expression of tight junctions including ZO-1, Occludin, and Claudin-1 in the colon tissue was detected via Western blot analysis as described previously (Peng et al., 2009). The primary and fluorescence-tagged secondary antibodies were summarized in Supplementary Table 4. The fluorescent signal of target protein was obtained via scanning the membranes by Odyssey quantitative Western blot near-infrared system (LI-COR Biosciences, NE, USA), and the intensity of target band was calculated by using Odyssey application software version 3.0 (LI-COR Biosciences, NE, USA) and corrected with the intensity of β-actin. Data were represented as the fold changes relative to control.



2.12 Statistical Analysis

After analysis of variance test, the Student’s t-test was employed to analyze the statistical significance between two groups. Data were expressed as mean ± standard deviation. The Kruskal–Wallis H-test was employed to analyze the statistic difference among more than two groups for the non-parametric data. Significance was accepted at the level of P < 0.05. The data of 16S sequencing were analyzed by bioinformatics methods mentioned in Section 2.10.




3 Results


3.1 ACG Combination Alleviated NASH Induced by HFD

Obvious steatosis, ballooning, and inflammation were observed in mice in the HFD group (Figures 1A, B). The median of NAS increased up to 7 in the HFD group (p < 0.01, vs. control), which indicated NASH had been established (Figure 1E). Consistently, body weight, serum ALT, and hepatic TG all increased (p < 0.01, vs. control) in the HFD group (Figures 1D, E). With treatment with ACG or NaB, the pathological changes in the liver including steatosis, ballooning, and inflammation were ameliorated (Figures 1A, B). The median of NAS in the ACG and NaB group decreased to 1, which indicated that NASH induced by HFD was alleviated by ACG or NaB treatment (p < 0.01, vs. HFD) (Figure 1E). Simultaneously, body weight (p < 0.05, vs. HFD), serum ALT (p < 0.05, vs. HFD), and hepatic TG (p < 0.01, vs. HFD) all decreased with the administration of ACG or NaB compared with those in the HFD group (Figures 1D, E).




Figure 1 | Effects of Atractylodes macrocephala polysaccharide, chlorogenic acid, and geniposide combination on non-alcoholic steatohepatitis induced by high-fat diet. (A) Hematoxylin and eosin staining of liver tissue (×200 magnification). (B) Oil Red staining of liver tissue (for visualization of lipid droplets, ×200 magnification). (C) Sirius Red staining of liver tissue (for visualization of collagen, ×100 magnification). (D) Body weight, ALT activity in the plasma, and hepatic TG content. (E) NAFLD activity score. Data represented the median of groups and individual NAS of samples. (F) Hepatic mRNA expression of collagen I and collagen IV. CTR, control, HFD, high-fat diet; ACG, combination consisting of Atractylodes macrocephala polysaccharide, chlorogenic acid, and geniposide; NaB, sodium butyrate; NAFLD, non-alcoholic fatty liver disease. *p < 0.05 and **p < 0.01.



With HFD feeding for 16 weeks, mild fibrosis was observed in the perisinus area (Figure 1C), which was consistent with the increased mRNA expression of collagen I and IV (p < 0.01, vs. control) in the HFD group (Figure 1F). In Sirius Red–stained sections, the difference of fibrosis was not obvious between the ACG- or NaB-treated group and the HFD group (Figure 1C), but the mRNA expression of collagen I and IV both decreased (p < 0.01, vs. HFD) with ACG or NaB administration (Figure 1F).



3.2 ACG Combination Ameliorated LPS Signaling in the Liver and Endotoxemia Induced by HFD

In the HFD group, the LPS level in the plasma increased (p < 0.01, vs. control) accompanied with more Kupffer cells infiltration in the liver tissue visualized by the stronger positive- staining of F4/80 (Figures 2A, B). As expected, the hepatic LBP content (p < 0.01, vs. control), the mRNA expression of CD14 and MyD88 (p < 0.05, vs. control), as well as the hepatic IL-1β and TNF-α content (p < 0.01, vs. control) (Figure 2C) increased in the HFD group compared with that in the control.




Figure 2 | Effects of Atractylodes macrocephala polysaccharide, chlorogenic acid, and geniposide combination on lipopolysaccharide signaling and endotoxemia in non-alcoholic steatohepatitis induced by high-fat diet. (A) Immunofluorescence staining for F4/80 in the liver tissue (×600 magnification). (B) The LPS level in the plasma, the hepatic LBP content, and the mRNA expression of CD14 and MyD88 in the liver tissue. (C) The hepatic content of IL-1β and TNF-α. CTR, control; HFD, high-fat diet; ACG, combination consisting of Atractylodes macrocephala polysaccharide, chlorogenic acid, and geniposide; NaB, sodium butyrate; LPS, lipopolysaccharide; LBP, lipopolysaccharide-binding protein; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor–α. *p < 0.05 and **p < 0.01.



With the treatment with ACG or NaB, endotoxemia ameliorated (p < 0.05, ACG vs. HFD, p < 0.01, NaB vs. HFD), and rarer positive staining of F4/80 was observed in the liver. At the same time, hepatic LBP (p < 0.01, vs. HFD), mRNA expression of CD14 and MyD88 (p < 0.05, vs. HFD), and hepatic TNF-α (p < 0.01, vs. HFD) and IL-1β (p < 0.01, ACG vs. HFD, p < 0.05, NaB vs. HFD) were all lower than in the HFD group. (Figures 2B, C).



3.3 ACG Combination Changed the Community Structure of Gut Microbiota Without Decreasing Relative Abundance of Gram-Negative Bacteria in NASH

To determine whether ACG treatment reduced the abundance of Gram-negative bacteria, the source of LPS, in the intestine, the community structure of gut microbiota was assayed. The alpha diversity of gut microbiota illustrated by Chao 1, observed species, Simpson, and Shannon index indicated less species diversity in samples of the ACG group than in the HFD and control groups (Supplementary Table 5). The sequencing depth covered rare new phylotypes and most of the diversity, which was supported by Good’s coverage estimator and Specaccum species accumulation curve (Supplementary Figure 3).

With Bray–Curtis–based PCoA, three distinct clusters of microbiota composition were observed (Figure 3A). It was intuitively visualized by the UPGMA clustering analysis that most samples of the HFD and NaB groups were clustered together and far from that of the control and ACG group (Figure 3B). Although ACG samples were clustered with one HFD sample, a significant difference between the HFD and ACG groups was detected (R statistic = 0.75; ANOSIM, 999 permutations; P = 0.001).




Figure 3 | Effects of Atractylodes macrocephala polysaccharide, chlorogenic acid, and geniposide combination on the community construction of gut microbiota in non-alcoholic steatohepatitis induced by high-fat diet. The diversity of gut microbiota was analyzed by sequencing of bacterial 16S rRNA (V3–V4 region). (A) Bray–Curtis–based principal coordinates analysis (PCoA) analysis of the gut microbiota composition. (B) The unweighted pair group method with arithmetic mean (UPGMA) clustering of the gut microbiota. (C) The relative abundance of genus in the gut microbiota. •, more abundant; ○, less abundant. (D) The average phylum distribution of the gut microbiota. The information of Gram staining of bacteria was identified on the NIBC database of taxonomy (https://www.ncbi.nlm.nih.gov/taxonomy/). (E) Relative abundance of Gram-negative bacteria in gut microbiota. CTR, control; HFD, high-fat diet; ACG, combination consisting of Atractylodes macrocephala polysaccharide, chlorogenic acid, and geniposide; NaB, sodium butyrate.



Compared with the control group, the relative abundance of 19 identified genera was statistically changed by HFD feeding (p < 0.05), including one genus in phylum of Actinobacteria, two in Bacteroidetes and Proteobacteria, respectively, and 14 genera in Firmicutes (Figure 3C). With the treatment with the ACG combination, the relative abundance of the seven identified genera changed compared with that of the HFD group (p < 0.05), in which the decreased relative abundance of Erysipelatoclostridium and Jeotgalicoccus in the HFD group was restored in the ACG group (Figure 3C). However, with the NaB treatment, no obvious difference in the relative abundance of genera was observed compared with that of the HFD group (p > 0.05) (Figure 3C).

To investigate whether regulation of the composition of gut microbiota by the ACG combination contributed to its inhibition of gut leakage of LPS, the relative abundance of the Gram-negative bacteria was analyzed. In the HFD group, the relative abundance of identified Gram-negative genera was increased but not statistically significant compared with that in the control group. However, in the ACG group, the relative abundance of identified Gram-negative genera did not decrease significantly compared with that in the HFD group, which indicated that other mechanisms participated in the amelioration of endotoxemia. (Figures 3D, E; Supplementary Table 6).



3.4 ACG Combination Restored the Protein Expression of Intestinal Tight Junction in NASH

With HFD feeding, few pathological changes were found in the colon under the light microscope, but the protein expression of tight junctions including ZO-1 and Occludin was obviously downregulated (p < 0.05) (Figures 4A, C). The protein expression of Claudin-1 in the colon tissue was not different among groups (Figures 4A, C). With the treatment of the ACG combination (p < 0.01, vs. HFD) or NaB (p < 0.05, vs. HFD), ZO-1 and Occludin protein in the colon tissue was restored, which indicated that the inhibition on LPS gut leakage by the ACG combination or NaB was probably associated with the protection on the intestinal barrier function (Figures 4A, C). Consistently, the marker of gut leakage, D-lactic acid in the plasma increased in the HFD group and was inhibited by the ACG or NaB treatment (Figure 4B).




Figure 4 | Effects of Atractylodes macrocephala polysaccharide, chlorogenic acid, and geniposide combination on tight junction protein expression in the colon tissue and D-lactic acid in the plasma in non-alcoholic steatohepatitis induced by high-fat diet. (A) Protein expression of ZO-1, Occludin, and Claudin-1 in the colon tissue detected by Western blot and the intensity analysis of target band. The expression of target proteins were corrected by β-actin and represented as the fold changes relative to control. (B) Immunofluorescence staining of ZO-1 and Occludin in the colon (×600 magnification). White arrow points out the tight junction disruption. (C) D-lactic acid content in the plasma. CTR, control; HFD, high-fat diet; ACG, combination consisting of Atractylodes macrocephala polysaccharide, chlorogenic acid, and geniposide; NaB, sodium butyrate. *p < 0.05 and **p < 0.01.






4 Discussion

The causal role of intestinal microbiota in NAFLD has been demonstrated. Transplantation of the gut microbiota of NAFLD mice to the germ-free mice caused steatosis in the liver tissue (Le Roy et al., 2013). A mixture of Streptococcus thermophilus and several species of Lactobacillus and Bifidobacterium improved the liver histology and serum ALT and reduce the hepatic content of fatty acid in ob/ob mice (Li et al., 2003).

In our study, with HFD feeding, the community structure of intestinal microbiota was obviously changed and accompanied by NASH. Compared with the control group, the relative abundance of genera Bacteroides, Peptococcus, Intestinibacter, and Romboutsia and members of family Lachnospiraceae (Lachnospiraceae_UCG_006, Lachnospiraceae_UCG_008, and Roseburia) and Ruminococcaceae (Ruminococcaceae_UCG_010) were upregulated with HFD feeding. The functions of these bacteria have been reported previously except genera Intestinibacter. Genus Bacteroides, Gram-negative, produces branched-chain amino acid (Canfora et al., 2019), which is correlated to obesity and insulin resistance in animal and human models (Lynch and Adams, 2014; Moran-Ramos et al., 2017). Bacteroides express gadB/gadC gene coding Gamma-amino butyric acid (GABA) (Yunes et al., 2016), which was reported to be higher in the brain of patients of type 2 diabetes (Farzi et al., 2019). Genus Peptococcus ferments amino acids to produce polyamines (Canfora et al., 2019), which improve glucose homeostasis and insulin sensitivity and ameliorate obesity in mouse models (Ramos-Molina et al., 2019). However, mice in the HFD group were still insulin-resistant (Supplementary Figure 4A) with much higher fasting glucose and insulin levels compared with those in the control group, which indicated that this relatively abundant genus Peptococcus (the relative abundance was around 0.5%) in the HFD group was not sufficient to defend against the phenotype induced by HFD. Genus Romboutsia is beneficial and contains fermentative bacteria (Hasan et al., 2018). The Lachnospiraceae and Ruminococcaceae family contains protective gut commensal strains (Sanders et al., 2019), producing short-chain fatty acids (SCFAs) (Canfora et al., 2019) to provide energy for enterocytes locally and maintain theintegrity of the intestinal epithelial barrier (Kaiko et al., 2016), whereas the Lachnospiraceae family also contains a strain that significantly increases fasting blood glucose in colonized germ-free ob/ob mice (Kameyama and Itoh, 2014).

On the other hand, compared with the control group, the relative abundance of genera Allobaculum, Turicibacter, Parasutterella, Enterobacter, Sporosarcina, Bacillus, Parabacteroides, Bifidobacterium, Erysipelatoclostridium, and Jeotgalicoccus and members of the Lachnospiraceae family (Lachnospiraceae_NK4A136_group) were downregulated by HFD feeding. Genus Allobaculum (Zhang et al., 2015) and Turicibacter (Bosshard et al., 2002) and members of the Lachnospiraceae family (Bajaj, 2019) produce SCFAs (Bosshard et al., 2002; Teixeira et al., 2018). Genera Sporosarcina (Priyodip and Balaji, 2019) and Bacillus (Bajaj, 2019) are potential probiotics. Bifidobacterium is probiotics (Stadlbauer et al., 2008), which is associated with amelioration of NASH (Malaguarnera et al., 2012). Parabacteroides (Yunes et al., 2016) and Bifidobacterium (Yunes et al., 2016) express GABA. Consistently, Parasutterella decreased with HFD feeding (Kreutzer et al., 2017) and increased with sugar (Noble et al., 2017) and alcohol consumption (Zhang et al., 2017). Enterobacter is Gram-negative and contains endotoxin (Bajaj, 2019). Genus Erysipelatoclostridium contains opportunistic strains (Shao et al., 2017).

After treatment with the ACG combination, the composition of gut microbiota was significantly different from the HFD group, whereas NaB had no obvious effects on the composition of gut microbiota. NaB was reported to regulate gut microbiota in NAFLD and inflammatory bowel disease, but it was administrated with 200–300 mg/kg/day for 8–12 weeks in those experiments (Zhou et al., 2017; Fang et al., 2019; Yu et al., 2019; Facchin et al., 2020) In the ACG-treated group, the relative abundance of the genus Bacteroides and members of the Lachnospiraceae family (Lachnospiraceae_UCG_006) increased, whereas genera Bifidobacterium, Parabacteroides, and Bacillus decreased compared with the HFD group. The decreased abundance of genera Erysipelatoclostridium and Jeotgalicoccus by HFD feeding was restored by the ACG treatment. Meanwhile, the ACG treatment appeared to reduce the alpha diversity of intestinal microbiome, which is usually recognized as a negative index of intestinal health. However, in actual fact, the alpha diversity of intestinal microbiomes in NAFLD was reported ambiguously. Lower alpha diversity was observed in the gut microbiome of patients with NAFLD (Schwimmer et al., 2019; Pan et al., 2021). However, it was also reported that there was no significant difference in alpha diversity in the gut microbiotomes of patients with NAFLD and healthy controls (Zhao et al., 2019; Iwaki et al., 2021). In addition, in female patients with NAFLD, even higher microbial alpha diversity was observed (Shi et al., 2021).

It appears hard to explain the increased gut leakage of LPS by HFD feeding and the decreased gut leakage of LPS by the ACG treatment only based on the identified functions of the differential bacteria. Hence, we looked closely into the relative abundance of identified Gram-negative bacteria, the source of LPS. The abundance of Gram-negative bacteria in the HFD group increased with no statistical significance compared with that of the control group. However, as unexpected, the relative abundance of identified Gram-negative bacteria in the ACG combination group was not decreased compared to that in the HFD group, which cannot explain the endotoxemia caused by HFD feeding and the amelioration of endotoxemia by the ACG combination in NASH.

It has been demonstrated that compared with the healthy subjects, significantly increased intestinal permeability was observed in patients or experimental animals with NASH (Dai and Wang, 2015), which appears to be caused by the disruption of intercellular tight junctions in the intestine, the key factor of gut mucosa barrier function (Miele et al., 2009). In NASH, the disruption of tight junction allows bacteria and toxic molecules, such as LPS, to translocate from the intestine to the portal vein and eventually to the liver. Increased LPS entering the liver recruits and activates Kupffer cells to produce proinflammatory cytokines. As shown in the present study, the increased F4/80 positive area, the mRNA expression of CD14 and MyD88, and the levels of LBP, IL-1β, and TNF-α in the liver were accompanied with an increased LPS level in the plasma with HFD feeding, which indicated activation of Kupffer cells in the liver tissue in NASH.

In the present study, the disruption of tight junction in the colon was detected in the HFD-fed mice accompanied with increased NASH. The ACG combination restored the protein expression of tight junction in parallel with the inhibitory effect on LPS gut leakage, which indicated that the amelioration of endotoxemia by the ACG combination was associated with its protection on intestinal tight junction in NASH. NaB also restored the protein expression of intestinal tight junctions and ameliorated endotoxin signaling including downregulation on hepatic LBP, CD14, IL-1β, and TNF-α, although it had no effect on hepatic MyD88.

Consistently, an inhibitor of intestinal permeability was demonstrated to have a positive effect on patients with NAFLD in a recently finished phase II clinic trial (Kessoku et al., 2020). On the other hand, NaB protected the intestinal mucosal barrier in NASH but had no regulatory effect on the community structure of gut microbiota.
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Background

Currently, gastric cancer (GC) and colorectal cancer (CRC) are the most common causes of cancer-related mortality worldwide. Gut microbiota is closely related to the occurrence of GC and CRC and the efficacy of chemotherapy. This study is aimed at evaluating the efficacy and safety of herbal formulas with the function of gut microbiota regulation (HFGMR) in the treatment of GC and CRC and to assess the quality of the synthesized evidence.



Methods

A comprehensive search was performed on eight electronic databases, PubMed, EMBASE, CENTRAL, Web of Science, Chinese Biomedical Literature Database, China National Knowledge Infrastructure, Wanfang database, Chinese Scientific Journals Database, and two registries, Chinese Clinical Trial Registry and ClinicalTrials.gov, from their initiation to January 2022. Randomized controlled trials (RCTs) studying the therapeutic effects of HFGMR were included. We used Stata 16 for data synthesis and Risk of Bias 2 (RoB 2) for methodological quality evaluation and assessed the quality of the synthesized evidence in the Grading of Recommendations, Assessment, Development and Evaluations (GRADE) approach.



Results

Fifty-three RCTs involving 4,478 patients were included. These trials involve seven herbal formulas that could regulate the gut microbiota of Bifidobacterium, Lactobacillus, Escherichia coli, Bacteroides, and Enterococcus faecalis. The meta-analysis results were subgrouped to three different stages in GC and CRC. 1) For the perioperative stage, HFGMR combined with conventional therapy could shorten the time to bowel sound recovery by 1.63 h [mean difference (MD) = −1.63, 95% confidence interval (CI) (−2.62, −0.65)], the time to first flatus by 9.69 h [MD = −9.69, 95% CI (−10.89, −8.48)], and the duration of hospitalization by 2.91 days [MD = −2.91, 95% CI (−4.01, −1.80)] in GC. There were no significant differences in outcomes of gastrointestinal function recovery and adverse events in CRC. 2) For postoperative patients, combined with adjuvant chemotherapy, HFGMR could decrease the incidence of diarrhea, nausea and vomiting, anorexia, and peripheral neurotoxicity in GC; boost Karnofsky performance status (KPS) improvement rate [risk ratio (RR) = 1.96, 95% CI (1.38, 2.79)]; and decrease the incidence of leucopenia and nausea and vomiting in CRC. 3) For advanced stage, HFGMR can significantly improve the objective response rate (ORR) [RR = 1.35, 95% CI (1.19~1.53)], disease control rate (DCR) [RR = 1.14, 95% CI (1.05~1.23)], and KPS improvement rate [RR = 1.56, 95% CI (1.17, 2.09)] and decrease the incidence of leucopenia, neutropenia, anemia, nausea and vomiting, diarrhea, and fatigue in GC. There were no significant differences in ORR [RR = 1.32, 95% CI (0.94~1.86)] and DCR [RR = 1.22, 95% CI (0.99~1.50)], but they can improve the KPS response rate [RR = 1.62, 95% CI (1.13, 2.32)] and decrease the incidence of myelosuppression, nausea and vomiting, diarrhea, and hepatic and renal dysfunction in CRC.



Conclusion

This study indicates that herbal formulas that could regulate the composition and proportion of gut microbiota have a positive effect in three stages (perioperative, postoperative, and advanced) of GC and CRC. They could promote the recovery of postoperative gastrointestinal function, increase tumor response, improve performance status, and reduce the incidence of adverse events. Herbal formulas exerted anti-cancer efficacy through multiple mechanisms and pathways; among them, the regulation of gut microbiota has not been paid enough attention. To further support the conclusion and better understand the role of gut microbiota in the treatment of GC and CRC, more rigorously designed, large-scale, and multicenter RCTs that focus on herbal formulas and gut microbiota are needed in the future.
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1 Introduction

Gastric cancer (GC) and colorectal cancer (CRC), as the main gastrointestinal cancers, are common malignant cancers with high morbidity and mortality. According to the latest global cancer data published by JAMA Oncology (Kocarnik et al., 2021), the number of newly diagnosed CRC and GC patients in 2019 was 2,170,000 and 1,270,000, respectively, which leaves an unsolved health problem that affects people all over the world. Notably, studies have reported that gastrointestinal cancers are closely related to gut microbiota (Weng et al., 2019; Zhou et al., 2021), a large microbial community known as the ‘second gene’ existing in the intestinal tract that has a significant effect. Dysbiosis of gut microbiota can result in the production of carcinogenic bacteria (Fan et al., 2021), such as Bacteroides fragilis, Enterococcus faecalis, and Helicobacter hepaticus (Meng et al., 2018). These carcinogenic bacteria can secrete toxins, cause intestinal cell damage, and induce gastrointestinal cancers (Mármol et al., 2017; Cheng et al., 2020; Overacre-Delgoffe et al., 2021). On the contrary, the healthy gut microbiota can inhibit the growth of conditioned pathogenic bacteria and form a protective barrier to regulate gastrointestinal inflammation and immunity (Amoroso et al., 2020). Interestingly, it was reported that the transplantation of healthy fecal microbiota can prevent intestinal injury in CRC (Chang et al., 2020). Therefore, it is important to make a special effort to keep a healthy state of gut microbiota in the treatment of gastrointestinal cancers.

Traditional Chinese herbal medicine has a long history of treating diseases by regulating gut microbiota. As early as 1,400 years ago, ‘purified feces’ was mentioned in the book, ‘Lei’s Treatise on Preparing Drugs’. The ‘purified feces’ was produced by repeatedly washing the feces of healthy people with well or underground spring water and then filtering and burying them underground for at least 1 year. It is the earliest record of traditional Chinese herbal treatment for fecal microbiota transplantation. With the development of modern technology, studies have verified that herbal formulas have a good effect on the regulation of gut microbiota. For example, Gegenqinlian decoction can regulate intestinal mucosal immunity and glucolipid metabolism by enriching butyric-producing bacteria, thus reducing systemic and local pancreatic inflammation and improving insulin resistance (Xu et al., 2020). Ginseng extract can enrich E. faecalis and promote the production of unsaturated long-chain fatty acid-nutmeg oleic acid, which can stimulate the thermogenic activity of brown fat, induce the formation of beige fat, reduce fat accumulation, and improve obesity (Quan et al., 2020). Apart from metabolic diseases, Gegenqinlian decoction can enhance the effect of PD-1 blockade in CRC with microsatellite stability by remodeling the gut microbiota and the tumor microenvironment (Lv et al., 2019), indicating that herbal formulas can also treat gastrointestinal cancers by regulating the gut microbiota. With the growing number of studies on the value of herbal formulas in gastrointestinal cancer treatment, more randomized controlled trials (RCTs) have been published in recent years. This study is aimed to seek effective strategies for the treatment of gastrointestinal cancers through a systematic review and meta-analysis of herbal formulas with the function of gut microbiota regulation (HFGMR).



2 Methods

This study was performed under the guidance of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement and checklist (Moher et al., 2009); see PRISMA checklist in Supplementary Material 1. This study was registered on PROSPERO (No. CRD42021292096).


2.1 Eligibility criteria


2.1.1 Type of studies

This study included RCTs and observational studies, and quasi-RCTs were excluded. Trials that did not describe the randomization method in detail were considered non-randomized studies of interventions and were excluded. Animal studies were also excluded.



2.1.2 Types of participants

RCTs in which participants were diagnosed with GC or CRC through cytological or pathological tests were included.



2.1.3 Types of intervention and control

Randomized studies of herbal formulas with the function of gut microbiota regulation as the sole treatment or combined with other treatments were included in this study.



2.1.4 Types of outcomes

RCTs reporting outcomes related to clinical efficacy and safety of herbal formulas in gastrointestinal cancer treatment were included in this study. Trials that only reported outcomes of laboratory test results were excluded.

For perioperative patients, the outcomes of gastrointestinal function recovery, duration of hospitalization, time to first oral feeding, and time to out-of-bed activity were included; for postoperative or advanced patients, the outcomes of long-term survival and tumor response rate (TRR) of anti-cancer treatment were included; quality of life (QoL), performance status (PS), and incidence of adverse events (AEs) as safety outcomes were included for patients of all stages.




2.2 Selection of herbal formulas with the function of gut microbiota regulation

We performed a preliminary search to select the herbal formulas with the function of gut microbiota regulation. In order to locate appropriate herbal formulas that could regulate gut microbiota in patients with GC or CRC, we searched eight electronic databases with a search strategy based on the keywords ‘herbal medicine’, ‘Chinese medicine’, ‘Kampo medicine’, ‘gut microbiota’, ‘gastric cancer’, and ‘colorectal cancer’. We obtained 1,431 records from database searches, and nine formulas were located after our rigorous selection. These nine formulas were included as search terms in the further search for RCTs.



2.3 Search strategy

We searched PubMed, EMBASE, CENTRAL, Web of Science, the Chinese Biomedical Literature Database (CBM), the China National Knowledge Infrastructure (CNKI), the Wanfang database, and the Chinese Scientific Journals Database (VIP database). Searches were performed from the database initiation to January 2022. The language restriction was English and Chinese. We also searched the Chinese Clinical Trial Registry (ChiCTR) and ClinicalTrials.gov to identify ongoing and completed trials. The search strategy was based on the combination of controlled vocabulary (MeSH terms and Emtree terms) and free-text terms. The terms ‘Stomach Neoplasms’, ‘Colorectal Neoplasms’, ‘Colonic Neoplasms’, ‘Rectal Neoplasms’, ‘si-jun-zi-tang’, ‘gegenqinlian’, ‘liu-jun-zi-tang’, ‘xiaochaihu’, ‘shosaiko-to’, ‘danggui buxue decoction’, ‘shenling baizhu san’, ‘dai-kenchu-to’, ‘jishengwumeiwan’, and ‘quxie capsule’ were used to develop the search strategy for PubMed, which is shown in Supplementary Material 2. Modifications to the search strategy were used with other databases.



2.4 Screening and selection

Search results were imported to EndNote 20. Two authors (HW and BX) reviewed the titles and abstracts in the database search results after duplicate removal. The full texts of potential articles were then reviewed and assessed for their eligibility. Screening and selection were independently processed in duplicate by the two reviewers (HW and BX). RCTs that met the inclusion criteria were included. The process is summarized using a PRISMA flow diagram.



2.5 Data extraction

The following data were extracted from the included studies: 1) identification information (first author and year of publication), 2) general information (study setting, sample size, and duration of follow-up), 3) participants (clinical stage, age, and sex), 4) intervention details (name of herbal formulas, dose, frequency, and duration), 5) comparison details (name, dose, frequency, and duration of treatment), and 6) outcome details. The authors of the trials were contacted for any missing or incomplete data.



2.6 Quality assessment

The Risk of Bias 2 (RoB 2) tool was used to assess the methodological quality of included studies (Sterne et al., 2019). We evaluated outcomes of included studies of the risk of bias of the randomization process, deviation from intended intervention, missing outcome data, outcome measurement, and selection of the reported result; the overall quality of RCTs was evaluated as low, with some concerns or high risk of bias.



2.7 Evidence synthesis for randomized controlled trials

Stata 16 was used in data synthesis to perform a meta-analysis. The mean differences (MDs) for continuous data and risk ratio (RR) for dichotomous data with 95% confidence intervals (CIs) were evaluated. The random-effects model was used when synthesizing data for the meta-analysis. We quantified inconsistency by applying the I2 statistic; a value of I2 > 50% was considered substantial heterogeneity, and I2 > 75% was considered heterogeneity (Higgins et al., 2019). Subgroup analyses were performed according to the different treatments that patients received in control groups and to explore the source of heterogeneity if substantial heterogeneity existed. A meta-analysis was precluded in some conditions (limited evidence for comparison, existence of considerable heterogeneity, or different effect measures) (Higgins et al., 2019), and descriptive analysis was used in these conditions.

Given the strong correlation between the two anti-tumor treatment response evaluation criteria, WHO criteria, and Response Evaluation Criteria in Solid Tumors (RECIST) criteria, the outcomes reported by these two criteria were considered homogeneous (Aras et al., 2016).

Publication bias of the cumulative evidence among individual studies was evaluated using a graphical method of funnel plot and Egger’s test (Egger et al., 1997) if at least 10 studies were included for the synthesized outcome.



2.8 Quality of evidence

The quality of the cumulative evidence was evaluated using the Grading of Recommendations, Assessment, Development, and Evaluations (GRADE) system (Guyatt et al., 2008). The risk of bias, inconsistency, indirectness, imprecision, and publication bias were evaluated. The quality of evidence was classified as high, moderate, low, or very low quality (Guyatt et al., 2008). We presented our findings in a summary of findings (SoF) table.




3 Results

We obtained 1,355 records from database searches, and after the selection process, there were 53 trials involving 4,478 participants included in this SR. The selection process was summarized as a flowchart shown in Figure 1.




Figure 1 | Flowchart of the selection process.




3.1 Details of included trials

Among these 53 trials, there are five double-blinded RCTs, and four of them were conducted in multicenter. The sample size of included trials ranged from 17 to 336. Most of the included trials were RCTs of a small sample size conducted in a single center. The details are shown in Table 1.


Table 1 | Study characteristics of included RCTs.




3.1.1 Intervention details

The intervention of treatment included seven formulas that had been verified with the function of regulating gut microbiota in clinical studies. These seven herbal formulas could regulate the composition and proportion of gut microbiota. Bacteroides, Bifidobacterium, Lactobacillus, E. faecalis, and Escherichia coli were the most reported gut microbiota regulated by these herbal formulas. The function of gut microbiota regulation in these seven formulas is shown in Table 2. A total of 14 trials evaluated the efficacy and safety of Liujunzi decoction and modified Liujunzi decoction in GC and CRC, 13 trials evaluated the efficacy and safety of Shenlingbaizhu powder and modified formulas of Shenlingbaizhu in GC and CRC, 12 trials evaluated the efficacy and safety of Sijunzi decoction and modified Sijunzi decoction in GC and CRC, 7 trials evaluated the efficacy and safety of Kampo herbal medicine Daikenchuto (known as Dajianzhong decoction in Chinese medicine) in perioperative patients with GC or CRC, 4 trials evaluated the efficacy and safety of Quxie Capsule in patients with CRC, 2 trials evaluated the efficacy and safety of Danggui Buxue decoction in CRC, and 1 trial evaluated the efficacy and safety of Gegen Qinlian decoction in postoperative CRC patients who underwent adjuvant chemotherapy. The gut microbiota regulating the function of these eight formulas is shown in Table 2.


Table 2 | Gut regulating function of herbal formulas.





3.1.2 Risk of bias in included trials

We assessed the risk of bias in 53 included trials with the RoB 2 tool. A total of 9 trials were assessed as ‘Low’ risk of bias, and 44 trials were assessed as having ‘Some concerns’. Most concerns were caused by the measurement of the outcomes since the assessment of outcomes could be influenced by knowledge of interventions that patients received. Among nine low risk-of-bias trials, five were double-blinded RCTs, two trials implemented a blind method to outcome assessors, and another two trials reported survival outcomes that may not be influenced by knowledge of interventions. The summary of the risk of bias is shown in Figure 2.




Figure 2 | Risk of bias of included trials.






3.2 Herbal formulas with the function of gut microbiota regulation for gastric cancer


3.2.1 Herbal formulas with the function of gut microbiota regulation for perioperative gastric cancer

There are nine trials that evaluated the efficacy and safety of HFGMR in perioperative patients with GC. The outcomes of gastrointestinal function recovery, which include time to bowel sound recovery, time to first flatus, and time to the first defecation, were reported in eight trials. Furthermore, five trials reported the outcome of the duration of hospitalization, and two trials reported time to first oral feeding and time to the out-of-bed activity.


3.2.1.1 Gastrointestinal function recovery in perioperative gastric cancer

Three trials reported time to bowel sound recovery, and a meta-analysis of two trials showed that the herbal formulas plus enhanced recovery after surgery (ERAS) could shorten the time to bowel sound recovery by 1.63 h [MD = −1.63, 95% CI (−2.62, −0.65)] (Huang et al., 2018; Cao et al., 2020), and one trial reported that herbal formulas plus supportive care (SC) could significantly shorten the time to bowel sound recovery (Yue et al., 2019); the results are shown in Table 3. Eight trials reported the outcome of time to first flatus, and a meta-analysis of two trials showed that the herbal formulas plus enteral nutrition (EN) could shorten the time to first flatus by 9.69 h [MD = −9.69, 95% CI (−10.89, −8.48)] (Li et al., 2020; Yu and Ren, 2019; Li et al., 2020), three trials reported that the herbal formulas plus ERAS could significantly shorten time to first flatus (Huang et al., 2018; Chen et al., 2020; Cao et al., 2020), two trials reported that the herbal formulas plus SC could significantly shorten time to first flatus (Fu et al., 2007; Yue et al., 2019), and another trial reported that no significant difference was observed between the herbal formulas plus SC and SC groups (Yoshikawa et al., 2015), but a meta-analysis was not conducted due to the existence of considerable heterogeneity within these two subgroups; the results are shown in Table 3. Six trials reported the outcome of time to the first defecation, one trial reported that herbal formulas plus ERAS could shorten the time to first defecation (Chen et al., 2020), and a meta-analysis of two trials showed that there was no significant difference in time to the first defecation between patients who received herbal formulas plus EN and the EN group [MD = −0.72, 95% CI (−1.68, 0.25)] (Li et al., 2020; Yu and Ren, 2019), two trials reported that the herbal formulas plus SC could significantly shorten time to first defecation (Yoshikawa et al., 2015; Yue et al., 2019), and another trial reported that no significant difference was observed between the herbal formulas plus SC and SC groups (Akamaru et al., 2015). A meta-analysis was not conducted due to the existence of considerable heterogeneity within the subgroup; the results are shown in Table 3.


Table 3 | Results of efficacy and safety of herbal formulas with function of gut microbiota regulation in GC and CRC.





3.2.1.2 Other outcomes in perioperative gastric cancer

Five trials reported the duration of hospitalization: four of these trials reported that HFGMR could shorten the duration of hospitalization, while one trial reported there was no significant difference between the two groups in postoperative hospital stay and did not provide the data in detail (Yoshikawa et al., 2015). The meta-analysis showed that the herbal medicine plus ERAS could shorten the duration of hospitalization by 2.09 days [MD = −2.09, 95% CI (−2.75, −1.43)] (Chen et al., 2020; Cao et al., 2020) and could shorten the duration of hospitalization by 4.00 days when combined with EN [MD = −4.00, 95% CI (−5.16, −2.84)] (Li, 2020; Yu and Ren, 2019). The results are shown in Figure 3 and Table 3.




Figure 3 | Forest plot of duration of hospitalization in perioperative gastric cancer (GC).



The meta-analysis of two trials showed that herbal medicine plus EN could shorten the time to first oral feeding by 2.74 h [MD = −2.74, 95% CI (−3.94, −1.54)] and shorten the time to out-of-bed activity by 2.11 h [MD = −2.11, 95% CI (−3.04, −1.19)] (Li, 2020; Yu and Ren, 2019). The results are shown in Table 3. Two trials reported that there was no significant difference in QOL scores between the treatment groups of herbal medicine and the control groups (Yoshikawa et al., 2015; Akamaru et al., 2015). One trial reported that herbal formula could help improve the Karnofsky performance status (KPS) score significantly (Cao et al., 2020); the result is shown in Table 3.



3.2.1.3 Safety outcomes in perioperative gastric cancer

There were no significant differences in the incidence of intestinal obstruction, diarrhea, ventosity, nausea, and vomiting; the results are shown in Figure 4 and Table 3.




Figure 4 | Forest plot of adverse events (AEs) in perioperative gastric cancer (GC).






3.2.2 Herbal formulas with the function of gut microbiota regulation plus adjuvant chemotherapy for postoperative gastric cancer

Two trials evaluated the clinical efficacy and safety of HFGMR plus FOLFOX4 adjuvant chemotherapy compared to FOLFOX4 chemotherapy alone for postoperative patients with GC (Li, 2017; Li et al., 2020a).


3.2.2.1 Efficacy outcomes in postoperative gastric cancer

One trial reported long-term survival outcomes of herbal formulas plus FOLFOX4 chemotherapy, and there was no significant difference in the 2-year survival rate between herbal formulas plus chemotherapy and chemotherapy alone (94.74% vs. 92.11%) (Li, 2017). One trial reported a QoL score, and the result demonstrated that herbal formulas plus chemotherapy could improve the QoL score by 0.94 points [MD = 0.94, 95% CI (0.70, 1.18)] (Li et al., 2020a). Another trial showed that herbal formula plus chemotherapy could improve the KPS score by 9.29 points [MD = 0.94, 95% CI (7.55, 11.03)], compared to FOLFOX4 chemotherapy alone (Li, 2017).



3.2.2.2 Safety outcomes in postoperative GC

Both two trials reported AEs (Li, 2017; Li et al., 2020a). The results showed that compared to FOLFOX chemotherapy alone, HFGMR plus FOLFOX chemotherapy may decrease the incidence of diarrhea, nausea and vomiting, anorexia, and peripheral neurotoxicity, and there were no significant differences in the incidence of leucopenia, anemia, thrombocytopenia, and hepatic and renal dysfunction. The results are shown in Figure 5 and Table 3.




Figure 5 | Forest plot of adverse events (AEs) in postoperative gastric cancer (GC).






3.2.3 Herbal formulas with the function of gut microbiota regulation for advanced gastric cancer

Twelve trials evaluated the efficacy and safety of HFGMR in patients with advanced GC. Eleven trials compared herbal formulas plus chemotherapy with chemotherapy alone, and another trial compared herbal formulas plus apatinib with apatinib alone (Wang et al., 2019).


3.2.3.1 Long-term survival outcomes in advanced gastric cancer

One trial reported the long-term survival outcomes of median progression-free survival (mPFS) and median overall survival (mOS); the results showed that compared to ECF (Epirubicin + Cisplatin + Fluorouracil) regimen chemotherapy alone, herbal formula plus ECF regimen chemotherapy could significantly prolong the mPFS (5.86 ± 0.26 vs. 5.52 ± 0.33 months) and mOS (13.08 ± 0.25 vs. 12.84 ± 0.19 months) (Shen et al., 2021).



3.2.3.2 Outcomes of tumor response rate in advanced gastric cancer

Eight trials reported the outcomes of ORR and disease control rate (DCR). The meta-analysis showed that HFGMR plus FOLFOX regimen chemotherapy and other regimen chemotherapy could significantly increase the ORR and DCR, but no significant differences were observed in ORR and DCR between herbal formulas plus 5-FU+CF+paclitaxel chemotherapy and 5-FU+CF+paclitaxel regimen alone. The results are shown in Figures 6, 7 and Table 3.




Figure 6 | Forest plot of objective response rate (ORR) in advanced gastric cancer (GC).






Figure 7 | Forest plot of disease control rate (DCR) in advanced gastric cancer (GC).





3.2.3.3 Other efficacy outcomes in advanced gastric cancer

One trial demonstrated that compared to TXELOX (Taxol + Xeloda + Oxaliplatin) regimen chemotherapy alone, herbal formulas plus TXELOX may improve QoL score by 3.62 points [MD = 3.62, 95% CI (3.31, 3.93)] (Wang and Yan, 2020). Five trials reported that herbal formulas could help to improve the KPS score, but the meta-analysis was not conducted owing to the existence of considerable heterogeneity (Zhang and Su, 2008; Wang et al., 2014; Zhong et al., 2019; Wang and Yan, 2020; Wang et al., 2019). As for KPS improvement rate, a meta-analysis of two trials showed that compared to 5-FU+CF+paclitaxel regimen chemotherapy alone, herbal formulas plus 5-FU+CF+paclitaxel could increase the improvement rate by 56% [RR = 1.56, 95% CI (1.17, 2.09)] (Lin et al., 2017; Lai et al., 2018), and another trial showed that the KPS improvement rate may not differ between herbal formulas plus TS regimen chemotherapy and TS regimen alone (Li et al., 2016).



3.2.3.4 Safety outcomes in advanced gastric cancer

Eleven trials reported the incidence of AEs in advanced GC. The meta-analysis showed that compared to chemotherapy alone, herbal formulas plus chemotherapy could decrease the incidence of leucopenia by 17% [RR = 0.83, 95% CI (0.70, 0.98)], neutropenia by 27% [RR = 0.73, 95% CI (0.56, 0.95)], anemia by 46% [RR = 0.56, 95% CI (0.35, 0.89)], nausea and vomiting by 38% [RR = 0.62, 95% CI (0.45, 0.85)], diarrhea by 30% [RR = 0.70, 95% CI (0.53, 0.91)], and fatigue by 51% [RR = 0.49, 95% CI (0.31, 0.77)], and there were no significant differences in the incidence of thrombocytopenia, anorexia, and hepatic dysfunction; the details of the results are shown in Table 3.





3.3 Herbal formulas with the function of gut microbiota regulation for colorectal cancer


3.3.1 Herbal formulas with the function of gut microbiota regulation for perioperative colorectal cancer

There are eight trials that evaluated the efficacy and safety of HFGMR in perioperative patients with CRC (Chen, 2013; Yaegashi et al., 2014; Katsuno et al., 2015; Katsuno et al., 2016; Hanada et al., 2021; Yang et al., 2021; Wakasugi et al., 2020; Zhang, 2020). The outcomes of gastrointestinal function recovery, which include time to bowel sound recovery, time to first flatus, and time to the first defecation were reported in six trials (Chen, 2013; Yaegashi et al., 2014; Katsuno et al., 2016; Zhang, 2020; Wakasugi et al., 2020; Yang et al., 2021). Moreover, duration of hospitalization, time to first oral feeding, time to an out-of-bed activity, and safety outcomes were also reported in these trials.


3.3.1.1 Gastrointestinal function recovery in perioperative colorectal cancer

One trial reported that compared to EN alone, herbal formula plus EN may shorten the time to bowel sound recovery by 4.74 h (Yang et al., 2021). Six trials reported the outcome of time to first flatus, one trial showed that compared to ERAS alone, herbal formula plus ERAS may shorten the time to first flatus by 10.61 h (Zhang, 2020), and two trials showed that compared to ERAS alone, herbal formula plus ERAS may shorten the time to first flatus by 10.61 h; owing to the considerable statistic heterogeneity between two trials, a meta-analysis was not conducted (Chen, 2013; Yang et al., 2021). The meta-analysis of three trials demonstrated that there was no significant difference in time to first flatus between the patients who received Daikenchuto plus SC and SC [MD = −3.26, 95% CI (−13.75, 7.23)] (Yaegashi et al., 2014; Katsuno et al., 2016; Wakasugi et al., 2020). Five trials reported the outcome of time to the first defecation, four trials demonstrated that herbal formulas may shorten the time to first defecation (Chen, 2013; Yaegashi et al., 2014; Zhang, 2020; Yang et al., 2021), and another trial concluded that herbal formula Daikenchuto may potentially inhibit diarrhea and prolong the time to first defecation (Wakasugi et al., 2020). The results are shown in Table 3.



3.3.1.2 Other efficacy outcomes in perioperative colorectal cancer

Three trials reported the duration of hospitalization; one trial showed that compared to ERAS alone, herbal formula Liujunzi decoction may shorten the duration of hospitalization by 2.29 days (Zhang, 2020); another two trials showed that herbal formula combined with EN or SC may shorten the duration of hospitalization, but no significant differences were observed (Chen, 2013; Yaegashi et al., 2014). One trial demonstrated that there was no significant difference in time to oral feeding between patients who received Daikenchuto plus SC and SC alone (Yaegashi et al., 2014).



3.3.1.3 Safety outcomes in perioperative colorectal cancer

Three trials reported the incidence of AEs, but no significant differences in the incidence of nausea and vomiting, diarrhea, fever, or erythema were observed between the two groups (Yaegashi et al., 2014; Katsuno et al., 2016; Yang et al., 2021). The details are shown in Table 3.




3.3.2 Herbal formulas with the function of gut microbiota regulation for postoperative colorectal cancer

Ten trials evaluated the efficacy of HFGMR plus adjuvant chemotherapy in postoperative patients with CRC, patients in eight trials received FOLFOX regimen chemotherapy (Bai et al., 2017, Wang and Liu, 2020, Yue, 2016; Wang et al., 2018; Dong, 2018; Liu et al., 2019; Liu and Xia, 2019; Sun, 2020), and patients of two trials received multiple regimens, which included FOLFOX, FOLFIRI, and XELOX (Lim, 2014; Tong et al., 2017). Two trials evaluated the long-term efficacy of the herbal drug Quxie Capsule after the patients finished adjuvant chemotherapy (Yang et al., 2007; Yang, 2015).


3.3.2.1 Long-term efficacy outcomes for postoperative colorectal cancer

Two trials reported the long-term efficacy outcome of mean PFS median progression-free survival (Yang et al., 2007; Yang, 2015). The meta-analysis of these two trials showed that the intervention of Quxie Capsule after adjuvant chemotherapy may prolong the mean PFS by 8.70 months [MD = 8.70, 95% CI (3.27, 14.13)].



3.3.2.2 Other efficacy outcomes for postoperative colorectal cancer

Two trials reported QoL outcomes of EQRTC QLQ-C30 score; these two trials showed that modified Liujunzi decoction may help to improve the body function, character function, and emotion function and help to improve the symptom of fatigue, nausea and vomiting, diarrhea, and anorexia (Tong et al., 2017; Liu and Xia, 2019). Eight trials reported the KPS score, and seven of these trials showed that herbal formulas plus chemotherapy may increase the KPS score (Wang and Liu, 2020, Yang, 2015; Yue, 2016; Dong, 2018; Wang et al., 2018; Liu et al., 2019; Liu and Xia, 2019), while another one showed that there was no significant difference in KPS score between two groups (Lim, 2014); a meta-analysis was not performed for this outcome owing to the existence of considerable heterogeneity. Four trials reported the KPS improvement rate, a meta-analysis showed that compared to chemotherapy alone, herbal formulas plus chemotherapy could increase the KPS improvement rate by 96% [RR = 1.96, 95% CI (1.38, 2.79)] (Yue, 2016; Bai et al., 2017; Liu et al., 2019; Sun, 2020); the result is shown in Figure 8 and Table 3.




Figure 8 | Forest plot of Karnofsky performance status (KPS) improvement rate in postoperative colorectal cancer (CRC).





3.3.2.3 Safety outcomes for postoperative colorectal cancer

Five trials reported the AEs in postoperative patients with CRC, a meta-analysis showed that compared to chemotherapy alone, herbal formulas plus chemotherapy may decrease the incidence of leucopenia and nausea and vomiting, and there were no significant differences in the incidence of neutropenia, anemia, thrombocytopenia, diarrhea, and peripheral neurotoxicity (Bai et al., 2017, Wang and Liu, 2020, Lim, 2014; Dong, 2018; Sun, 2020); the results are shown in Table 3.




3.3.3 Herbal formulas with the function of gut microbiota regulation for advanced colorectal cancer


3.3.3.1 Long-term efficacy outcomes for advanced colorectal cancer

Two trials reported long-term survival outcomes (Yang et al., 2008, Zhang et al., 2021a. One trial showed that the 1-year survival rate and 2-year survival rate in patients who received Quxie Capsule were higher than that in patients who received standard treatment by 55% [RR = 1.55, 95% CI (1.15, 2.08)] and 202% [RR = 3.02, 95% CI (1.25, 7.28)], and no significant difference was observed in 3-year survival rate between two groups (Zhang et al., 2021a). Both two trials reported that herbal drugs Quxie Capsule may prolong the mOS in advanced CRC, but a meta-analysis was not performed owing to the existence of considerable heterogeneity (Yang et al., 2008, Zhang et al., 2021a). The results of survival outcomes are shown in Table 3.



3.3.3.2 Outcomes of tumor response rate for advanced colorectal cancer

Five trials evaluated the TRR of herbal formulas plus chemotherapy, and outcomes of ORR and DCR were reported (Nan and Li, 2016, Zhang et al., 2018, Jia et al., 2021, Jia and Dong, 2019; Wang et al., 2018; Xia et al., 2021). The meta-analysis showed that there were no significant differences in ORR or DCR between patients who received herbal formulas plus chemotherapy and patients who received chemotherapy alone. The results are shown in Figures 9, 10 and Table 3.




Figure 9 | Forest plot of objective response rate (ORR) in advanced colorectal cancer (CRC).






Figure 10 | Forest plot of disease control rate (DCR) in advanced colorectal cancer (CRC).





3.3.3.3 Other efficacy outcomes for advanced colorectal cancer

Two trials demonstrated that compared to chemotherapy alone, herbal formulas plus chemotherapy may increase the QoL score (Yang et al., 2008; Xia et al., 2021). Four trials reported the outcome of KPS score; three trials showed that compared to chemotherapy alone, herbal formulas plus chemotherapy may increase the KPS score (Yang et al., 2008, Jia and Dong, 2019, Xue et al., 2021); another trial reported no significant difference in KPS score between two groups (Liu, 2016). The meta-analysis for these two outcomes was not conducted owing to the existence of considerable heterogeneity. One trial showed that herbal formulas plus FOLFOX chemotherapy may increase the QLQ-C30 score by 6.93 points as compared to FOLFOX chemotherapy alone (Jia and Dong, 2019). The meta-analysis of three trials showed that herbal formulas plus chemotherapy may help to increase the KPS improvement rate by 62% [RR = 1.62, 95% CI (1.13, 2.32)] (Nan and Li, 2016, Zhang et al., 2018; Wang and Zhang, 2018).



3.3.3.4 Safety outcomes for advanced colorectal cancer

Six trials reported the incidence of AEs in advanced CRC (Wang and Zhang, 2018; Yang et al., 2019, Nan and Li, 2016, Zhang et al., 2018, Jia and Dong, 2019, Xue et al., 2021). The meta-analysis showed that compared to chemotherapy alone, herbal formulas plus chemotherapy could decrease the incidence of myelosuppression by 42% [RR = 0.58, 95% CI (0.42, 0.79)], nausea and vomiting by 33% [RR = 0.67, 95% CI (0.50, 0.91)], diarrhea by 59% [RR = 0.41, 95% CI (0.25, 0.67)], and hepatic and renal dysfunction by 49% [RR = 0.51, 95% CI (0.33, 0.79)]. The results are shown in Figure 11 and Table 3.




Figure 11 | Forest plot of incidence of adverse events (AEs) in advanced colorectal cancer (CRC).







3.4 Publication bias

Analysis of publication bias was not implemented since the studies included in separate subgroups were less than 10.



3.5 Quality of evidence assessment

We assessed 21 synthesized pieces of evidence with GRADE. A total of 14 of these outcomes were assessed as low certainty, and seven were very low certainty. The main reasons to downgrade the quality of evidence are the unsatisfactory risk of bias and the limited sample size of included trials. The summary of findings is shown in Table 4.


Table 4 | Summary of findings.






4 Discussion

In this study, after pre-searching classical Chinese herbal prescriptions and Chinese patent medicines that regulate gut microbiota, we assessed the efficacy and safety of HFGMR in GC and CRC. 1) In perioperative stages, HFGMR could promote the recovery of gastrointestinal function, shorten the time of hospital stays, improve the QoL in the perioperative period of GC and CRC, and not increase the extra incidence of AEs. 2) In the postoperative stage with adjuvant chemotherapy, HFGMR can improve the QoL of patients and reduce the incidence of nausea and vomiting in both GC and CRC. Furthermore, HFGMR could significantly prolong DFS in CRC and reduce the incidence of anorexia, diarrhea, and peripheral neurotoxicity in GC and leucopenia in CRC. However, a significant difference in long-term survival efficacy for GC was not observed. 3) In the advanced stage, because there is a large heterogeneity of the reported studies in long-term survival, we mainly focus on the TRR. The combination of chemotherapy (except 5-FU+CF+paclitaxel regimen) and HFGMR could significantly improve ORR and DCR in GC. However, it is a pity that there was no significant difference between HFGMR plus chemotherapy and chemotherapy in ORR and DCR in CRC, which might be related to the small number of included studies and sample size. HFGMR plus chemotherapy can improve the QoL and reduce the occurrence of gastrointestinal reactions and myelosuppression. It is worth proposing that HFGMR can improve fatigue in GC and liver and kidney function in CRC.

Several herbal formulas showed their function to regulate the gut microbiota (Shao et al., 2021), but the relationship between the function of regulating gut microbiota and anti-tumor efficacy remains unclear. Danggui Buxue decoction and Liujunzi decoction were reported to downregulate Lactobacillus, which was considered a probiotic in the past, may suppress inflammatory T-cell infiltration and promote tumor growth in pancreatic cancer (Shi et al., 2021, Cheng et al., 2021a; Hezaveh et al., 2022). Herbal formulas exerted anti-cancer efficacy through multiple mechanisms and pathways, and regulation of gut microbiota requires more attention. Previous studies showed that herbal formulas can improve the TRR, QoL, peripheral blood immune cell function, and fatigue status (Huang et al., 2020); reduce the incidence of AEs (Chen et al., 2018; Lu et al., 2021); and improve 1- and 2-year survival rates and the occurrence of liver dysfunction, renal dysfunction, neurotoxicity, and alopecia in gastrointestinal cancer patients, which is consistent with our study (Cheng et al., 2021b). Interestingly, a previous study evaluating the efficacy of herbal formulas combined with paclitaxel-based chemotherapy in GC found that the combination therapy could significantly improve the TRR [ORR: 1.39; 95% CI (1.24, 1.57), I2 = 12%], and the small sample size was the disadvantage (Li et al., 2020c). Inconsistent with this study, it was reported that herbal formulas combined with chemotherapy can improve the TRR in CRC patients but have no improvement effect on liver and kidney dysfunction (Lin et al., 2019). The reason for this discrepancy between the two studies may be that the trials in our study have a smaller sample size and selection bias. It was found in another study that 5-fluorouracil-based chemotherapy combined with herbal formulas has more effect in improving the TRR in patients with CRC (Chen et al., 2019). As the only Chinese patent medicine included in this meta-analysis, Quxie Capsule was reported in a study to have a good effect on reducing the 1- and 2-year recurrence and metastasis rate and relieving symptoms in CRC, which provide us more information on the long-term effect of HFGMR (Zhang et al., 2021b). However, their quality is low and needs to be confirmed by more high-quality clinical studies.

Although we strictly conducted this meta-analysis according to the review procedure released by the Cochrane Collaboration, this study has several limitations. First, in spite of the definite effect of HFGMR according to the previous studies, only one study reported the results of gut microbiota after medication intervention among the included clinical studies in the meta-analysis. Furthermore, OS and PFS, the main indicators to evaluate the long-term efficacy of anti-tumor treatment, have not been monitored, which makes the long-term effects of HFGMR in GC and CRC remain unknown. Moreover, high-quality original studies were scarce in this study. The problems in most RCTs included a low utilization rate of blinding and unreported lost follow-up cases. Finally, age, gender, race, culture, and diet, as well as geographical location, are the main factors to influence gut microbiota, which have not been reported and considered in this study.

Due to the limitations associated with the poor quality of pooled studies, it is difficult to draw a definitive conclusion. Nevertheless, our study suggests the positive effect of HFGMR in facilitating the management of duration of hospitalization, ORR, DCR and KPS, and AEs in perioperative, postoperative, and advanced GC patients. HFGMR can also improve the PS in postoperative patients with CRC, which might be a positive strategy against GC and CRC, and provides a new therapeutic option in clinical management. In future clinical trials (randomized, double-blind, and placebo-controlled design), factors impacting gut microbiota should be fully considered in the design and implementation process.



5 Conclusion

This study indicates that herbal formulas, which could regulate the composition and proportion of gut microbiota, have a positive effect in three stages (perioperative, postoperative, and advanced) of GC and CRC. They could promote the recovery of postoperative gastrointestinal function, increase TRR, improve KPS, and reduce the incidence of AEs. Herbal formulas exert anti-cancer efficacy through multiple mechanisms and pathways; among them, the regulation of gut microbiota has not been paid enough attention. To further support the conclusion and better understand the role of gut microbiota in the treatment of GC and CRC, more rigorously designed, large-scale, and multicenter RCTs that focus on herbal formulas and gut microbiota are needed in the future.
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In most cases, recurrent chronic colitis is caused by the recurrence of acute colitis after incomplete recovery and re-exposure to irritating factors, and the gut microbiome, which is the largest micro-ecosystem in the human body, plays a crucial role in the development of colitis. Plant polysaccharides have always been reported to have the ability for anti-inflammation, and they are closely related to the gut microbiome. Lycium barbarum Glycopeptide (LbGP), the most potent component obtained by further isolation and purification from Lycium barbarum fruit, has been shown to inhibit inflammation in animal models. However, its therapeutic efficacy in colitis and its mechanism in gut microbiota regulation have not been fully studied. In our study, the dextran sulfate sodium (DSS)-induced mouse model was used to dynamically evaluate the effect of LbGP in the treatment of acute colitis and the mechanism from the perspective of the gut microbiome through the 16S rDNA sequence. The results showed that LbGP treatment significantly alleviated acute colitis and improved the gut microbiome compared with that in the model group. Harmful bacteria, such as Lachnoclostridium spp. and Parabacteroides_distasonis, were inhibited and probiotics, such as Bacteroides_acidifaciens, Lactobacillus spp., Turicibacter spp., and Alistipes spp., were increased by LbGP treatment. Further, a Random Forest analysis with 10-fold cross-validation identified a family named Muribaculaceae representing colitis development and recovery upon LbGP treatment. In conclusion, our study demonstrated the capability of LbGP to prevent the development of acute colitis by regulating the composition and diversity of the gut microbiota and highlighted the dynamic process of gut microbiota with the colitis progression. Further, it provides evidence to develop LbGP as a functional food supplement and future drug acting on intestinal disease.
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Introduction

Ulcerative colitis (UC) is a nonspecific inflammatory bowel disease (IBD) characterized by inflammation and ulcer formation in the mucosa and submucosa of the rectum and colon (Mahgoub, 2003). In most cases, colitis is recurrent and it finally becomes a chronic disease that affects the patients for a long period or even for a lifetime (Ordás et al., 2012). The pathogenesis of chronic colitis is currently not known, and it may be related to a variety of biochemical and physicochemical factors. However, in most cases, recurrent chronic colitis is caused by the recurrence of acute colitis after incomplete recovery and re-exposure to irritating factors (Melgar et al., 2005). The gut microbiome plays a crucial role in this progression of the disease. Thus, early intervention and treatment in the acute phase become critical.

The gut microbiome, home to more than 500 species of bacteria, participates in various metabolic pathways and signal transduction in the human physiological processes, and it maintains the stability of the intestinal barrier and the balance of the intestinal environment (Shreiner et al., 2015). In recent years, increasing evidence has supported the claim that gut microbiota plays a critical role in the pathogenesis of colitis (Rooks et al., 2014). Inflammation and damage to the intestinal epithelium caused by exogenous irritants can lead to the influx and colonization of harmful bacteria, which disrupts the balance of the microbiota composition and leads to further disruption of the intestinal barrier function (Janney et al., 2020). Once the intestinal barrier is disrupted, these harmful bacteria can translocate to the lamina propria from the lumen and release toxins and cytokines that promote the development of inflammation (Gallimore and Godkin, 2013).

An increasing number of studies have noticed that plant polysaccharides, such as jujube polysaccharides and Schisandra chinensis polysaccharides, not only have an anti-inflammatory effect with few side effects but can also affect the gut microbiome by adjusting the diversity and composition (Ji et al., 2020; Su et al., 2020). It is difficult to directly absorb plant polysaccharides, nondigestible carbohydrates, by the humans gut. Thus, the effects of nondigestible polysaccharides are related to the contribution of the gut microbiota (Xu et al., 2017). Plant polysaccharides can promote the growth of probiotics and restore the balance of the intestinal composition (Xu et al., 2013). They can also be directly or indirectly metabolized by the gut microbiota as nutrients. These metabolites of plant polysaccharides, such as short-chain fatty acids (SCFA), can serve as the main energy source for colon cells, regulate the absorption of various nutrients in the intestine, and enhance the intestinal barrier function (Hu et al., 2018).

The berries of Lycium barbarum are generally recognized as natural sources of bioactive compounds, which have nutritional and pharmacological benefits. Dried Lycium barbarum fruit is commonly used as a food supplement and traditional Chinese medicine (TCM). It has been found to provide many health benefits, such as antioxidant, anti-inflammatory, and antiapoptotic properties (Manthey et al., 2017). Polysaccharides are the prominent functional ingredients found in Lycium barbarum fruit. Modern research has shown that the extract of Lycium barbarum fruit has rich medicinal values, and crude polysaccharides extract, Lycium barbarum polysaccharide (LBP), is widely used to investigate its biological activities. LBP has been reported to modulate immune function and to be effective in anti-inflammation (Jin et al., 2013; Zhao et al., 2014). It has also been reported to interact with the gut microbiome (Cui et al., 2020; Zhu et al., 2020; Gao et al., 2021). Further separation and purification of natural food supplements and search for active ingredients are needed. Lycium barbarum Glycopeptide (LbGP) is an isolated and purified glycoprotein from LBP. It is a kind of glycoconjugate that is considered to be the most potential monomeric component of Lycium barbarum fruit. (Peng et al., 2001). Its molecular weight was 88 kDa and its monosaccharide composition contains arabinose (Ara), galactose (Gal), and glucose (Glc) in a molar ratio of 2.5:1.0:1.0. Its protein content was 30% and the linkage between the glycan and the core protein backbone is O-linkage (Tian et al., 1995). The structural characterization was previously analyzed (Wang et al., 2014). Although there were some investigations about the immune activity of LbGP, there was less research into the interaction between LbGP and the intestinal flora. Thus, we decide to investigate the unexplored glycopeptide LbGP’s effects on gut microbiota and its therapeutic effects on UC.

Based on this notion, in this study, acute colitis was induced in mice by 3.5% dextran sulfate sodium (DSS) for one week. We selected a period of 4 weeks to examine the colitis development. We dynamically monitored the progress of physiological indicators and gut microbiome from acute onset to the chronic remission phase, with an aim to determine the function of LbGP in alleviating ulcerative colitis and regulating the gut microbiota.



Materials and Methods


Animal subjects

Male C57BL/6J mice weighing around 20 g and aged about 8 weeks were purchased from the Beijing HFK Bioscience Co. Ltd. They were well-nourished and had no history of diseases. All animal care and operations in the experiment followed the regulations of Peking University Institutional Animal Care and Use Committee, and were approved by Animal Ethics Committee of the Institute of Chinese Materia Medica, No. 2021D011.



Source of Lycium barbarum glycopeptide

Lycium barbarum glycopeptide (LbGP) was provided by the Ningxia Zhongning Lycium barbarum Academician Workstation. LbGP was accurately extracted from the berries of Lycium barbarum through alcohol-free extraction technology, ultra-high-speed sedimentation physical separation technology, and comprehensive membrane separation technology according to the previously described method (Peng et al., 2001). The purity of LbGP was 92.5 ± 3.5% and the HPLC results are shown in Supplementary Figure S1.



Induction of acute colitis with DSS and LbGP treatment

A total of 45 mice were randomly divided into 3 groups (n=15, each): control group, DSS model group, and LbGP treatment group. As shown in Figure 1A, we used four stages to dynamically monitor the therapeutic effect of LbGP on different time periods. The mice were fed with 3.5% DSS dissolved in purified water in the first week (day 0-7) to induce acute colitis. While the control group was fed with normal water. Then, the LbGP treatment group received gavage of LbGP, which was dissolved in sterile saline at a dosage of 10 mg/kg for additional 3 weeks (day 7-28). Meanwhile, the control group was gavaged with sterile saline. At the end of each stage (day 7, day 14, day 21, and day 28, or W1, W2, W3, and W4), the body weights were measured and fecal samples were collected for further experimental analysis. At each time point, three mice that were randomly selected from each group were sacrificed. The blood sample and colon tissues were collected, and the colon length was measured.




Figure 1 | LbGP administration reduced the symptoms of DSS-induced acute colitis in mice. (A) Experimental design. (B) Bodyweight (n = 6), (C) disease activity index (n = 6) and (D) length of the colon (n = 3) during the mouse model development. (E) Representative colon pictures from each group at different time points. (*P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001).  “ns” means “no significant”.





H&E staining and histopathologic analysis

Colon segments measuring 1 cm in length were cut from the aforementioned colon tissues at the upper 2 cm of the anus, washed with PBS solution, and then quickly fixed in 4% paraformaldehyde. The fixed tissues were placed in melted paraffin wax and kept warm, and after the paraffin wax was completely immersed, they were embedded, cooled, solidified, fixed on a microtome, and cut into 5-8 μm thin slices. After removing the paraffin from the sections with xylene, the sections were dehydrated with anhydrous ethanol and rinsed with distilled water, stained with hematoxylin for nuclei and eosin for cytoplasm, and finally sealed with ethanol and xylene for dehydration to complete H&E staining.



Immunohistochemistry (IHC) staining for inflammatory cell markers

The paraffin sections were deparaffinized, antigens were thermally repaired and, endogenous enzymes were inactivated. Then the sections were blocked and stained with Gr-1 (1:800) and Muc2 (1:500) antibodies (Servicebio, Wuhan, China). The sections were hatched with secondary antibodies, followed by diaminobenzidine (DAB) staining and restaining with hematoxylin. Finally, the stained slides were scanned by Pannoramic SCAN (3DHISTECH Kft, Budapest, Hungary).



Assessment of the colitis disease activity index (DAI)

The severity of colitis was assessed weekly using a DAI by referring to Cooper et al. (Cooper, 1993). The details of the DAI assessment are shown in Table 1. Occult blood in feces was tested using a Urine Fecal Occult Blood Test Kit.


Table 1 | Assessment of the colitis disease activity index.





Measurement of gene expression in colon tissue by quantitative real-time PCR (qRT-PCR)

Mice in all groups were sacrificed, and the colon tissue from the cecum to the anus was obtained. After removing the tissue used for H&E staining, a total RNA extraction kit was used to extract and isolate RNA from the remaining tissues. After the tissue was fully ground, total RNA was extracted and diluted to an appropriate concentration. The Servicebio®RT First Strand cDNA Synthesis Kit was used to prepare the reverse transcription system. The reverse transcription program was set as follows: 25°C for 5 minutes, 42°C for 30 minutes, and 85°C for 5 seconds. The 2×SYBR Green qPCR Master Mix (None ROX) was used to perform quantitative fluorescent PCR. The gene sequence was checked from GenBank, and GAPDH was used as the internal reference. The sequences of the forward and reverse primers for GAPDH, IL-1β, and IL-6 are shown in Supplementary Table S1.



Measurement of biochemical indices in colon and serum

The colon tissue was homogenized under ice bath conditions, and the supernatant was taken after centrifugation for further biochemical indices determination. Then malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) were estimated spectrophotometrically using commercial assay kits (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions.

Blood was obtained and serum was taken after centrifugation. The absolute concentration of IL-1β, IL-6, and IL-10 was determined spectrophotometrically using commercial ELISA kits (Sino-UK Institute of Biological Technology, Beijing, China), following the manufacturer’s instructions.



Fecal DNA extraction and 16S ribosomal DNA gene sequencing

Feces were collected under aseptic conditions on day 7, 14, and 21. Fecal microbial DNA was extracted using the HiPure Soil DNA Kits (Magen, Guangzhou, China) according to the protocols. Afterward, the V3-V4 16S rDNA target region was amplified by PCR using the forward primer 341F 5’-CCTACGGGNGGCWGCAG-3’ and the reverse primer 806R 5’-GGACTACHVGGGTATCTAAT-3’ (the amplicon size was 466), according to a previous study (Guo et al., 2017). Related PCR reagents were obtained from New England Biolabs, USA.

After PCR, the amplicons were extracted and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, U.S.) following the protocols. Finally, paired-end sequencing (PE250) was performed on Illumina Novaseq 6000 according to the standard protocols.



Data preprocessing and bioinformatic analysis

To obtain high-quality clean reads, quality control was further done to the raw reads using FASTP (Chen et al., 2018), and then paired-end clean reads were merged.

Here, after quality control, we used two separate algorithms for reads clustering. One was the UPARSE algorithm (Edgar, 2013) (version 9.2.64) which clustered the clean reads into operational taxonomic units (OTUs) of ≥ 97% similarity, and the other was the UNOISE3 algorithm (Edgar, 2016) pipeline for denoising (error-correcting) Illumina amplicon reads into amplicon sequence variants (ASVs). The results of our study obtained by the two methods were approximately the same. Thus, in the current study, we chose to use the results of OTU with 97% similarity for the subsequent analysis. UCHIME algorithm (Edgar et al., 2011) was used to remove chimeric tags. Next, the highest abundance tag was selected as the representative sequence within each cluster. Then, the representative OTU sequences or ASV sequences were classified into organisms based on the SILVA database (Elmar et al., 2007) (version 132).

Alpha diversity indexes, such as Chao1, ACE, and Shannon index, were calculated by Usearch (version 10.0.240) and visualized by Graphpad Prism 9 (version 0.1.1). Sequence alignment and phylogenetic trees were constructed using Usearch. Bray-Curtis distances generated by Usearch were used to indicate beta diversity among groups and were visualized in R (version 4.0.5) using the pheatmap package (version 1.0.12). Principal coordinates analysis (PCoA) weighted Bray-Curtis distances was plotted in R using the ape package (version 5.5) and ggplot2 package (version 3.3.5). Between-group Venn plot was performed in Python3.7 using the matplotlib-venn package (version 0.11.6).

The stacked bar plots of the phylum and genus abundance were visualized using the ggplot2 package in the R project, and the species abundance was graphed using Circos (Krzywinski et al., 2009) (version 0.69-3). The differentially expressed OTU was analyzed by the edgeR package (version 3.30.3) in the R project and visualized by ggplot2. Linear discriminant analysis Effect Size (LEfSe) analysis was conducted using LEfSe software (Segata et al., 2011). Random Forest (Liaw and Wiener, 2002) was conducted using the random Forest package (version 4.6.14) and caret package (version 6.0.90) for 10-fold cross-validation in the R project. The KEGG pathway analysis was inferred using PICRUSt (Langille et al., 2013) (version 2.1.4).



Extraction and measurement of short chain fatty acids (SCFAs)

The standard solutions were prepared by dissolving 100 mg of acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and hexanoic acid in 100 mL diethyl ether. Then the standard solution was diluted from 1 mL, 0.75 mL, 0.5 mL, and 0.25 mL to 100 mL respectively to prepare for the standard curve. Fecal samples were added with 2 mL phosphoric acid solution and homogenized by vortex for 2 min. Then the homogenized samples were extracted using 1mL diethyl ether for 10 min and centrifuged at 4000 r/min at 4 ° C for 20min. Repeat the previous step again and the two extracts were mixed together and volatilized to less than 1 mL for the GC-MS analysis.

All assays were performed using the ISQ-LT GC-MS System (Thermo, USA). GC-MS conditions were as follows: the heating program was 100°C (5 min)-5°C/min-150°C (0 min)-30°C/min-240°C (30 min), the flow rate was 1 mL/min, the split ratio was 75:1, the carrier gas was high purity helium, the chromatographic column was TG WAX (30m×0.25mm×0.25μm), the mass spectrometry condition was EI source and the bombardment voltage was 70eV, the temperature of the ion source and injection port was set at 200°C and 240°C, respectively.



Statistical analysis

Student’s t-test and Welch’s t-test were used to analyze data between two groups. Data with more than two groups at different time points were analyzed using two-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test. One-way ANOVA, followed by Tukey’s multiple comparisons test was used to analyze the data with more than two groups. Graphpad Prism 9 (version 0.1.1) and R Studio (version 1.4.1106) were used for statistical analysis. Vegan package (version 2.5.3) in the R project was used to analyze the significance of function between groups.

Data are presented as mean ± SEM. P < 0.05 was considered statistically significant.




Results


Acute colitis induced by DSS was alleviated by LbGP treatment in the mouse model

As shown in Figure 1A, after 3.5% DSS induction for 1 week, mice were treated with 10 mg/kg LbGP. To dynamically evaluate the development of colitis, we measured the physiological and biochemical indicators and collected feces for 16S analysis at the end of each week.

The change in bodyweight is one of the important indicators to evaluate whether the acute colitis model was successfully constructed and whether the treatment was efficient. As shown in Figure 1B, the weights in model groups were significantly reduced at W1 because of severe colonic inflammation (P < 0.005). Starting from W2, the weights of mice in the LbGP group started recovering and it differed from that in the DSS group. However, even at W3, the weights of mice in the DSS group was still lower than that of mice in the LbGP group (P < 0.05). This indicated that LbGP treatment provided early relief from weight loss compared to self-healing.

The main clinical symptoms of UC include persistent diarrhea, hematochezia, and weight loss. Therefore, the DAI was obtained to assess the severity of disease in each group of mice at each stage (Figure 1C). At the end of the first week, mice in both the DSS group and the LbGP group developed severe symptoms of colitis (P < 0.001). As time progressed, the DAI indices of both DSS and LbGP groups were diminished. But from W2, the DAI index of the LbGP group no longer showed a significant difference from that of the control group (P = 0.38); however, the DAI index of the DSS group was still significantly higher (P < 0.01), and this significant difference existed until W3. Further, the shortened length of the colon is another important manifestation of acute colitis. Ulcerative inflammation in the colon can cause congestion and edema, resulting in a shortened length of the colon. As shown in Figure 1E, the whole colon from the cecum to the anus was taken and straightened. There were significant differences in the length of the colon among the three groups (Figure 1D). This was consistent with the results of the pre-mentioned body weight and DAI, which suggested that LbGP can significantly restore the length of the colon in mice with DSS-induced colitis. These results indicated that the LbGP intervention can reduce the symptoms of colitis earlier than self-healing.

H&E staining demonstrated immune cell infiltration and damage in the colonic tissue. As shown in Figures 2A, B, DSS induction led to severe intestinal epithelial damage. Compared with the control group, the DSS group showed intestinal epithelium shedding and ulceration. The mucosal surface was uneven and abnormally distorted, and the crypt fossa morphology was abnormal. The crypt fossa showed distortion or branching, some crypt cyst glands were atrophied. However, after LbGP treatment, the crypt morphology was visible and inflammatory infiltration of the submucosa was less than that in the model group, which proved that LbGP administration obviously reversed the DSS-induced colonic pathological injury.




Figure 2 | LbGP administration reduced inflammation during DSS-induced acute colitis. (A) H&E staining at W2. Scale bar, 100 μm. (B) IHC stain of Muc2 and Gr-1 at W2. Representative images are shown. Scale bar, 100 μm. (C) Relative mRNA levels of IL-1β, IL-10, and IL-6 at W2 (n=3, *P < 0.05, **P < 0.005). “ns” means “no significant”.



The colonic mucus layer is critical for maintaining the intestinal barrier and gut homeostasis. Muc2 is a kind of mucin expressed by intestinal epithelial cells, which is an important component of the mucus layer. The Muc2 IHC stain showed that DSS-induced led to a significant decrease of Muc2 and its expression increased after LbGP treatment. Gr-1 is a marker of granulocytes. Its expression can represent the inflammation level and display granulocyte infiltration. The Gr-1 IHC stain showed decreased Gr-1 expression in the LbGP group compared to the DSS group (Figure 2B). Those results showed that LbGP restored mucus secretion and alleviate the inflammation.

UC also results in an increase in the pro-inflammatory cytokines. Thus, qRT-PCR was used to measure the cytokine expression levels in colon tissues. As shown in Figure 2C, pro-inflammatory cytokines, such as interleukin (IL)-1β and IL-6, could be decreased by LbGP treatment at W2 (P < 0.05). Anti-inflammatory cytokines, such as IL-10, were increased after LbGP administration (P < 0.05). These results suggested that LbGP had a significant anti-inflammatory effect on DSS-induced colitis. ELISA was used to measure the cytokine levels in serum, which are shown in Supplementary Figure S2A. These results were consistent with the PCR results. The cytokine expression levels at W3 were determined to assess the further changes in cytokine mRNA expression (Supplementary Figure S2B). It showed that these inflammatory markers turned around quickly. There was no significance in IL-1β, IL-10, and IL-6 between groups, probably because the inflammation induced by acute colitis cannot sustain so long due to self-healing.

Oxidative stress is one of the key factors in UC. Oxidative stress often exhibits a high level of MDA and low levels of SOD and GSH-Px. The levels of MDA, SOD, and GSH-Px in colon tissues at W2 are shown in Supplementary Figure S2C. LbGP treatment significantly decreased the MDA level, which indicated its antioxidation effect.



The gut microenvironment was reestablished by LbGP treatment during DSS-induced acute colitis development

In order to evaluate the dynamic features of the gut microenvironment during LbGP treatment and DSS-induced colitis development, feces were collected at W1, W2, W3, and W4 to perform 16S rDNA sequence. The alpha diversity index indicated the diversity of the gut microbiome within each group. Shannon index, Ace index, and Chao1 index revealed  significant reduction in the community richness in the DSS group and LbGP group at W1 because of severe colitis (P < 0.005). However, this difference between the Control group and the LbGP group disappeared after LbGP administration at W2 and W3 (Figures 3A–C). All the alpha diversity indices in the DSS group also increased over time, but the Ace index and Chao1 index were consistently lower than those in the LbGP group at W3 (P < 0.05); thus, showing that LbGP can multiply the gut microbiome and alleviate the imbalance of the gut microbiome faster.




Figure 3 | LbGP restored the gut microbial structure in mice with DSS-induced acute colitis. (A) Shannon index, (B) Ace index, and (C) Chao1 index among groups during 3 weeks. (D) Venn diagram of the OTU level at W2. (E) Heatmap of Bray-Curtis dissimilarity. (F) PCoA analysis of Bray-Curtis dissimilarity within PC1 and PC2 axes (n = 5, *P < 0.05, ***P < 0.0005, ****P < 0.0001). “ns” means ”no significant”.



The Venn diagram counted the number of operational taxonomic units (OTUs) with a mean tag count > 1 within each group at W2 (Figure 3D). It showed that there were 356 OTUs identical to control in the LbGP group, which was much higher than the 251 OTUs in the DSS group. The Bray-Curtis distance was used to calculate the similarities between samples and was visualized using a heatmap with clustering (Figure 3E). The heatmap showed that the DSS group at W1 and W2, and the LbGP group at W1 could be clustered together, which indicated that the model was successfully constructed. Moreover, the LbGP group at W2, W3, W4, and the Control group at all time points could be clustered together, thus, indicating the gut microbiome composition of mice treated with LbGP was closer to that of mice in the Control group.

Principal co-ordinates analysis (PCoA) based on the Bray-Cutis distance demonstrated the same result more intuitively (Figure 3F). By observing the distribution of different groups at the same time point on the PCoA plot, it was found that the DSS group had a significant shift along the PC1 compared with the Control group and the LbGP group at W2. However, the location of the LbGP group was close to the Control group. Further, by observing the shift in each group at different time points, it was found that with continuous administration of LbGP, the LbGP group gradually approached the Control group along the PC1. However, the DSS group showed decompaction along the PC1. It showed that there was a large difference within the DSS group at W3 and W4, which may be due to the uncertainty of self-healing (Supplementary Figures S3A–D). These results further suggested that LbGP can ameliorate acute colitis by modulating the diversity and structure of the gut microbiota, to promote the repair of murine colonic epithelial injury.



Altered composition of the gut microbiota by LbGP treatment

The dynamic changes in microbiota composition were further investigated. The relative abundance of the top 10 phyla is presented as a stacked histogram (Figure 4A). There were notable changes in the relative abundance of Firmicutes and Proteobacteria in the DSS group and LbGP group compared to the Control group at W1. But at W2, the relative abundance of Firmicutes and Proteobacteria in the LbGP group returned to normal, while the relative abundance of Verrucomicrobia increased shapely in the DSS group, demonstrating that LbGP remarkably boosted Firmicutes and inhibited Proteobacteria and Verrucomicrobia.




Figure 4 | LbGP altered the gut microbiota composition in mice with DSS-induced acute colitis. Relative abundance of the top 10 microbial taxa was determined at the (A) phylum level and (B) genus level. (C) Circos graph of the relative abundance of the top 10 determined species (n = 5).



To further reveal the genus level changes, the relative abundance of the top 10 genera is presented in Figure 4B. DSS treatment induced a significant increase in Bacteroides, Akkermansia, Escherichia-Shigella, and Parabacteroides, while it caused a decrease in Lactobacillus. At W2, because of LbGP treatment, the relative abundance of Bacteroides, Escherichia-Shigella, and Parabacteroides decreased, while the relative abundance of Lactobacillus increased. At W3 and W4, the genus structure in the LbGP group was nearly identical to that in the Control group. Escherichia-Shigella is a common pathogenic bacterium whose early abundance is probably increased due to epithelial damage in the early stages of colitis leading to an influx of pathogenic bacteria. Parabacteroides is a kind of bacteria, which is considered to dominate the intestinal bacterial community during the acute phase of colitis (Ezeji et al., 2021). Lactobacillus was always considered a probiotic that can produce short-chain fatty acids (SCFAs), such as lactic acid, which is beneficial to the colonic epithelium. Thus, the detailed abundance of Lactobacillus and Parabacteroides is shown in Supplementary Figure S4. The results showed that LbGP administration significantly increased the abundance of Lactobacillus and decreased the abundance of Parabacteroides.

Concerning the species level, the Circos diagram presented the top 10 identified species (Figure 4C). Lactobacillus_murinus, Bacteroides_acidifaciens, and other Lactobacillus spp. were decreased in the DSS-induced groups, and they increased after LbGP administration. However, Parabacteroides_distasonis exhibited the opposite phenomenon. Bacteroides_acidifaciens is also a kind of probiotic, which has been reported to prevent obesity (Yang et al., 2016). These results were consistent with the aforementioned phylum and genus, suggesting that LbGP treatment can alter the gut microbiota by increasing the abundance of probiotics and decreasing the abundance of harmful bacteria to inhibit the acute development of colitis.



Identification of signature bacteria in promoting recovery from acute colitis by LbGP treatment

To further identify the key microbiota during LbGP treatment and DSS-induced colitis development, we used moderated statistical tests (Robinson and Smyth, 2007) to assess the tag abundance of OTUs between the DSS group and LbGP group at W2. A volcano plot was presented with a threshold of P < 0.05 and |log2FoldChange| > 1 (Figure 5A). With a cut-off value of minimal tag counts > 10 and minimal total counts > 15, 44 OTUs were enriched in the LbGP group and 23 OTUs were enriched in the DSS group. The identified genera with the top 10 fold-changes were labeled on the plot and the details are shown in Table 2. Clostridium_symbiosum_ATCC_14940, enriched in the DSS group at W2, belongs to Lachnoclostridium, which was recently reported as a biomarker for the diagnosis of colorectal adenoma and cancer (Li et al., 2020). The relative abundance of Lachnoclostridium is shown in Figure 5C. Interestingly, Lachnoclostridium did not colonize the intestine from the onset of colitis, but its abundance increased with the development of acute colitis, and LbGP treatment could prevent its colonization. Klebsiella sp. and Akkermansia sp. were also enriched in the DSS group. Klebsiella was reported to induce gut inflammation (Atarashi et al., 2017). Akkermansia spp. was enriched in the DSS group at W2. It was always regarded as a kind of probiotic in obesity and diabetes. However, some previous research also reported that it is increased in DSS-treated mice (Ménard et al., 2004; Zhang et al., 2016). Alistipes, Ruminiclostridium_5, Blautia, Prevotellaceae_UCG_001, and Romboutsia were enriched in the LbGP group. The relative abundance of Alistipes is shown in Figure 5D. LbGP administration could restore the relative abundance levels of Alistipes (P < 0.005). Blautia showed potential probiotic properties by preventing inflammation and promoting SCFAs production and other activities to maintain intestinal homeostasis (Liu et al., 2021). These microbiotas could play a significant role during LbGP treatment and were remarkably influenced by LbGP administration.




Figure 5 | Identification of microbiota biomarker during the development of acute colitis and LbGP treatment. (A) Volcano plot of differential OTUs between the DSS group and LbGP group at W2. (B) LEfSe analysis among the three groups at W2 with the highest linear discriminant analysis (LDA) score (lg(LDA score) ≥ 3). (C, D) Relative abundance of Lachnoclostridium and Alistipes. (E, F) Relative abundance of Bacteroides_acidifaciens and Parabacteroides_distasonis (n = 5, *P < 0.05, **P < 0.005). “ns” means “no significant”.




Table 2 | Details of differential OTUs between DSS and LbGP group at W2.



Linear Discriminant Analysis (LDA) effect size is a method to identify signature biomarkers. Figure 5B shows the results of LEfSe analysis among the Control group, DSS group, and LbGP group at W2 with the lg(LDA score) ≥ 3, and its cladogram is presented in Supplementary Figure S5. Bacteroides_acidifaciens, Lachnoclostridium_sp_YL32, Prevotellacese_UCG_001, Anaerofustis, Ruminiclostridium_5, Romboutsia, and Turicibacter were enriched in the LbGP group. However, Parabacteroides_distasonis, Burkholderiaceae, Klebsiella, Parasutterella, and Clostridium_symbiosum_ATCC_14940 from Lachnoclostridium were enriched in the DSS group. Probiotics were enriched in the Control group. These results roughly comprised the previous volcano plot, which suggested that probiotics were increased in the LbGP group and harmful microbiota was inhibited by LbGP treatment. The two species, Bacteroides_acidifaciens and Parabacteroides_distasonis, discussed previously, were found again. Figures 5E, F show the changes in their relative abundance at different time points among the 3 groups. LbGP treatment significantly increased the abundance of Bacteroides_acidifaciens and inhibited the colonization of Parabacteroides_distasonis. In this way, we identified several signature bacteria that were associated with LbGP treatment.



Muribaculaceae may act as the microbiota marker for LbGP treatment and colitis development

Apart from the statistical method and LDA analysis, in the cause of finding the implicitly different microbiota markers between groups during the LbGP treatment, a Random Forest model was established. In order to increase the amount of training data for the algorithm to have a good performance, the groups need to have intra-group consistency and to be representative of the gut microbiota in the Control group, the DSS-induced group, and the LbGP-treated group. Considering that there were individual differences in the process of self-healing. Thus, the samples that are close to other groups or the samples that have large differences within the group need to be excluded from this algorithm. After removing samples at W4 and the DSS group samples at W3, due to the uncertainty of the self-healing process in the DSS group, 40 samples remained behind. These 40 samples were divided into the following three categories as training samples for supervised learning: CTL (all of the Control groups, represented the normal state of gut microbiota, n=15), DSS (two model groups at W1 and the DSS group at W2, represented the colitis state of gut microbiota, n=15), and LbGP (the LbGP groups at W2 and W3, represented the treatment state of gut microbiota, n=10).

As shown in Figure 6A, with an increase in the number of trees, the out-of-bag (OOB) error decreased rapidly and approached 0, which indicated that the model showed a good performance. The 10-fold cross-validation with 5 trials (Figure 6B) revealed that 10 variables were enough to ensure accurate model prediction. Thus, considering the OTUs with the highest Mean Decrease Accuracy and Mean Decrease Gini (Figure 6C), 10 optimal OTUs were identified (Figure 6D). Except for the OTU000006 (Parabacteroides_distasonis) which was previously mentioned, all the other OTUs belong to a family named Muribaculaceae. Muribaculaceae is a newly named family in recent years, previously known as S24-7 (Lagkouvardos et al., 2019). The detailed abundance of Muribaculaceae is shown in Figure 6E. The abundance of Muribaculaceae increased with LbGP treatment and decreased with DSS-induced colitis development. This result suggested that Muribaculaceae can be used as a flora marker for LbGP treatment and the development of colitis.




Figure 6 | Identification of key OTU using Random Forest classification. (A) Error rates of the Random Forest model. (B) Error rates of 10-fold cross validation with 5 trials. (C) The mean decrease accuracy and mean decrease Gini of the top 20 OTUs in the Random Forest model. (D) Detailed taxonomy of the top 10 OTUs in the Random Forest model. (E) Relative abundance of Muribaculaceae (n = 5, *P < 0.05, ***P < 0.0005, ****P < 0.0001). “ns” means “no significant”.





Altered metabolism of the gut microbiota during LbGP treatment

The PICRUSt algorithm was used to assess the functional difference in bacteria among different groups, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to describe every possible pathway. Using the Bray-Cutis distance-based PCoA analysis at W2 among the 3 groups (Figure 7A), we found that the DSS group was significantly shifted along both PC1 and PC2 compared with the Control group, while the LbGP group only shifted along PC2. It showed that the metagenomic function of the gut microbiota in the LbGP group was similar to that in the Control group.




Figure 7 | LbGP altered the function of gut microbiota. (A) PCoA analysis of metagenomic function based on the Bray-Curtis distance at W2. (B) Volcano plot of differential KOs between the DSS group and LbGP group at W2. (C–H) Concentrations of different SCFAs in mice colonic contents at W2. (n = 5, *P < 0.05, **P < 0.005, ****P < 0.0001). “ns” means “no significant”.



Then a statistical method was used to analyze the different types of KEGG Orthology (KO) between the LbGP group and DSS group at W2. With a threshold of P < 0.05 and |log2FoldChange| > 1, there were 412 KOs enriched in the LbGP group and 407 KOs enriched in the DSS group (Supplement Figure 7B), which showed that LbGP treatment significantly altered the metabolism compared to the model. Further, Welch’s T-test was used to estimate the different KEGG metabolic pathways in level 3 with P < 0.01 (Supplementary Figures S6A, B). The result showed that DSS induction significantly increased most of the pathways, which disrupted the homeostasis of the gut microbiota function. The overall upregulation of these functional pathways may be due to the functional compensation due to inflammation. After LbGP administration, the increase reversed, which showed that LbGP treatment may restore the balance of metagenomic function by re-establishing the microenvironment.

In addition to the functional prediction of gut microbiota, SCFAs analysis was carried out to study the effect of LbGP on the microbial metabolic product. The concentrations of acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid in mice colonic contents at W2 are shown in Figures 7C–H. After the DSS-induce, the content of acetic acid, butyric acid, and isovaleric acid significantly decreased in the DSS group mice compared to the Control group (P < 0.05). SCFAs level recovered after one-week LbGP treatment. Especially the content of acetic acid, propionic acid, and butyric acid was significantly higher in the LbGP group mice than the DSS group mice (P < 0.05).




Discussion

The development of colitis is a dynamic and continuous process, and timely treatment is very important for recovery in the acute phase of colitis. In most cases, acute colitis has a tendency to heal spontaneously; however, the intestinal epithelial damage and dysregulation of the internal environment during the acute phase persist in the intestine (Sartor, 2006). They are more likely to recur the next time when it is stimulated by environmental factors. Here, we used a long-term observation to assess the development of LbGP treatment and colitis itself in order to determine their effects on the diversity, composition, and some signature bacteria of the intestinal flora in DSS-induced colitis.

This long-term observation allowed us to understand the dynamic pathological process from acute to chronic remission of UC, especially the process of early colonization and late abundance changes in the gut microbiota. As discussed earlier, although the alpha diversity and composition of the DSS model group were getting better in the last week, the beta diversity showed that the recovery was still unstable. This may lead to incomplete recovery of the intestinal environment and poor protection against the next stimulus. Further, being a harmful bacterium, the colonization of Lachnoclostridium sp., as mentioned earlier, did not occur at the beginning of colitis. But it gradually colonized the intestine as colitis progressed and its abundance gradually increased. Even at W3, when the other indicators seemed to have recovered, the abundance of Lachnoclostridium was still increased in the model group. Thus, this may suggest that this bacterium may be associated with the ease of recurrence of colitis. These results demonstrate that self-restoration is inadequate for intestinal microbiome disorders caused by acute colitis, which may be one of the reasons why UC is vulnerable to recurrence.

In the current study, LbGP treatment could remarkably re-establish the bacterial species and quantity, and finally, restore the homeostasis in the intestine, which may prevent the recurrence of colitis. Thus, we next identified some of the signature bacteria during LbGP treatment and colitis development. In the current study, we found that LbGP treatment could significantly increase the abundance of probiotics, such as Bacteroides_acidifaciens, Lactobacillus spp., Turicibacter, and Alistipes, and decrease the abundance of harmful bacteria, such as Lachnoclostridium spp. and Parabacteroides_distasonis. These probiotics were reported to produce SCFAs and promote repair of the intestinal mucosal barrier, which accelerated colonic repair (Kles and Chang, 2006). In our founding, the concentration of SCFAs suddenly decreased during UC, while LbGP treatment can significantly improve most of the SCFAs. It proves the improvement of probiotics leads to an increase in SCFAs. SCFAs can bind to the G-protein-coupled receptor and exhibit an anti-inflammatory effect (Maslowski et al., 2009). For example, acetic acid was reported as an energy source for intestinal cells and it can regulate the inflammatory response and maintain the mucosal barrier (Ménard et al., 2004). Propionic acid and butyric acid were reported to have the ability to maintain the stability of intestinal microecology (Vinolo et al., 2011), improve intestinal immunity, and maintain intestinal homeostasis (Furusawa et al., 2013). This suggests that SCFA can be the bridge between gut microbiota and colitis recovery during LbGP treatment.

Most interestingly, by applying a machine-learning method, we found several species from a family recently named Muribaculaceae, which can together distinguish the non-treatment control group, DSS-induced colitis group, and LbGP administration group. It is worth noting that the Random Forest analysis did not indicate the effect of a species from Muribaculaceae. Still, it indicated the overall result of some species in this family. A recent study reported that Muribaculaceae was increased during Ginseng polysaccharide treatment, which indicates that plant polysaccharides may affect Muribaculaceae (Huang et al., 2022). It was difficult to isolate and culture the species in Muribaculaceae in vitro, and there were few annotations of this family in the database. It is difficult to detect the relationship between this flora and disease by traditional statistical methods, but machine learning can serve this purpose. In our study, we found that Muribaculaceae was remarkably reduced in mice with DSS-induced colitis and was restored by LbGP treatment; this proves that Muribaculaceae played a significant role in colitis development and its recovery.

As mentioned before, LbGP is obtained by further purification of LBP. Its effect on UC and gut microbiota is consistent with that of LBP to some extent. This suggested that glycopeptide acts as the primary component of LBP in colitis treatment. Similar to LBP (Zhao et al., 2014; Zhu et al., 2020), LbGP can reduce inflammation and improve the diversity of gut microbiota. Both of them can increase some probiotics, such as Lactobacillus and Prevotellaceae. However, there are still some differences between LbGP in our study and LBP. For example, Akkermansia was downregulated by LbGP, but it was increased by LBP (Zhu et al., 2020). Alistipes was increased in our study, but it was downregulated by LBP (Cui et al., 2020). On the one hand, these differences may be caused by the differences in disease models. Because different disease models lead to different compositions of the gut microbiota, which in turn affects the status and function of different bacteria. On the other hand, LBP extracted by the conventional process yields far less macromolecular contents and far less protein, while LbGP has more glycoprotein structure which means higher bioactivity. These glycoproteins were hardly digested by the human gut but can be degraded by some specific bacteria (Rhodes et al., 1985). These glycoprotein metabolites, such as oligopeptides and amino acids, can serve as a major nutrient source for some colonic bacteria, thus altering the microbiota composition (David Sela and Underwood, 2012). Some bacteria, such as Alistipes, can use amino acids for fermentation and produce a more diverse range of metabolites, including SCFAs (Yao et al., 2016), which influence the intestinal environment. Therefore, these differences need to be observed in further treatment and investigation.

Furthermore, our findings are highly consistent in all aspects and will help to test the future clinical use of this bioactive food ingredient for treating gastrointestinal disease. The alpha diversity results were highly consistent with the DAI index and colon length. This suggested that the destruction and recovery of intestinal microbiota were consistent with the entire pathological process during colitis development and LbGP treatment. This provided evidence for the synergy between the intestinal microbiota and disease phenotypes.



Conclusions

In conclusion, our results indicated that LbGP can serve as a potential natural extract of TCM to treat UC and prevent the transformation from the acute to the chronic phase. In future studies, metabonomics and metagenomics can be combined to dig deeper into the metabolic patterns of the gut microbiota under the influence of LbGP treatment. Fecal transplants can be further used to explore the therapeutic effects of probiotics discussed in this study. In particular, future investigation to determine the detailed mechanistic aspect of the relationship between Muribaculaceae and colitis will be meaningful.
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Error in figure/table

In the published article, there was an error in Figure 7 as published. Figure 7E was incorrectly placed as Figure 7G and Figure 7G appeared twice by mistake. The corrected Figure 7 and its caption appear below.




Figure 7 | LbGP altered the function of gut microbiota. (A) PCoA analysis of metagenomic function based on the Bray-Curtis distance at W2. (B) Volcano plot of differential KOs between the DSS group and LbGP group at W2. (C–H) Concentrations of different SCFAs in mice colonic contents at W2. (n = 5, *P < 0.05, **P < 0.005, ****P < 0.0001). “ns” means “no significant”.



The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way.
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Background

Parkinson’s disease (PD) is a common neurodegenerative disorder, accompanied by motor deficits as well as gastrointestinal dysfunctions. Recent studies have proved that the disturbance of gut microbiota and metabolism contributes to the pathogenesis of PD; however, the mechanisms underlying these effects have yet to be elucidated. Curcumin (CUR) has been reported to provide neuroprotective effects on neurological disorders and modulate the gut flora in intestinal-related diseases. Therefore, it is of significant interest to investigate whether CUR could exert a protective effect on PD and whether the effect of CUR is dependent on the intestinal flora and subsequent changes in metabolites.



Methods

In this study, we investigated the neuroprotective effects of CUR on a mouse model of PD induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). 16S rRNA sequencing was performed to explore the profile of the gut microbiota among controls, MPTP-treated mice and CUR-treated mice. Then, antibiotic treatment (ABX) and fecal microbiota transplantation (FMT) experiments were conducted to examine the role of intestinal microbes on the protective effects of CUR in PD mice. Furthermore, ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS)-based metabolomics analysis was used to identify the landscape of the CUR-driven serum metabolome. Finally, Pearson’s analysis was conducted to investigate correlations between the gut flora-metabolite axis and CUR-driven neuroprotection in PD.



Results

Our results showed that CUR intervention effectively improved motor deficits, glial cell activation, and the aggregation of α-synuclein (α-syn) in MPTP-treated mice. 16S rRNA sequencing showed elevated abundances of Muribaculaceae, Lactobacillaceae, Lachnospiraceae and Eggerthellaceae but depleted abundances of Aerococcaceae and Staphylococcaceae in CUR-treated mice when compared with MPTP mice. ABX and FMT experiments further confirmed that the gut microbiota was required for CUR-induced protection in PD mice. Serum metabolomics analysis showed that CUR notably upregulated the levels of tyrosine, methionine, sarcosine and creatine. Importantly, strong correlations were identified among crucial taxa (Aerococcaceae, Staphylococcaceae, Muribaculaceae, Lactobacillaceae, Lachnospiraceae and Eggerthellaceae), pivotal metabolites (tyrosine, methionine, sarcosine and creatine) and the motor function and pathological results of mice. CUR treatment led to a rapid increase in the brain levels of tyrosine and levodopa (dopa) these changes were related to the abundances of Lactobacillaceae and Aerococcaceae.



Conclusions

CUR exerts a protective effect on the progression of PD by modulating the gut microbiota-metabolite axis. Lactobacillaceae and Aerococcaceae, along with key metabolites such as tyrosine and dopa play a dominant role in CUR-associated neuroprotection in PD mice. Our findings offer unique insights into the pathogenesis and potential treatment of PD.
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1 Introduction

Parkinson’s disease (PD) is the second most common progressive neurodegenerative disorder and has a number of clinical manifestations, including motor deficits, resting tremor, rigidity, bradykinesia and gait impairments (Nalls et al., 2014; Heinzel et al., 2019). The loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc)-striatum axis and α-synuclein (α-syn) aggregation in the Lewy bodies are recognized as the typical pathological features of PD (Dickson et al., 2009). At present, the pathogenesis of PD remains ambiguous and the therapeutic strategies for PD are only classical methods that can only ameliorate the motor symptoms but are ineffective in slowing the progression of disease (Armstrong and Okun, 2020). Recently, neurologists have observed that gastrointestinal (GI) problems, such as constipation, begin decades before motor dysfunction in PD patients (Bloem et al., 2021). It has also been shown that the accumulation of misfolded α-syn protein begins in the enteric nervous system decades before the presence of symptoms in the central nervous system (CNS) (Schapira et al., 2017). Moreover, several studies have supported the fact that PD might originate from the GI tract, thus suggesting the crucial role of the intestine in PD progression (Abbott et al., 2001; Tan et al., 2014; Fasano et al., 2015).

The human gut microbiota, colonized within the GI tract, is essential to communication between the gut and the host (Ley et al., 2006; Armstrong and Okun, 2020). It was previously found that microbes play a vital role in the pathogenesis of PD via the modulation of metabolites, the integrity of the GI epithelial barrier and immune function (Jiang et al., 2017). Furthermore, an imbalance in the composition and function of gut bacteria is thought to be associated with PD pathology. PD patients who exhibited GI symptoms were previously shown to exhibit a distinct composition and function of intestinal microbiota when compared with healthy controls (Hill-Burns et al., 2017). Furthermore, the gut flora from PD patients exacerbated motor deficits when transplanted into germ-free mice, whereas this effect is reversed following antibiotic treatment, thus emphasizing a causal role for gut microbes in the pathology of PD (Sampson et al., 2016). As a classical mechanism of host-microbe crosstalk, gut microbes are reported to produce a range of metabolites, such as amino acids and secondary bile acids, that then accumulate in the peripheral serum (Sanna et al., 2019; Liu Y et al., 2020). Notably, the gut microbiota can regulate the metabolism of aromatic amino acid (AAA) which may regulate immune function, along with metabolic and neuronal responses in the CNS (Liu Y et al., 2020). Tyrosine is a vital AAA that is mainly synthesized from phenylalanine, the precursor to levodopa (dopa) that is commonly used to treat PD (Bressman and Saunders-Pullman, 2019). However, the specific relationship between aberrant gut flora and the pathogenesis of PD has yet to be elucidated.

Curcumin (CUR) a low molecular weight polyphenolic compound obtained from Curcuma longa is widely employed in traditional Chinese medicine (Aggarwal and Harikumar, 2009). Emerging data suggest that CUR benefits the host via a number of mechanisms, including anti-inflammatory, antioxidant, and anti-cancer properties (Liu FH et al., 2016; Kocyigit and Guler, 2017; Jaiswal et al., 2017). Furthermore, CUR was shown to contribute to PD treatment through multiple pathways, including the prevention of reactive oxygen species (ROS) production, glial cell activation, α-syn aggregation and neuronal cell apoptosis (Chen et al., 2006; Lee et al., 2007; Jiang et al., 2013; Peng et al., 2017).

However, poor bioavailability and the lack of permeability in the blood-brain barrier have led to widespread speculation as how CUR could exert such effects in PD (Wahlang et al., 2011). We hypothesized that the peripheral influences of CUR might be more important than direct influences on the CNS. Indeed, CUR is known to restore microbial dysbiosis and can improve gut barrier function, reduce inflammation and modulate circulating metabolites, thus playing a protective role in many diseases (Huang et al., 2021; Islam et al., 2021). However, whether CUR could have a protective effect on PD via gut microbiota remains unknown.

In this study, we created a mouse model of PD with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and demonstrated that CUR improved motor impairments and reduced DA neuronal loss in PD mice. We also identified compositional shifts in the gut flora and histological changes in the colon in response to CUR administration. The neuroprotective effect of CUR was blocked by antibiotic treatment (ABX) and reversed by fecal microbiota transplantation (FMT) experiment. Metabolomics analysis further revealed that the serum levels of tyrosine, cysteine, methionine, sarcosine, and creatine were higher in the CUR group when compared with the MPTP group. Correlation analysis identified one potential pathway involving microbiota-associated effects on circulating amino acid metabolism. CUR intervention also increased the levels of tyrosine and dopa in the brain of PD mice. These findings suggest that the neuroprotective effects of CUR in PD involve CUR-induced changes in the gut bacteria and alterations in the levels of key amino acids.



2 Methods


2.1 Animals and treatments

Male C57BL/6 mice (age 6 to 8 weeks, weighing 20−30g), were purchased from Shanghai SLAC Laboratory Animal Co., Ltd and were housed under a specific pathogen-free environment (23 ± 2°C, 45 ± 5% humidity, 12/12 h light/dark). The mouse procedures in this study were approved by the ethics committee of Tongji University. All experiments were conducted in adherence to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals (No. 55 issued by the Ministry of Health, revised 1998).

Reagents and drugs were prepared immediately before their use. MPTP-induced PD mice model was established as described previously (Liu H et al., 2020). In brief, the solution containing 30 mg/kg MPTP (Cat# M0896, Sigma-Aldrich, St Louis, United States) was prepared using sterile saline and the mice were intraperitoneally injected for 5 consecutive days to construct the sub-acute PD model, whereas control mice were received saline. For the CUR intervention experiment, CUR (25,100,400 mg/kg) (Cat# C1386, Sigma-Aldrich) was prepared in sterile saline and given through intragastric administration daily for 4 weeks starting 2 weeks before MPTP injection. The dose selection of curcumin is based on previous relevant studies (Szymusiak et al., 2016; Muthian et al., 2018; Abdul-Latif et al., 2021).

In the antibiotic treatment experiment, the antibiotic solution was freshly prepared with 1 g/L ampicillin (Cat# A100339, Sangon Biotech, Shanghai, China), 1 g/L neomycin (Cat# A6610366, Sangon Biotech), 1 g/L metronidazole (Cat# A600633, Sangon Biotech), and 0.5 g/L vancomycin hydrochloride (Cat# A600983, Sangon Biotech) in sterilized water for immediate use similarly to previous studies (Sampson et al., 2016). The antibiotic administration was performed for 5 weeks to remove approximately 99% of intestinal flora.

In the fecal microbiota transplantation experiment, fresh fecal pellets were collected from MPTP treated mice, controls, and CUR treated mice, and then diluted in PBS (1 fecal pellet/ml), and steeped for 15 min. The stool was centrifuged at 1000 rpm for 5 min at 4°C. Then, the suspension was centrifuged at 8000 rpm and 4°C for 5 min to obtain the total bacteria. The bacteria were filtered twice in PBS and mixed with glycerol at a final concentration of 20% and stored at -80°C until transplantation. Each recipient mouse received 200 μl of bacterial suspension (108 CFU/ml) daily for 14 consecutive days.



2.2 Behavioral tests


2.2.1 Open field test

The open field test was used to assess the locomotor activity of mice. The mice were allowed to be acclimatized to the experimental environment for half an hour before the test. The mice were randomly placed anywhere in the open field test chamber and permitted to investigate freely for 5 min. The ANY-maze automated video system (MED Associates, Georgia, VT, United States) was used to record all the activity of mice through a camera video. The total distances were calculated to investigate the motor function of mice.



2.2.2 Rotarod test

The rotarod test was conducted to evaluate the motor function of mice. Briefly, mice were placed in five separate chambers on a spinning rotarod (Ugo Basile, Comerio, Italy), which can accelerate from 4 rpm to 40 rpm within 5 min. The latency to fall from the rotarod was recorded. All mice are allowed to train for five consecutive days before the final test. Three trials were repeated, and the average latency time was used to analyze the motor function of mice.



2.2.3 Pole test

Briefly, a wooden pole (0.5-m long, 1-cm-diameter) which has a 2-cm-diameter latency was held on a wooden board as its base. Mice were allowed to climb down the pole and the time spent from releasing the mice on the top latency to the one hind limb reaching the base was recorded. All mice are allowed to train 3 times daily for five consecutive days before the final tests. Three trials were performed, and the average time was measured to analyze the motor function of mice.




2.3 Real-time quantitative PCR

Extraction of total mRNA was performed using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and cDNA was synthesized using a Hifair® RT Kit (Yeasen, Shanghai, China). Real-time qPCR was carried out using Hieff UNICON® qPCR SYBR Green Master Mix (Yeasen) with 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The results were analyzed using the 2-△△CT method. The primer sequences used in this experiment are shown in Supplemental Table S1.



2.4 Western blotting

Mice were sacrificed to collect the brain and frozen at -80°C. Brain tissues were lysed, and centrifuged at 12000 rpm and 4°C for 20 min to obtain the total protein in the supernatant. The protein concentrations were estimated by the bicinchoninic acid (BCA) protein assay kit (Thermo Scientific Rockford, IL, USA). Then, the protein was boiled in sodium dodecyl sulfate (SDS)-loading buffer at 95°C for 10 min to denature. The appropriate amount of protein was run on a 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to 0.22 μm polyvinylidene fluoride membranes, and the membranes were blocked with 5% fat-free milk at room temperature for 1 h. The membranes were incubated at 4°C overnight with primary antibodies and incubated at room temperature for 1 h with the HRP-conjugated secondary antibody. Finally, an enhanced chemiluminescence reagent (Thermo Scientific Rockford) was used to develop the blots with a gel image system (Bio-Rad, CA, USA), and the analysis is performed by using ImageJ 1.49v (National Institutes of Health, USA, https://imagej.en.softonic.com/). The following antibodies were used: anti-TH antibody (Cat# ab112, Abcam, Cambridge, MA, USA), anti-β-actin antibody (Cat# 8457S, Cell Signaling Technology, Berkeley, CA, USA), anti-α-syn antibody (Cat# ab212184, Abcam), goat anti-rabbit antibody (Cat# ab6721, Abcam),.



2.5 Immunohistochemistry and immunofluorescence

For immunohistochemistry (IHC), the brains were separated in PFA solution at 4°C overnight and embedded with 3% agarose in PBS. Coronal sections were gathered using VT1000 vibratome (Leica Biosystems, Wetzlar, Germany) at a thickness of 30 μm throughout the brain, including the SNpc and striatum and every 3 sections were analyzed. 3% H2O2 was used to block endogenous peroxidase activity for 10 min at room temperature and sections were blocked with 10% donkey serum for 10 min. For immunofluorescence (IF), sections were blocked with 10% donkey serum for 30 min. Then, the sections were incubated with primary antibody. The sections were incubated with an HRP-conjugated anti-rabbit antibody, stained using the DAB kit (Vector Labs, Carlsbad, CA, USA), and were incubated overnight at 4°C. Fluorescein was combined with a fluorescent secondary antibody. Images were gathered using a fluorescence microscope (Olympus, Tokyo, Japan). The quantifications were performed using ImageJ. The following antibodies were used: anti-Iba1 antibody (Cat# ab5076, Abcam), anti-GFAP antibody (G3893, Sigma-Aldrich, St Louis, MO, USA), anti-α-syn antibody (Cat# ab212184, Abcam), anti-pSer129-α-syn antibody (Cat# ab51253, Abcam), Goat anti-rabbit antibody (Cat# ab6721, Abcam), donkey anti-mouse antibody (Cat# A21203, Invitrogen, Carlsbad, CA, USA), donkey anti-goat antibody (Cat# A32758, Invitrogen).



2.6 Nissl staining

Brain sections were made according to the above methods. The sections were washed twice in sterile water, stained with 0.1% cresyl violet (Sangon Biotech) solution buffer for 10 min, washed twice again. Images were obtained by using phase-contrast microscope (Olympus).



2.7 Thioflavin-S staining

Thioflavin S staining was performed to measure the aggregation of α-syn. Briefly, the sections were stained with 10 mg/ml thioflavin-S solution (CAT# HY-D0972, MCE, NJ, Monmouth Junction, USA) for 5 min, washed twice. The sections were mounted on slides and images were gathered using a fluorescence microscope (Olympus). The percentage of thioflavin-S-positive areas was calculated to evaluate α-syn aggregation.



2.8 Fecal collection and 16S rRNA sequencing analysis

Fecal pellets were gathered 3 days before sacrificed, allowing mice to empty sterile cages and collected immediately in sterile tubes at dry ice and then stored at -80°C. Microbial genomic DNA isolation was performed using a E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) The concentration of DNA was obtained by a nanodrop (Thermo Fisher Scientific), and the quality was assessed using agarose gel electrophoresis. The regions V3-V4 of bacterial 16S rRNA gene were amplified using the primers: forward primer (338F 5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer (806R 5′-GGACTACHVGGGTWTCTAA-3′). The amplicons were further purified by the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified by QuantiFluor™-ST (Promega, USA), then sequencing was performed on a (2 × 300) bp paired-end Illumina MiSeq platform.

Alpha diversity analysis were performed through Chao and Shannon using QIIME (Version 3.3.1). The differences in the complexity of bacteria between samples were analyzed using the principal coordinate analysis (PCoA) based on Adonis and analysis of similarity (ANOSIM) on QIIME. Linear discriminant analysis (LDA) coupled effect size measurements (LEfSe) analysis was conducted to compare the differences abundances of microbiota at different taxon levels between the groups. Heatmap was plotted using R package 3.5.1. Kyoto Encyclopedia of Genes and Genomes (KEGG) and orthologous groups of proteins (COG) analysis was used to predict the abundances of functional categories by phylogenetic investigation of communities by reconstruction of unobserved state (PICRUSt) software (http://picrust.github.io/picrust/).



2.9 Serum samples preparation and UHPLC-MS/MS analysis

On day 28, mice were sacrificed and the whole blood samples were carefully collected, then were kept at room temperature for 1 h to ensure complete clotting. The samples were centrifuged at 5000 rpm and 4°C for 20 min to obtain serum. Serum content (40 mg) was immersed with extract solution, homogenized for 4 min, and sonicated for 5 min in the ice-water bath. Then the samples were centrifuged at 12,000 rpm for 5 min. 200 μL of the extracts were transferred to a fresh tube and derivatized 37 °C. The dried samples were reconstituted and centrifuged to obtain 75 μL of supernatant for LC/MS analysis. The samples were separated on a 1290 Infinity series UHPLC System (Agilent Technologies), equipped with UPLC BEH Amide column (2.1 mm × 10 mm, 1.7 μm). The mobile phase consisted of 25 mmol/L ammonium acetate in water (A) and 25 mmol/L ammonia hydroxide in acetonitrile (B). The elution gradient was as follows: 0~0.5 min, 95%B; 0.5~7.0 min, 95%~65% B; 7.0~8.0 min, 65%~40% B; 8.0~9.0 min, 40% B; 9.0~9.1 min, 40%~95% B; 9.1~12.0 min, 95% B. MS/MS spectra were acquire using the TripleTOF 6600 mass spectrometer (AB Sciex) based on an information-dependent acquisitio. MS data acquisition and quantitation were carried out using R package XCMS (version 3.2). Principal component analysis (PCA) was performed to identify the differences in metabolic patterns among 3 groups. Variable importance of projection (VIP) of each metabolite was obtained based on the orthogonal partial least square discriminant analysis (OPLS-DA) model. Relative contents of metabolites between two groups were calculated using two-tailed Student’s t test. Substances with p < 0.05 and VIP > 1 were identified as differentially altered metabolites among 3 groups. Metabolic pathway enrichment analysis was performed using topology analysis based on KEGG database. The significance of pathway was evaluated using the impact value created from topology analysis.



2.10 Histological analysis

Hematoxylin-eosin (H&E) staining was performed according to the manufacturer’s instruction (Kim et al., 2012) as follows: crypt architecture (normal, 0-severe crypt distortion with loss of entire crypts, 3), degree of inflammatory cell infiltration (normal, 0; dense inflammatory infiltrate, 3), muscle thickening (base of crypt sits on the muscularis mucosae, 0; marked muscle thickening, 3), crypt abscess (absent, 0; present, 1), and goblet cell depletion (absent, 0; present, 1). The total histologic scores were the sum of each sample score.



2.11 Statistical analysis

All results are analyzed by GraphPad Prism 7 software (https://www.graphpad.com/) using one-way ANOVA. Pearson’s correlation analysis was used to examine the correlation between levels of gut bacteria, peripheral blood metabolites, and PD associated results. The data shown as mean ± SEM and the statistical difference between groups are represented as p values, where p < 0.05 were considered statistically significant. Significance was performed as *(p-value < 0.05), **(p-value < 0.01), ***(p-value < 0.001), ****(p-value <0.0001).




3 Results


3.1 The administration of CUR ameliorated motor impairments and dopaminergic neuronal loss in MPTP-induced PD mice.

Figure 1A shows the molecular structure of CUR. First, we verified the dose-dependent effects of CUR using a low-dose, middle-dose and high-dose (25, 100 and 400 mg/kg, respectively) for 4 weeks in the mouse model of PD induced by MPTP, as described previously (Figure 1B) (Liu H et al., 2020). MPTP exerts a neurotoxic effect that specifically destroys DA neurons in the SNpc Given that we sought to confirm the role of CUR on the gut microbiota, we administered MPTP via the intragastric route. Three behavioral tests were used to determine the motor function of experimental mice. We detected a significant reduction in the total distance travelled by MPTP mice in the open field test, an increase in the descent-time in the pole test, and a decrease in the latency time in the rotarod test when compared with control mice; 100 mg/kg of CUR had the most significant reversal effect on motor impairments (Figures 1C–F). No significant improvements were observed in mice receiving 25 mg/kg or 400 mg/kg of CUR when compared with MPTP mice. Collectively, these results revealed that the dose of CUR is critical for its protective effect on PD. Next, considering that DA neuronal loss is the typical pathological characteristic of PD, we analyzed DA neurons in the SNpc-striatum system by IF, IHC and western blotting. DA neurons are marked with tyrosine hydroxylase (TH), which is a rate-limiting enzyme in dopamine synthesis and is recognized as a marker of DA neurons (Sampson et al., 2016). A significant increase in the number of DA cells in the SNpc and their projecting fibers in the striatum were detected with all three doses of CUR mice; the 100 mg/kg CUR group performed better than the other two CUR groups when compared with the MPTP mice (Figures 1G, H). Western blotting of TH protein further suggested that the 100 mg/kg dose of CUR was better than the other two groups in terms of the levels of TH (Figure 1I). Therefore, this data strongly suggested that the administration of CUR at a dosage of 100 mg/kg can prevent motor impairments and DA neuronal loss in MPTP-induced PD mice. Thus, all subsequent experiments were performed with a dose of 100 mg/kg CUR. Nissl staining showed that DA neuronal loss in the SNpc and striatum was significantly lower in MPTP mice than in control mice; the administration of CUR reversed these effects (Figures S1A, B). Taken together, these results indicate that CUR can alleviate MPTP-induced motor impairments and DA neurons neurodegeneration in the SNpc-striatum axis.




Figure 1 | CUR administration prevented motor impairments, dopaminergic neuronal loss and α-synuclein aggregation in MPTP-induced PD mice. Male C57BL/6 mice were received intragastric administration of CUR (25,100,400 mg/kg) once a day for 4 weeks. On day 15, mice were treated with 200 μL saline containing MPTP (30 mg/kg) or 200 μL saline via intraperitoneal injection every day for a total of 5 times to establish PD mice model. On day 28, behavioral tests were performed to evaluate the motor function and the mice were sacrificed to determine the pathology of PD by immunohistochemistry, immunofluorescence and immunoblot. (A) The molecular structure of CUR. (B) The experimental design of CUR intervention in MPTP-induced PD mice. (C, D) Representative traces and quantification of the open field test among MPTP treated mice, CUR treated mice and controls (n = 10). Bluepoint: starting position; Redpoint: ending position. (E, F) Quantification of performance in the pole test and the rotarod test among 5 groups (n = 10). (G) Representative immunofluorescence (upper) and immunohistochemistry (lower) images of TH-positive fibers and neurons in the striatum and SNpc among 5 groups. (H) Quantification of TH-positive fibers and neurons in the striatum and SNpc (n = 5). (I) Representative bands of TH protein in striatum of one hemisphere determined by WB and quantification of TH expression among 5 groups (n = 3). (J) Representative thioflavin-S staining images of α-syn-positive aggregations in the SNpc. (K) Quantification of the percentage of thioflavin-S stained area in the SNpc among MPTP treated mice, CUR (100 mg/kg) treated mice and controls (n = 3). (L, M) Representative bands of α-syn protein in striatum of one hemisphere determined by WB and quantification of α-syn expression among MPTP treated mice, CUR (100 mg/kg) treated mice and controls (n = 3). (N) Representative immunofluorescence images of pSer129α-syn-positive cells in the striatum and SNpc among 3 groups. (O) Quantification of pSer129α-syn-positive cells in the striatum and SNpc among 3 groups (n = 5). Data are expressed as mean ± SEM and representative results are one of the independent experiments. All statistical differences were tested using one-way ANOVA in (C–E, F, G, I, K, M, O). Quantification of TH-positive fibers and neurons, α-syn-positive area, pSer129-α-syn-positive cells was performed by ImageJ. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





3.2 The administration of CUR prevented the aggregation of α-synuclein in the MPTP-induced mice model of PD.

The accumulation of Lewy bodies consisting of filamentous aberrant aggregations of α-syn is recognized as another specific pathological hallmark of PD (Sampson et al., 2016). To investigate the effect of CUR treatment on the α-syn deposition, thioflavin-S staining and immunoblotting were performed. The results demonstrated that thioflavin-S-positive area in SNpc was notably elevated in MPTP treated mice while CUR administration sharply reduced the percentage of stained area (Figures 1J, K). Consistently, the level of α-syn in striatum also upregulated in MPTP mice and decreased after CUR treatment (Figures1L, M). These findings suggested that CUR intervention inhibited α-syn aggregation in MPTP treated mice. Then, serine 129 phosphorylated α-syn (pSer129α-syn) was reported as the main fibril forms of α-syn in LB (Goulding et al., 2020). Hence, IHC and IF of pSer129α-syn were conducted to investigate the effect of CUR administration on pSer129α-syn. Small accumulations of pSer129α-syn immunostaining were observed in MPTP mice when compared with control mice in the SNpc (Figures 1N, O, Figures S1C, D). Conversely, a lower number of pSer129α-syn-positive inclusions were found in CUR-treated mice when compared with MPTP-treated mice in the SNpc and striatum. These findings suggest that CUR prevented α-syn aggregation in the SNpc-striatum axis of MPTP-induced PD mice.



3.3 The administration of CUR suppressed glial cell activation and neuroinflammation in the SNpc and striatum in an MPTP-induced mouse model of PD.

According to previous researches, the degeneration of DA cells in MPTP-induced mice is always accompanied by glial activation (Bloem et al., 2021). Thus, we sought to investigate microglial and astrocyte activation in the SNpc and striatum. Microglia undergo remarkable morphological alterations upon activation, exhibiting an increased cell body number and diameter or fewer branches. Iba1 (as a marker of microglia) immunostaining in the striatum and SNpc revealed that CUR administration prevented MPTP-induced microglia activation when compared with control mice; quantitative analysis of microglia is shown (Figures 2A, B; Figures S2A, B). Furthermore, activated microglial morphology was clearly evident in MPTP-treated mice but not in control mice or CUR-treated mice. Analysis of GFAP (a marker of astrocytes) immunostaining also revealed significant down-regulation in the SNpc-striatum axis after CUR treatment when compared with MPTP mice (Figures 2C, D; Figures S2C, D). Collectively, these results illustrate that CUR treatment significantly attenuated PD-related glial cell activation both in the SNpc and the striatum.




Figure 2 | CUR administration suppresses glial cells activation in SNpc in MPTP-induced mice model. Male C57BL/6 mice were received intragastric administration of CUR (100 mg/kg) once a day for 4 weeks. On day 15, mice were treated with 200 μL saline containing MPTP (30 mg/kg) or 200 μL saline via intraperitoneal injection every day for a total of 5 times to establish PD mice model. On day 28, the mice were sacrificed to determine the reactive glial cells of PD by immunohistochemistry and immunofluorescence. (A) Representative immunofluorescence images of nuclei (DAPI, blue), dopaminergic neurons (TH, green), and microglia (Iba1, red) in the SNpc among MPTP treated mice, CUR treated mice and controls. (B) Quantification of Iba1 positive cells in the SNpc using immunofluorescence and immunohistochemistry staining among 3 groups (n = 5). (C) Representative immunofluorescence staining of nuclei (DAPI, blue), dopaminergic neurons (TH, green), and astrocytes (GFAP, red) in the SNpc among MPTP treated mice, CUR treated mice and controls. (D) Quantification of GFAP positive cells in the SNpc using immunofluorescence and immunohistochemistry staining (n = 5) among 3 groups. (E) The expression of pro-inflammatory genes in the striatum among 3 groups (n = 3-6). Data are expressed as mean ± SEM and representative results are one of the independent experiments. All statistical differences were tested using one-way ANOVA in (B, D, E) Quantification of Iba1-positive cells, GFAP-positive cells was performed by ImageJ. *p < 0.05, **p < 0.01, ***p < 0.001.



It was reported that microglia play an essential role in neuroinflammation of PD via production of proinflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-4, and IL-6 (Hickman et al., 2018). Therefore, we detected expressions of some neuroinflammatory mediators in striatum of mice using real-time quantitative PCR. The mRNA levels of IL-4, IL-6, IL-1β, TNF-ɑ were elevated in MPTP treated mice, while they were sharply down-regulated after CUR intervention (Figure 2E). Taken together, CUR treatment prevented the MPTP induced activation of glial cells and neuroinflammation.



3.4 The administration of CUR alters the profile of the gut microbiota in an MPTP-induced mouse model of PD

Given that CUR has been found to modulate the gut flora in some nervous system diseases, we analyzed the microbial composition of fecal samples in three experimental groups using 16S rRNA sequencing (Huang et al., 2021). First, principal coordinate analysis (PCoA) revealed that the gut microbial composition of MPTP-induced PD mice was significantly different from that of the control and CUR group, as revealed by Adonis test (p = 0.001; Figure 3A). Meanwhile, similar results were found using clustering and phylogenetic tree analysis (Figure S3A). Then, Venn diagram analysis further showed that CUR and control mice showed significantly higher numbers of operational taxonomic units (OTUs) when compared with the MPTP mice (Figure 3B). Furthermore, alpha-diversity analysis, which was conducted to evaluate the richness and diversity of the bacterial species, revealed a significantly reduced Shannon index (p = 0.001) and Chao index (p = 0.037) in MPTP-treated mice when compared to the control mice. The CUR-treated group showed significantly higher indices (Shannon index: p = 0.000; Chao index: p = 0.002) respectively, thus suggesting that CUR treatment significantly restored the MPTP induced reduction in richness and diversity of intestinal bacteria (Figure 3C). Alterations of the GM at the phylum, family and genus levels are shown (Figures 3D, E; Figures S3, B). Notably, at the family level, we identified the top six alterations across the three groups. (Figure 3F). Linear discriminant analysis (LDA) coupled with effect size measurements, was performed to confirm the core bacterial genera across the three groups (p<0.05, LDA score >4.0), Figures S3C, D). Analysis showed that 10 bacterial taxa were enriched in the control group, 16 taxa in the MPTP group and 19 taxa in the CUR group (LDA score >4.0; S3D).




Figure 3 | CUR administration alters the profile of gut microbiota in MPTP-induced PD mice model. Male C57BL/6 mice were received intragastric administration of CUR (100 mg/kg) once a day for 4 weeks. On day 15, mice were treated with 200 μL saline containing MPTP (30 mg/kg) or 200 μL saline via intraperitoneal injection every day for a total of 5 times to establish PD mice model. On day 28, fecal pellets were collected from the mice to detect the gut microbiota by using 16S rRNA sequencing (n = 8-10). (A) The PCoA plot of MPTP treated mice, CUR treated mice and controls. (B) Venn diagram of shared and unique OTUs among 3 groups. The histogram represents the number of OTUs of each group. (C) The Shannon index and Chao index of MPTP treated mice, CUR treated mice and controls. (D) Composition of gut bacteria at phylum level shows a decrease in the abundance of Bacteroidota and an increase in abundance of Firmicutes in MPTP group compared with the other two groups by a bar plot. (E) Composition of top 25 genera at genus level between 3 groups using a heatmap. (F) Relative abundances of Aerococcus, Staphylococcaceae, Lactobacillaceae, Muribaculaceae, Lachnospiracea, Eggerthellaceae at family level using scatter points diagram. (G) Relative abundances of KEGG pathway level 2 classifications between MPTP mice and CUR mice using a bar plot. Data are expressed as mean ± SEM. All statistical differences were tested using one-way ANOVA in (C, F, G) *p < 0.05, **p < 0.01, ***p < 0.001n.s, not significant.



To better interpret the functions of these significantly altered bacteria, KEGG pathways and COG analysis were performed based on the PICRUSt. As shown in Figure 3G, amino acid metabolism, cellular processes, signaling and cellular processes were significantly enriched in the control group and CUR mice when compared with MPTP mice. Xenobiotic biodegradation and metabolism were enriched in the MPTP group. COG analysis showed similar results in that the amino acid metabolism pathway was enriched in the CUR and control groups when compared with the MPTP group (Figure S3E).



3.5 The gut microbiota mediated the neuroprotective effects of CUR in an MPTP-induced mouse model of PD

Next, we attempted to confirm whether gut bacteria are critical for the neuroprotective effect of CUR on PD. We established a mouse model and eliminated the gut microbiota with an antibiotic cocktail water four weeks prior to the administration of CUR (Figure 4A). Microbes-depletion blocked the CUR-induced improvements in motor function when compared with ABX-MPTP-induced mice (Figures 4 B–D). Next, we explored whether microbes depletion influenced the effect of CUR on the loss of DA neurons in MPTP-induced mice. Immunostaining of TH in the SNpc and striatum revealed that the effect of CUR on the attenuation of DA neuron loss was eliminated by microbes-depletion in MPTP mice (Figure 4E, F; Figures S4A, B). Western blotting of TH in the striatum further confirmed the blocking effect of gut bacteria depletion on CUR-induced protection (Figure 4G; Figure S4C).




Figure 4 | Antibiotic pretreatment (ABX) and fecal microbiota transplantation (FMT) validated that the gut microbiota mediated the neuroprotective effect of CUR in the MPTP-induced mice model. For the ABX treatment experiment, male C57BL/6 mice were received intragastric administration of CUR (100 mg/kg) once a day for 4 weeks starting from day 36. On day 50, mice were treated with 200 μL saline containing MPTP (30 mg/kg) or 200 μL saline via intraperitoneal injection every day for a total of 5 times to establish PD mice model. Mice were received water containing antibiotic solution or regular drinking water alone from the beginning to the end. For the FMT experiment, mice were received water containing antibiotic solution or regular drinking water alone from day1 to day 35. On day 36, FMT administration was performed once a day for 2 weeks. On day 63, behavioral tests were performed to evaluate the motor function and the mice were sacrificed to determine the pathology of mice by immunohistochemistry and immunoblot. (A) The experimental design for ABX treatment and 100 mg/kg CUR administration in MPTP-induced PD mice. (B) Representative traces and quantification of the open field test among ABX MPTP treated mice, ABX MPTP+CUR treated mice and ABX controls (n = 10). Bluepoint: starting position; Redpoint: ending position. (C, D) Quantification of performance in the pole test and the rotarod test among 3 groups (n = 10). (E) Representative immunohistochemistry images of TH-positive fibers and neurons in the striatum and SNpc among ABX MPTP treated mice, ABX MPTP+CUR treated mice and ABX controls. (F) Quantification of TH-positive fibers and neurons in the striatum and SN (n = 6). (G) Representative bands of TH protein in striatum of one hemisphere determined by WB among 3 groups (n = 3). (H) The experimental design for FMT experiment. (I) Representative traces and quantification of the open field test among FMT MPTP treated mice, FMT MPTP+CUR treated mice and FMT controls. Bluepoint: starting position; redpoint: ending position. (J, K) Quantification of performance in the pole test and the rotarod test among 3 groups (n = 6). (L) Representative immunohistochemistry images of TH-positive fibers and neurons in the striatum and SNpc among FMT MPTP treated mice, FMT MPTP+CUR treated mice and FMT controls. (M) Quantification of TH-positive fibers and neurons in the striatum and SN (n = 6). (N) Representative bands of TH protein in striatum of one hemisphere determined by WB among 3 groups (n = 3). Data are expressed as mean ± SEM and representative results are one of the independent experiments. All statistical differences were tested using one-way ANOVA in (B–D, F, I, J, K, M). Quantification of TH-positive fibers and neurons was performed by ImageJ. **p < 0.01, ***p < 0.001, n.s., not significant.



To further confirm the gut flora-mediated neuroprotective effects of CUR on PD, we conducted fecal microbiota transplantation (FMT) from control mice, MPTP mice, and CUR mice into ABX-pretreated mice for 2 weeks (Figure 4H). The FMT MPTP mice exhibited poor behavioral performance when compared to the FMT Control and FMT MPTP + CUR mice (Figures 4I–K). IF, IHC and western blotting confirmed these results (Figures 6L–N; Figures S4D–F). The improved motor performance and increased number of DA neurons of mice harboring microbiota from MPTP+CUR mice when compared to MPTP mice demonstrated that the gut microbiota could contribute to the benefits conferred by CUR on motor dysfunction in PD mice. Therefore, both antibiotic treatment and FMT experiments demonstrated that the gut flora is required for the CUR-mediated protection of PD.

The modulation of microglia activation plays an important role in CUR-associated neuroprotection on PD mice, we further examine whether CUR-associated gut microbes could also have regulatory effect on microglia activation. Immunostaining of Ibal in the SNpc showed that the numbers of Ibal-positive cells was remarkably up-regulated in FMT MPTP mice and was sharply decreased in MPTP+CUR mice (Figures S5A, B), suggesting that the gut flora transplanted from CUR treated mice is able to mimic the anti-inflammatory effects of CUR.



3.6 The administration of CUR promoted PD-associated histological features in the colons of an MPTP-induced mouse model of PD

Since the gut microbiota is crucial to CUR-mediated neuroprotection in PD, we further assessed histological alterations in the colons of the three groups of mice by H&E staining. We observed a disordered arrangement of intestinal epidermal cells and the infiltration of massive inflammatory cells in the colon, cecum, and rectum, manifesting as deleterious intestinal changes in the MPTP mice when compared with control mice; CUR treatment reversed these changes (Figures S6A, B). Next, we examined the length of the colon and analyzed GI function to confirm the effect of CUR administration on the gut. We found that the length of the colon remained unchanged following CUR administration (Figure S6C). However, the number of fecal pellets produced over 15 min increased remarkably, thus demonstrating that GI function was improved by CUR intervention (Figures S6D, E). Collectively, these results clearly demonstrated that CUR treatment led to an obvious improvement in MPTP-induced colon changes.



3.7 The administration of CUR changed the profiles of circulating metabolites in an MPTP-induced mouse model of PD

Since metabolites are considered to be pivotal mediators of host-microbiota communication, we hypothesized that gut flora-modulated metabolites may take part in CUR neuroprotection in PD. Therefore, we performed non-targeted metabolomic profiling of serum across the three groups of mice. PCA plot and OPLA-DA showed that the MPTP mice could be easily distinguished from the CUR-treated mice and controls (Figures 5A B, Figures S7A, B). A total of 4672 metabolites were identified among 3 groups. After analysis, 392 differentially expressed metabolites showed significant changes when compared between the MPTP and CUR mice (Figure 5C) and 665 differentially expressed metabolites between the MPTP and control mice (Figure S7C). The specific alterations of these differential metabolites are shown (Figure 5D; Figure S7D; Supplemental Table S2)




Figure 5 | CUR administration changes profiles of the circulating metabolites in MPTP-induced PD mice model. Male C57BL/6 mice were received intragastric administration of CUR (100 mg/kg) once a day for 4 weeks. On day 15, mice were treated with 200 μL saline containing MPTP (30 mg/kg) or 200 μL saline via intraperitoneal injection every day for a total of 5 times to establish PD mice model. On day 28, serum was collected from the mice to detect the metabolism by using UHPLC-MS (n = 7). (A) The PCoA plot of serum metabonomic between MPTP group and CUR group. (B) OPLA-DA analysis of the serum metabonomic between MPTP group and CUR group. (C) The differentially expressed metabolites between MPTP group and CUR group using a volcano map. (VIP value > 1 and p value < 0.05). Each dot represents a detected metabolite. (D) Relative contents of differentially expressed metabolites between MPTP and CUR group using a heat map. (E) Comparison of KEGG pathway between the MPTP and CUR group using a bobble plot. (F) Relative contents of tyrosine, methionine, sarcosine, creatine between MPTP and CUR group. Data are expressed as mean ± SEM. Statistical differences were tested using unpaired two-tailed Student’s t test in (F) *p < 0.05.



KEGG analysis was used to identify and map metabolites; results showed that the differential metabolic pathways between the MPTP and CUR mice included phenylalanine, tyrosine and tryptophan biosynthesis, tyrosine metabolism, cysteine and methionine metabolism (Figure 5E). In particular, the levels of tyrosine, methionine, creatine and sarcosine were significantly lower in the MPTP mice when compared to the CUR mice (Figure 5F). Meanwhile, the KEGG analysis of MPTP mice and controls are showed (Figure S7E).



3.8 Correlations between changes in gut microbiota profile, serum metabolism alterations and PD-related pathological results

To better interpret the effects of the significant bacterial alterations in the neuroprotective effects of CUR in PD, we performed correlation analysis between the relative abundances (RAs) of the top 10 flora and PD-associated motor function and pathological results of mice. Among them, top 6 altered bacteria were found to have significant correlation with PD-associated results. As shown in Figure 6A, the RAs of Lactobacillaceae, Lachnospiraceae, Muribaculaceae, Eggerthellaceae showed strong positive correlations with PD associated results. Negative correlations were identified between Aerococcaceae, Staphylococcaceae and PD associated results. Overall, these data demonstrated that gut microbiota is likely to be involved in protective effects of CUR on MPTP mice, thus suggesting the critical role of gut flora in PD pathology. Furthermore, we performed correlation analysis of significantly altered metabolites and PD associated results. The levels of tyrosine, methionine, sarcosine and creatine exhibited a significant positive correlation with PD associated results, thus demonstrating the role of metabolites in CUR-induced neuroprotection in PD (Figure 6B). Then, to further investigate the interaction between gut bacteria and metabolites, we correlated the top six altered genera with serum metabolites. Pearson’s correlation analysis identified several significant associations between gut bacteria and serum metabolites. Tyrosine showed strong correlations with Lactobacillaceae, Aerococcaceae and Staphylococcaceae genera. Furthermore, Staphylococcaceae was negatively correlated with sarcosine and creatine (Figure 6C). To explore the in-depth linkage between gut microbiota-metabolite axis and PD pathogenesis, the correlation analysis between the pivotal gut flora and serum metabolites and the levels of IL-4, IL-6, IL-1β, TNF-ɑ was performed. Of note, abundances of Lactobacillaceae, Aerococcaceae correlated with the levels of IL-6, IL-1β, TNF-ɑ. The levels of tyrosine, methionine and sarcosine had remarkable correlation with expression of IL-4, IL-6, IL-1β, TNF-ɑin the striatum of mice (Figure 6D). Taken together, the findings further supported the notion that the essential role of CUR in modulation gut microbiota-metabolism axis, thus contributing to the protective and anti-neuroinflammatory effect of CUR in PD.




Figure 6 | Correlations between changes in gut microbiota profile, serum metabolism alterations and PD-related pathological results. (A) Heatmap of Pearson’s correlation coefficients between the abundances of top 10 taxa at family level and PD associated results. Bacterial groups in red represent the top 6 altered taxa. (B) Heatmap of Pearson’s correlation coefficients between the levels of differentially-altered serum metabolites and PD associated results. (C) Heatmap of Pearson’s correlation coefficients between the abundances of 6 altered bacteria and PD associated results. (D) Heatmap of Pearson’s correlation coefficients between the expression of differentially-altered inflammatory cytokines and levels of pivotal gut bacteria and metabolites. (E) The relative contents of tyrosine and dopa in the brain. (F) Heat map of Pearson’s correlation coefficients between the brain levels of tyrosine and dopa and PD associated results. (G) Heat map of Pearson’s correlation coefficients between the tyrosine and dopa levels of brain and the key altered gut microbiota taxa. Data are expressed as mean ± SEM. Statistical differences were tested using Pearson’s correlation analysis. *p < 0.05; **p< 0.01.



It’s worth noting that tyrosine, one of altered metabolites, were recognized as a vital amino acid involved in pathology of PD (Hirayama et al., 2016). Tyrosine is a non-essential amino acid that can be synthesized from phenylalanine and represents an essential component for the production of several important brain neurotransmitters, including dopamine, epinephrine and norepinephrine (Zhang et al., 2022). Moreover, the serum concentration of tyrosine was found to exhibit positive correlations with the motor function of mice and crucial gut taxa. Thus, to uncover the effect of circulating tyrosine on the CNS, we next performed neurotransmitter-targeted metabolomics profiling of brain tissues from mice in the MPTP and CUR groups. Intriguingly, the levels of tyrosine and dopa in the brain also increased following CUR administration (Figure 6E). Finally, we carried out correlation analysis between metabolites undergoing significant changes in the brain and alterations in the gut microbiota. The levels of tyrosine and dopa in the brain exhibited a significant and positive correlation with PD associated results (Figure 6F). Both Lactobacillaceae and Aerococcaceae showed significant associations with the levels of tyrosine and dopa in the CNS (Figure 6G). The detailed statistical results of Pearson’s correlation analysis were presented in Supplemental Table S3.




4 Discussion

The findings of this study demonstrated that CUR invention ameliorated the motor dysfunction and GI functions of MPTP mice and the gut microbiota is required for beneficial effects of CUR. Furthermore, CUR remarkably upregulated the abundances of Lactobacillacea and Lachnospiraceae and downregulated abundances of Aerococcaceae and Staphylococcaceae, as well as elevation in serum levels of tyrosine, methionine, sarcosine and creatine. More importantly, CUR associated alterations in microbiota-metabolite axis is closely correlated with the pathology of PD mice. Of note, CUR activated tyrosine-dopa metabolism, which ultimately contributed to the elevation of dopamine. Taken together, our data provide novel evidence for the role of CUR in modulation of microbiota-metabolism axis involved in PD pathology, and offer new insight into the pathogenesis of PD. Most of all, novel therapeutic strategy based on CUR may exert a desirable effect on the GI disturbances complementary to the current PD treatment.

A large body of cell and animal research has investigated the positive effects of CUR in PD (Qualls et al., 2014; van der Merwe et al., 2017; Sharma and Nehru, 2018; Dehghani et al., 2020; Abrahams et al., 2021). For example, seven weeks of dietary supplementation with CUR were previously shown to prevent the loss of DA neurons in the SNpc and striatum in MPTP mice (He et al., 2015). CUR has also been shown to exert neuroprotective effects in the rotenone-induced PD model and the 6-hydroxydopmine-induced rat model (Motawi et al., 2020; El Nebrisi et al., 2020). Of note, we found that CUR restrains the activation of the glial cells in the SNpc-striatum axis; these findings are similar to those of a previous study involving MPTP mice (He et al., 2015). Furthermore, we demonstrated that the inhibition of α-syn aggregation in the brain contributed to the beneficial effects of CUR; this has also been mentioned in several studies (Pandey et al., 2008; Sharma and Nehru, 2018).

In addition, CUR has been shown to contribute to the prevention of colitis and colon cancer by modulating the community of gut flora, thus reducing intestinal inflammation and improving the function of the intestinal barrier (McFadden et al., 2015). Indeed, CUR-driven alterations of gut flora have been confirmed to play a vital role in multiple diseases. CUR supplementation alters the composition of gut microbiota and CUR metabolism, which contributes to the protective effects of CUR in obesity, diabetes and hypertension (Huang et al., 2021; Islam et al., 2021; Li et al., 2021). Of note, the bidirectional interactions between CUR and gut bacteria have been postulated to trigger the etiology of some neurodegenerative diseases. Importantly, CUR was reported to improve learning and memory abilities, reduce the burden associated with amyloid plaques, alter the abundances of several beneficial bacterial taxa and improve the metabolites of curcumin in mice of Alzheimer’s disease (Sun et al., 2020). However, the specific interaction between CUR and gut microbiota in the pathology of PD has yet to be identified. Thus, we performed 16S rRNA sequencing to investigate the CUR-driven gut flora profiles in MPTP mice.

The PD model utilized in our research was a 5-day MPTP-treated sub-acute mouse; this model was based on previous studies and that this model of PD gives rise to gut microbiota imbalance, glial reactions and the aggregation of α-syn aggregation (McFadden et al., 2015), suggesting that the model is an appropriate tool for our study. The changes of gut microbiota observed in our study were in accordance with other studies of PD (Chen et al., 2020) and at the phylum level, led to an obvious reduction in the abundance of Bacteroidota and an increase in the abundance of Firmicutes.

Our study found that Aerococcus was negatively correlated with behavioral tests and the number of TH-positive cells but positively correlated with colon histological scores, pSer129α-syn-positive cells, Iba1-positive cells, and GFAP-positive cells. The hazardous effect of Aerococcus was consistent with previous reports in that is a gram-positive bacterium and is increasingly acknowledged as a cause of human infections (Rasmussen, 2016). Patients with Aerococcal bacteriuria are more inclined to suffer from urinary tract infection; this might explain why the high abundacne of Aerococcus are highly relevant to the severe pathological score of the colon in our findings. Moreover, Aerococcus is believed to cause infective endocarditis and vertebral osteomyelitis (Astudillo et al., 2003; Sunnerhagen et al., 2016), thus demonstrating its systemic pro-inflammatory effect. In the present study, we showed that higher abundance of Aerococcus were related to elevated numbers of Iba1-positive and GFAP-positive cells. Yet, the pathogenic mechanisms of Aerococcus remain obscure and further research is required. Also, we observed increases of Staphylococcus taxa in the MPTP group; this was reversed by CUR pretreatment.

A common form of Staphylococcus is Staphylococcus aureus (S. aureus). In a previous study, CUR prevented S. aureus-associated infections and inflammation, including mastitis injury, osteomyelitis and acute lung injury (Zhou et al., 2017). CUR is known to prevent S. aureus-associated pathology by attenuating nuclear factor-κB (NF-κB) pathway or the activation of tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) (Zhou et al., 2017; Xu et al., 2020). Furthermore, CUR has been shown to prevent neuroinflammation by suppressing secretion of TNF-α or IL-6 (Jin et al., 2018; Drion et al., 2018). In the present study, we found that Staphylococcus correlated with the increased number of activated glial cells. CUR has been shown to reverse the resistance of methicillin-resistant S. aureus, making this an interesting therapeutic alternative for the clinical treatment of PD (Mun et al., 2014; Freitas et al., 2019).

In agreement with many previous studies, we also found that curcumin treatment increased the abundance of Lactobacillus (Xu et al., 2021; Qi et al., 2022). Lactobacillus has been proven to be beneficial in previous studies and is known to be markedly reduced in PD mice and PD patients (Perez-Pardo et al., 2017). Previous research has also proven the neuroprotective effects of Lactobacillus administration in MPTP- and rotenone-induced PD models as well as PD patients (Liao et al., 2020; Ilie et al., 2021; Lu et al., 2021). In agreement with our results, Lactobacillus was previously reported to attenuate MPTP-induced neuroinflammation by preventing glial hyperactivation, and inhibiting the levels of TNF-α, and IL-6 (Liao et al., 2020; Perez Visñuk et al., 2020). Intriguingly, Lactobacillus-based probiotics increased the levels of both dopamine and serotonin in the striatum, thus ameliorating the anxiety-like behavior of germ-free mice (Liu WH et al., 2016). In our study, we discovered elevated levels of tyrosine and dopa in the brain; these levels were significantly correlated with the increased abundance of Lactobacillus after the administration of CUR in MPTP mice. Thus, it appears that Lactobacillus has an essential role in CUR-associated microbiome-host interactions and exerts a neuroprotective function in PD, especially in the DA system. Consistent with many previous studies, our results validated elevated levels of Staphylococcaceae (Kusbeci et al., 2009), reduced levels of Lachnospiraceae (Keshavarzian et al., 2015) and Prevotellaceae (Scheperjans et al., 2015) in PD; however, CUR mice showed the opposite results.

Our present research demonstrated that the abundance of the Lachnospiraceae family were significantly reduced in the MPTP group when compared with the control group; this finding has been reported in other studies (Unger et al., 2016); CUR treatment reversed this change. Some members of the Lachnospiraceae have the potential to produce short-chain fatty acids which are likely to play a beneficial role in the gut microbiota-brain crosstalk axis (Flint et al., 2015). Moreover, some studies have reported that PD patients taking levodopa-carbidopa intestinal gel possessed fewer Lachnospiraceae than controls (Melis et al., 2021), thus suggesting that this flora may be involved in dopamine metabolism. We found that the abundance of Lachnospiraceae were positively correlated with the levels of tyrosine in the CNS; this finding was consistent with a previous study (Li et al., 2020). However, the mechanisms by which Lachnospiraceae modulate tyrosine metabolism require further research.

Three crucial metabolic pathways involved in CUR intervention were confirmed in our study.


4.1 Tyrosine → dopa → dopamine metabolism

Tyrosine constitutes a precursor for the catecholamines (dopamine, norepinephrine, and epinephrine) and is predominantly produced from the essential amino acid phenylalanine by the enzyme phenylalanine hydroxylase. First, tyrosine is converted to dopa by the enzyme TH; this is a rate rate-limiting enzyme. Then, dopa is decarboxylated by aromatic l-amino acid decarboxylase to form dopamine, which plays a vital role in the DA system (Zhang et al., 2022). It has been demonstrated that an elevation of tyrosine concentrations in the brain could rapidly stimulate and increase the synthesis and release of dopa and dopamine (Wurtman et al., 1974); the levels of these agents are also influenced by their peripheral concentrations. Therefore, the increased plasma levels of tyrosine detected in our study is likely to have contributed to the rising levels of tyrosine and dopa in the brain due to the protective effect of CUR on PD.

Furthermore, the reduced levels of tyrosine in the plasma of the MPTP group was in accord with a previous study involving PD patients (Hirayama et al., 2016). Previous studies suggested that the gut flora could regulate the production or metabolism of neurotransmitters, including dopamine, serotonin, or gamma-aminobutyric acid and then affect the expression of neurotransmitter receptors in the brain and GI (Bravo et al., 2011; Strandwitz, 2018; Jadhav et al., 2018; Zheng et al., 2019). Interestingly, our correlation analysis showed that both tyrosine and dopa levels in the brain were significantly related to the abundances of Aerococcaceae and Lactobacillaceae. However, the specific mechanisms by which gut flora alteration contributes to tyrosine → dopa → dopamine metabolism remains complex and further research is required.



4.2 Methionine metabolism

Methionine is an essential sulfur-containing amino acid which acts as the main precursor of cysteine which constitutes the primary source for glutathione (GSH) synthesis (Martínez et al., 2017). Our present results showed that the levels of methionine were decreased in the MPTP group and increased after treatment with CUR. Methionine plays an essential role in lipid metabolism, the innate immune system and oxidative stress (Martínez et al., 2017). Specifically, methionine participates in the oxidative stress response via methionine catabolism, thus leading to the production of GSH, a low-molecule-weight antioxidant (Blachier et al., 2007). Furthermore, methionine modulates the sulfoxide reductase system to reduce ROS accumulation and ROS levels, thus leading to the stimulation of GSH synthesis (Liu et al., 2008). It was previously reported that methionine protects against the loss of DA neurons and oxidative stress in the mitochondria of the 6-OHDA PD model by modulating nuclear factor erythroid 2–related factor 2 signaling and antioxidant enzymes (Catanesi et al., 2021). Interestingly, longitudinal plasma metabolome profile traces of 30 PD patients and 30 matched controls previously suggested that methionine levels in the PD group were significantly reduced during follow-up; even the PD group show higher methionine levels at baseline (Hertel et al., 2019). Given the severe oxidative stress in PD, our finding might be explained by the higher requirement for generating the antioxidant glutathione.



4.3 Sarcosine and creatine metabolism

Sarcosine is a natural amino acid found in food and human body tissues and is known as a precursor and metabolite of glycine (Curtis, 2019). In our study, we found that the levels of sarcosine and creatine were reduced in MPTP mice but significantly increased after CUR treatment. Sarcosine acts as an endogenous glycine transport I inhibitor and restrains glycine uptake, thus leading to an increase of synaptic glycine concentration to enhance N-methyl-D-aspartate (NMDA) receptor function (Javitt, 2009). The NMDA receptor modulates crucial functions related to learning and cognition and the synaptic plasticity of neurodegenerative diseases (Kalia et al., 2008). Based on this, sarcosine was previously proven to improve the symptoms of patients with major depression and with schizophrenia (Huang et al., 2013; Strzelecki et al., 2018). Moreover, sarcosine also ameliorated psychotic symptoms and motor ability in PD patients, thus indicating that it is likely to be involved in the pathogenesis of PD and may therefore represent a promising treatment for PD (Tsai et al., 2014).

Creatine, as a glycine metabolite, has been shown to exert neuroprotective function in neurodegenerative disease. Creatine has been shown to improve motor performance, prevent the loss of DA neurons, and stabilize mitochondrial function in several models of PD (Beal, 2011). In addition, the administration of creatine improves the unified PD rating scale scores of patients (Li et al., 2015). Consistent with these previous data, we detected an elevated creatine level in the CUR-treated group when compared with the MPTP group. The levels of creatine and sarcosine were negatively correlated with the abundance of Staphylococcaceae, thus indicating the effect of the gut microbiota on metabolic modulation.




5 Conclusion

In this study, we demonstrated the preventive effects of CUR on the MPTP-induced model of PD by modulating the gut microbiota community and serum metabolome. Our work highlights an association between the possible CUR-responsive taxa (Lactobacillaceae, Aerococcaceae) and the tyrosine-dopa axis; these findings could explain, at least in part, the mechanisms underlying the neuroprotective effect of CUR on PD (Figure 7).




Figure 7 | The mechanism by which CUR modulates the gut microbiota-metabolite axis in MPTP-induced PD mouse model. Red arrow represents the changes induced by MPTP treatment, and green arrow indicates the alterations after CUR intervention.





Data availability statement

The datasets presented in this study can be found in online repositories. The name of the repository and accession number can be found below: NCBI; PRJNA817373.



Ethics statement

The animal study was reviewed and approved by Shanghai East Hospital, School of Medicine, Tongji University.



Author contributions

CC performed the major experiments, analysis and drafted the manuscript, YH accomplished part of the experiments, revision and proof of the manuscript. HL and HY collected the data and performed the analysis. GL, BZ designed the study, supervised the study, double-checked the statistical analysis and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Program for Young Excellent Talents in Pudong New Area Health System, Shanghai, China (PWRq2020-10), The Talents Training Program of Shanghai East Hospital (2019xrrcjh06), National Natural Science Foundation of China (grant numbers 82071192, 82101484), Shanghai Science and Technology Innovation Action Plan Project Shanghai Sailing Program (21YF1437600), the Outstanding Leaders Training Program of Pudong New Area Health System, Shanghai, China (PWRL2018-01). The funders had no role in the study design, data collection, data analysis, data interpretation, or writing of the report.



Acknowledgments

We thank all the patients who participated in this study.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.887407/full#supplementary-material



References

 Abbott, RD, Petrovitch, H, White, LR, Masaki, KH, Tanner, CM, Curb, JD, et al. (2001). Frequency of bowel movements and the future risk of parkinson's disease. Neurology 57 (3), 456–462. doi: 10.1212/WNL.57.3.456

 Abdul-Latif, R, Stupans, I, Allahham, A, Adhikari, B, and Thrimawithana, T. (2021). Natural antioxidants in the management of parkinson’s disease: Review of evidence from cell line and animal models. J. Integr. Med. 19 (4), 300–310. doi: 10.1016/j.joim.2021.03.007

 Abrahams, S, Miller, HC, Lombard, C, van der Westhuizen, FH, and Bardien, S. (2021). Curcumin pre-treatment may protect against mitochondrial damage in LRRK2-mutant parkinson's disease and healthy control fibroblasts. Biochem. Biophys. Rep. 27, 101035. doi: 10.1016/j.bbrep.2021.101035

 Aggarwal, B. B., and Harikumar, K. B. (2009). Potential therapeutic effects of curcumin, the anti-inflammatory agent, against neurodegenerative, cardiovascular, pulmonary, metabolic, autoimmune and neoplastic diseases. Int. J. Biochem. Cell Biol. 41 (1), 40–59. doi: 10.1016/j.biocel.2008.06.010

 Armstrong, M. J., and Okun, M. S. (2020). Diagnosis and treatment of Parkinson disease: A review. JAMA 323 (6), 548–560. doi: 10.1001/jama.2019.22360

 Astudillo, L, Sailler, L, Porte, L, Lefevre, JC, Massip, P, and Arlet-Suau, E. (2003). Spondylodiscitis due to aerococcus urinae: a first report. Scand. J. Infect. Dis. 35 (11-12), 890–891. doi: 10.1080/00365540310016664

 Beal, M. F. (2011). Neuroprotective effects of creatine. Amino Acids 40 (5), 1305–1313. doi: 10.1007/s00726-011-0851-0

 Blachier, F, Mariotti, F, Huneau, JF, and Tomé, D. (2007). Effects of amino acid-derived luminal metabolites on the colonic epithelium and physiopathological consequences. Amino Acids 33 (4), 547–562. doi: 10.1007/s00726-006-0477-9

 Bloem, B. R., Okun, M. S., and Klein, C. (2021). Parkinson's disease. Lancet 397 (10291), 2284–2303. doi: 10.1016/S0140-6736(21)00218-X

 Bravo, JA, Forsythe, P, Chew, MV, Escaravage, E, Savignac, HM, Dinan, TG, et al. (2011). Ingestion of lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc. Natl. Acad. Sci. U.S.A. 108 (38), 16050–16055. doi: 10.1073/pnas.1102999108

 Bressman, S., and Saunders-Pullman, R. (2019). When to start levodopa therapy for parkinson's disease. N Engl. J. Med. 380 (4), 389–390. doi: 10.1056/NEJMe1814611

 Catanesi, M, Brandolini, L, d'Angelo, M, Benedetti, E, Tupone, MG, Alfonsetti, M, et al. (2021). L-methionine protects against oxidative stress and mitochondrial dysfunction in an in vitro model of parkinson's disease. Antioxidants (Basel) 10 (9), 1467. doi: 10.3390/antiox10091467

 Chen, J, Tang, XQ, Zhi, JL, Cui, Y, Yu, HM, Tang, EH, et al. (2006). Curcumin protects PC12 cells against 1-methyl-4-phenylpyridinium ion-induced apoptosis by bcl-2-mitochondria-ROS-iNOS pathway. Apoptosis 11 (6), 943–953. doi: 10.1007/s10495-006-6715-5

 Chen, TJ, Feng, Y, Liu, T, Wu, TT, Chen, YJ, Li, X, et al. (2020). Fisetin regulates gut microbiota and exerts neuroprotective effect on mouse model of parkinson's disease. Front. Neurosci. 14, 549037. doi: 10.3389/fnins.2020.549037

 Curtis, D. (2019). A possible role for sarcosine in the management of schizophrenia. Br. J. Psychiatry 215 (6), 697–698. doi: 10.1192/bjp.2019.194

 Dehghani, Z, Meratan, AA, Saboury, AA, and Nemat-Gorgani,. (2020). α-synuclein fibrillation products trigger the release of hexokinase I from mitochondria: Protection by curcumin, and possible role in pathogenesis of parkinson's disease. Biochim. Biophys. Acta Biomembr 1862 (6), 183251. doi: 10.1016/j.bbamem.2020.183251

 Dickson, DW, Braak, H, Duda, JE, Duyckaerts, C, Gasser, T, Halliday, GM, et al. (2009). Neuropathological assessment of parkinson's disease: refining the diagnostic criteria. Lancet Neurol. 8 (12), 1150–1157. doi: 10.1016/S1474-4422(09)70238-8

 Drion, CM, van Scheppingen, J, Arena, A, Geijtenbeek, KW, Kooijman, L, van Vliet, EA, et al. (2018). Effects of rapamycin and curcumin on inflammation and oxidative stress in vitro and in vivo - in search of potential anti-epileptogenic strategies for temporal lobe epilepsy. J. Neuroinflamm. 15 (1), 212. doi: 10.1186/s12974-018-1247-9

 El Nebrisi, E, Javed, H, Ojha, SK, Oz, M, and Shehab, S. (2020). Neuroprotective effect of curcumin on the nigrostriatal pathway in a 6-Hydroxydopmine-Induced rat model of parkinson's disease is mediated by α7-nicotinic receptors. Int. J. Mol. Sci. 21 (19), 7329. doi: 10.3390/ijms21197329

 Fasano, A, Visanji, NP, Liu, LW, Lang, AE, and Pfeiffer, RF. (2015). Gastrointestinal dysfunction in parkinson's disease. Lancet Neurol. 14 (6), 625–639. doi: 10.1016/S1474-4422(15)00007-1

 Flint, HJ, Duncan, SH, Scott, KP, and Louis, P. (2015). Links between diet, gut microbiota composition and gut metabolism. Proc. Nutr. Soc. 74 (1), 13–22. doi: 10.1017/S0029665114001463

 Freitas, MA, Pereira, AH, Pinto, JG, Casas, A, and Ferreira-Strixino, J. (2019). Bacterial viability after antimicrobial photodynamic therapy with curcumin on multiresistant staphylococcus aureus. Future Microbiol. 14, 739–748. doi: 10.2217/fmb-2019-0042

 Goulding, SR, Concannon, RM, Morales-Prieto, N, Villalobos-Manriquez, F, Clarke, G, Collins, LM, et al. (2020). Growth differentiation factor 5 exerts neuroprotection in an α-synuclein rat model of parkinson’s disease. Brain 144 (2), e14–e14. doi: 10.1093


 He, XJ, Uchida, K, Megumi, C, Tsuge, N, and Nakayama, H. (2015). Dietary curcumin supplementation attenuates 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) neurotoxicity in C57BL mice. J. Toxicol. Pathol. 28 (4), 197–206. doi: 10.1293/tox.2015-0020

 Heinzel, S, Berg, D, Gasser, T, Chen, H, Yao, C, and Postuma, RB. (2019). Update of the MDS research criteria for prodromal parkinson's disease. Mov Disord. 34 (10), 1464–1470. doi: 10.1002/mds.27802

 Hertel, J, Harms, AC, Heinken, A, Baldini, F, Thinnes, CC, Glaab, E, et al. (2019). Integrated analyses of microbiome and longitudinal metabolome data reveal microbial-host interactions on sulfur metabolism in parkinson's disease. Cell Rep. 29 (7), 1767–1777.e8. doi: 10.1016/j.celrep.2019.10.035

 Hickman, S, Izzy, S, Sen, P, Morsett, L, and El Khoury, J. (2018). Microglia in neurodegeneration. Nat. Neurosci. 21 (10), 1359–1369. doi: 10.1038/s41593-018-0242-x

 Hill-Burns, EM, Debelius, JW, Morton, JT, Wissemann, WT, Lewis, MR, Wallen, ZD, et al. (2017). Parkinson's disease and parkinson's disease medications have distinct signatures of the gut microbiome. Mov Disord. 32 (5), 739–749. doi: 10.1002/mds.26942

 Hirayama, M, Tsunoda, M, Yamamoto, M, Tsuda, T, and Ohno, K. (2016). Serum tyrosine-to-Phenylalanine ratio is low in parkinson's disease. J. Parkinsons Dis. 6 (2), 423–431. doi: 10.3233/JPD-150736

 Huang, CC, Wei, IH, Huang, CL, Chen, KT, Tsai, MH, Tsai, P, et al. (2013). Inhibition of glycine transporter-I as a novel mechanism for the treatment of depression. Biol. Psychiatry 74 (10), 734–741. doi: 10.1016/j.biopsych.2013.02.020

 Huang, J, Guan, B, Lin, L, and Wang, Y. (2021). Improvement of intestinal barrier function, gut microbiota, and metabolic endotoxemia in type 2 diabetes rats by curcumin. Bioengineered 12 (2), 11947–11958. doi: 10.1080/21655979.2021.2009322

 Ilie, OD, Paduraru, E, Robea, MA, Balmus, IM, Jijie, R, Nicoara, M, et al. (2021). The possible role of bifidobacterium longum BB536 and lactobacillus rhamnosus HN001 on locomotor activity and oxidative stress in a rotenone-induced zebrafish model of parkinson's disease. Oxid. Med. Cell Longev 2021, 9629102. doi: 10.1155/2021/9629102

 Islam, T, Koboziev, I, Albracht-Schulte, K, Mistretta, B, Scoggin, S, Yosofvand, M, et al. (2021). Curcumin reduces adipose tissue inflammation and alters gut microbiota in diet-induced obese Male mice. Mol. Nutr. Food Res. 65 (22), e2100274. doi: 10.1002/mnfr.202100274

 Jadhav, KS, Peterson, VL, Halfon, O, Ahern, G, Fouhy, F, Stanton, C, et al. (2018). Gut microbiome correlates with altered striatal dopamine receptor expression in a model of compulsive alcohol seeking. Neuropharmacology 141, 249–259. doi: 10.1016/j.neuropharm.2018.08.026

 Jaiswal, SK, Gupta, VK, Siddiqi, NJ, and Sharma, B. (2017). Curcumin mediated attenuation of carbofuran induced toxicity in the heart of wistar rats. Cell Mol. Biol. (Noisy-le-grand) 63 (6), 12–17. doi: 10.14715/cmb/2017.63.6.3

 Javitt, D. C. (2009). Glycine transport inhibitors for the treatment of schizophrenia: symptom and disease modification. Curr. Opin. Drug Discovery Devel 12 (4), 468–478. doi: 10.1177/108705719900400205

 Jiang, TF, Zhang, YJ, Zhou, HY, Wang, HM, Tian, LP, Liu, J, et al. (2013). Curcumin ameliorates the neurodegenerative pathology in A53T α-synuclein cell model of parkinson's disease through the downregulation of mTOR/p70S6K signaling and the recovery of macroautophagy. J. Neuroimmune Pharmacol. 8 (1), 356–369. doi: 10.1007/s11481-012-9431-7

 Jiang, C., Li, G., Huang, P., Liu, Z., and and Zhao, B. (2017). The gut microbiota and alzheimer's disease. J. Alzheimers Dis. 58 (1), 1–15. doi: 10.3233/JAD-161141

 Jin, M, Park, SY, Shen, Q, Lai, Y, Ou, X, Mao, Z, et al. (2018). Anti-neuroinflammatory effect of curcumin on Pam3CSK4-stimulated microglial cells. Int. J. Mol. Med. 41 (1), 521–530. doi: 10.3892/ijmm.2017.3217

 Kalia, L. V., Kalia, S. K., and Salter, M. W. (2008). NMDA receptors in clinical neurology: excitatory times ahead. Lancet Neurol. 7 (8), 742–755. doi: 10.1016/S1474-4422(08)70165-0

 Keshavarzian, A, Green, SJ, Engen, PA, Voigt, RM, Naqib, A, Forsyth, CB, et al. (2015). Colonic bacterial composition in parkinson's disease. Mov Disord. 30 (10), 1351–1360. doi: 10.1002/mds.26307

 Kim, JJ, Shajib, MS, Manocha, MM, and Khan, WI. (2012). Investigating intestinal inflammation in DSS-induced model of IBD. J. Vis. Exp. 60, 3678. doi: 10.3791/3678

 Kocyigit, A., and Guler, E. M. (2017). Curcumin induce DNA damage and apoptosis through generation of reactive oxygen species and reducing mitochondrial membrane potential in melanoma cancer cells. Cell Mol. Biol. (Noisy-le-grand) 63 (11), 97–105. doi: 10.14715/cmb/2017.63.11.17

 Kusbeci, T, Kusbeci, OY, Aktepe, OC, Yavas, G, and Ermis, SS. (2009). Conjunctival flora in patients with parkinson's disease. Curr. Eye Res. 34 (4), 251–256. doi: 10.1080/02713680902725970

 Lee, HS, Jung, KK, Cho, JY, Rhee, MH, Hong, S, Kwon, M, et al. (2007). Neuroprotective effect of curcumin is mainly mediated by blockade of microglial cell activation. Pharmazie 62 (12), 937–942. doi: 10.1111/j.1471-8286.2005.01202.x

 Ley, R. E., Peterson, D. A., and Gordon, J. I. (2006). Ecological and evolutionary forces shaping microbial diversity in the human intestine. Cell 124 (4), 837–848. doi: 10.1016/j.cell.2006.02.017

 Liao, JF, Cheng, YF, You, ST, Kuo, WC, Huang, CW, Chiou, JJ, et al. (2020). Lactobacillus plantarum PS128 alleviates neurodegenerative progression in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced mouse models of parkinson's disease. Brain Behav. Immun. 90, 26–46. doi: 10.1016/j.bbi.2020.07.036

 Li, Z, Wang, P, Yu, Z, Cong, Y, Sun, H, Zhang, J, et al. (2015). The effect of creatine and coenzyme q10 combination therapy on mild cognitive impairment in parkinson's disease. Eur. Neurol. 73 (3-4), 205–211. doi: 10.1159/000377676

 Li, X, Lin, Y, Li, X, Xu, X, Zhao, Y, Xu, L, et al. (2020). Tyrosine supplement ameliorates murine aGVHD by modulation of gut microbiome and metabolome. EBioMedicine 61, 103048. doi: 10.1016/j.ebiom.2020.103048

 Li, HB, Xu, ML, Du, MM, Yu, XJ, Bai, J, Xia, WJ, et al. (2021). Curcumin ameliorates hypertension via gut-brain communication in spontaneously hypertensive rat. Toxicol. Appl. Pharmacol. 429, 115701. doi: 10.1016/j.taap.2021.115701

 Liu, F, Hindupur, J, Nguyen, JL, Ruf, KJ, Zhu, J, Schieler, JL, et al. (2008). Methionine sulfoxide reductase a protects dopaminergic cells from parkinson's disease-related insults. Free Radic. Biol. Med. 45 (3), 242–255. doi: 10.1016/j.freeradbiomed.2008.03.022

 Liu, FH, Ni, WJ, Wang, GK, and Zhang, JJ. (2016). Protective role of curcumin on renal ischemia reperfusion injury via attenuating the inflammatory mediators and caspase-3. Cell Mol. Biol. (Noisy-le-grand) 62 (11), 95–99. doi: 10.14715/cmb/2016.62.11.16

 Liu, WH, Chuang, HL, Huang, YT, Wu, CC, Chou, GT, Wang, S, et al. (2016). Alteration of behavior and monoamine levels attributable to lactobacillus plantarum PS128 in germ-free mice. Behav. Brain Res. 298 (Pt B), 202–209. doi: 10.1016/j.bbr.2015.10.046

 Liu, Y, Hou, Y, Wang, G, Zheng, X, and Hao, H. (2020). Gut microbial metabolites of aromatic amino acids as signals in host-microbe interplay. Trends Endocrinol. Metab. 31 (11), 818–834. doi: 10.1016/j.tem.2020.02.012

 Liu, H, Wu, H, Zhu, N, Xu, Z, Wang, Y, Qu, Y, et al. (2020). Lactoferrin protects against iron dysregulation, oxidative stress, and apoptosis in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinson's disease in mice. J. Neurochem. 152 (3), 397–415. doi: 10.1111/jnc.14857

 Lu, CS, Chang, HC, Weng, YH, Chen, CC, Kuo, YS, Tsai, YC, et al. (2021). The add-on effect of lactobacillus plantarum PS128 in patients with parkinson's disease: A pilot study. Front. Nutr. 8, 650053. doi: 10.3389/fnut.2021.650053

 Martínez, Y, Li, X, Liu, G, Bin, P, Yan, W, Más, D, et al. (2017). The role of methionine on metabolism, oxidative stress, and diseases. Amino Acids 49 (12), 2091–2098. doi: 10.1007/s00726-017-2494-2

 McFadden, RM, Larmonier, CB, Shehab, KW, Midura-Kiela, M, Ramalingam, R, Harrison, CA, et al. (2015). The role of curcumin in modulating colonic microbiota during colitis and colon cancer prevention. Inflammation Bowel Dis. 21 (11), 2483–2494. doi: 10.1097/MIB.0000000000000522

 Melis, M, Vascellari, S, Santoru, ML, Oppo, V, Fabbri, M, Sarchioto, M, et al. (2021). Gut microbiota and metabolome distinctive features in Parkinson disease: Focus on levodopa and levodopa-carbidopa intrajejunal gel. Eur. J. Neurol. 28 (4), 1198–1209. doi: 10.1111/ene.14644

 Motawi, TK, Sadik, NAH, Hamed, MA, Ali, SA, Khalil, WKB, and Ahmed, YR. (2020). Potential therapeutic effects of antagonizing adenosine A(2A) receptor, curcumin and niacin in rotenone-induced parkinson's disease mice model. Mol. Cell Biochem. 465 (1-2), 89–102. doi: 10.1007/s11010-019-03670-0

 Mun, SH, Kim, SB, Kong, R, Choi, JG, Kim, YC, Shin, DW, et al. (2014). Curcumin reverse methicillin resistance in staphylococcus aureus. Molecules 19 (11), 18283–18295. doi: 10.3390/molecules191118283

 Muthian, G, Mackey, V, Prasad, K, and Charlton, C. (2018). Curcumin and an antioxidant formulation protect C57BL/6J mice from MPTP-induced parkinson’s disease like changes: potential neuroprotection for neurodegeneration. Journal of Parkinsonism and Restless Legs Syndrome doi: 10.2147/JPRLS.S151452

 Nalls, MA, Pankratz, N, Lill, CM, Do, CB, Hernandez, DG, Saad, M, et al. (2014). Large-Scale meta-analysis of genome-wide association data identifies six new risk loci for parkinson's disease. Nat. Genet. 46 (9), 989–993. doi: 10.1038/ng.3043

 Pandey, N, Strider, J, Nolan, WC, Yan, SX, and Galvin, JE. (2008). Curcumin inhibits aggregation of alpha-synuclein. Acta Neuropathol. 115 (4), 479–489. doi: 10.1007/s00401-007-0332-4

 Perez-Pardo, P, Kliest, T, Dodiya, HB, Broersen, LM, Garssen, J, Keshavarzian, A, et al. (2017). Curcumin inhibits heat-induced apoptosis by suppressing NADPH oxidase 2 and activating the Akt/mTOR signaling pathway in bronchial epithelial cells. Cell Physiol. Biochem. 41 (5), 2091–2103. doi: 10.1159/000475444

 Perez Visñuk, D, Savoy de Giori, G, LeBlanc, JG, and de Moreno de LeBlanc, A. (2017). The gut-brain axis in parkinson's disease: Possibilities for food-based therapies. Eur. J. Pharmacol. 817, 86–95. doi: 10.1016/j.ejphar.2017.05.042

 Perez Visñuk, D, Savoy de Giori, G, LeBlanc, JG, and de Moreno de LeBlanc, A. (2020). Neuroprotective effects associated with immune modulation by selected lactic acid bacteria in a parkinson's disease model. Nutrition. 79–80, 110995. doi: 10.1016/j.nut.2020.110995

 Qi, L, Jiang, J, Zhang, J, Zhang, L, and Wang, T. (2022). Effect of maternal curcumin supplementation on intestinal damage and the gut microbiota in male mice offspring with intra-uterine growth retardation. Eur. J. Nutr 61 (4), 1875–1892. doi: 10.1007/s00394-021-02783-x

 Qualls, Z, Brown, D, Ramlochansingh, C, Hurley, LL, and Tizabi, Y. (2014). Protective effects of curcumin against rotenone and salsolinol-induced toxicity: implications for parkinson's disease. Neurotox Res. 25 (1), 81–89. doi: 10.1007/s12640-013-9433-0

 Rasmussen, M. (2016). Aerococcus: an increasingly acknowledged human pathogen. Clin. Microbiol. Infect. 22 (1), 22–27. doi: 10.1016/j.cmi.2015.09.026

 Sampson, TR, Debelius, JW, Thron, T, Janssen, S, Shastri, GG, Ilhan, ZE, et al. (2016). Gut microbiota regulate motor deficits and neuroinflammation in a model of parkinson's disease. Cell 167 (6), 1469–1480.e12. doi: 10.1016/j.cell.2016.11.018

 Sanna, S, van Zuydam, NR, Mahajan, A, Kurilshikov, A, Vich Vila, A, Võsa, U, et al. (2019). Causal relationships among the gut microbiome, short-chain fatty acids and metabolic diseases. Nat. Genet. 51 (4), 600–605. doi: 10.1038/s41588-019-0350-x

 Schapira, A. H. V., Chaudhuri, K. R., and Jenner, P. (2017). Non-motor features of Parkinson disease. Nat. Rev. Neurosci. 18 (7), 435–450. doi: 10.1038/nrn.2017.62

 Scheperjans, F, Aho, V, Pereira, PA, Koskinen, K, Paulin, L, Pekkonen, E, et al. (2015). Gut microbiota are related to parkinson's disease and clinical phenotype. Mov Disord. 30 (3), 350–358. doi: 10.1002/mds.26069

 Sharma, N., and Nehru, B. (2018). Curcumin affords neuroprotection and inhibits α-synuclein aggregation in lipopolysaccharide-induced parkinson's disease model. Inflammopharmacology 26 (2), 349–360. doi: 10.1007/s10787-017-0402-8

 Strandwitz, P. (2018). Neurotransmitter modulation by the gut microbiota. Brain Res. 1693 (Pt B), 128–133. doi: 10.1016/j.brainres.2018.03.015

 Strzelecki, D., Urban-Kowalczyk, M., and Wysokiński, A. (2018). Serum levels of TNF-alpha in patients with chronic schizophrenia during treatment augmentation with sarcosine (results of the PULSAR study). Psychiatry Res. 268, 447–453. doi: 10.1016/j.psychres.2018.08.002

 Sun, ZZ, Li, XY, Wang, S, Shen, L, and Ji, HF. (2020). Bidirectional interactions between curcumin and gut microbiota in transgenic mice with alzheimer's disease. Appl. Microbiol. Biotechnol. 104 (8), 3507–3515. doi: 10.1007/s00253-020-10461-x

 Sunnerhagen, T, Nilson, B, Olaison, L, and Rasmussen, M. (2016). Clinical and microbiological features of infective endocarditis caused by aerococci. Infection 44 (2), 167–173. doi: 10.1007/s15010-015-0812-8

 Szymusiak, M, Hu, X, Leon Plata, PA, Ciupinski, P, Wang, ZJ, and Liu, Y. (2016). Bioavailability of curcumin and curcumin glucuronide in the central nervous system of mice after oral delivery of nano-curcumin. Int. J. Pharmaceutics 511 (1), 415–423. doi: 10.1016/j.ijpharm.2016.07.027

 Tan, AH, Mahadeva, S, Thalha, AM, Gibson, PR, Kiew, CK, Yeat, CM, et al. (2014). Small intestinal bacterial overgrowth in parkinson's disease. Parkinsonism Relat. Disord. 20 (5), 535–540. doi: 10.1016/j.parkreldis.2014.02.019

 Tsai, CH, Huang, HC, Liu, BL, Li, CI, Lu, MK, Chen, X, et al. (2014). Activation of n-methyl-D-aspartate receptor glycine site temporally ameliorates neuropsychiatric symptoms of parkinson's disease with dementia. Psychiatry Clin. Neurosci. 68 (9), 692–700. doi: 10.1111/pcn.12175

 Unger, MM, Spiegel, J, Dillmann, KU, Grundmann, D, Philippeit, H, Bürmann, J, et al. (2016). Short chain fatty acids and gut microbiota differ between patients with parkinson's disease and age-matched controls. Parkinsonism Relat. Disord. 32, 66–72. doi: 10.1016/j.parkreldis.2016.08.019

 van der Merwe, C, van Dyk, HC, Engelbrecht, L, van der Westhuizen, FH, Kinnear, C, Loos, B, et al. (2017). Curcumin rescues a PINK1 knock down SH-SY5Y cellular model of parkinson's disease from mitochondrial dysfunction and cell death. Mol. Neurobiol. 54 (4), 2752–2762. doi: 10.1007/s12035-016-9843-0

 Wahlang, B., Pawar, Y. B., and Bansal, A. K. (2011). Identification of permeability-related hurdles in oral delivery of curcumin using the caco-2 cell model. Eur. J. Pharm. Biopharm 77 (2), 275–282. doi: 10.1016/j.ejpb.2010.12.006

 Wurtman, RJ, Larin, F, Mostafapour, S, and Fernstrom, JD. (1974). Brain catechol synthesis: control by train tyrosine concentration. Science 185 (4146), 183–184. doi: 10.1126/science.185.4146.183

 Xu, J, Jia, Z, Chen, A, and Wang, C. (2020). Curcumin ameliorates staphylococcus aureus-induced mastitis injury through attenuating TLR2-mediated NF-κB activation. Microb. Pathog. 142, 104054. doi: 10.1016/j.micpath.2020.104054

 Xu, X, Wang, H, Guo, D, Man, X, Liu, J, Li, J, et al. (2021). Curcumin modulates gut microbiota and improves renal function in rats with uric acid nephropathy. Ren Fail 43 (1), 1063–1075. doi: 10.1080/0886022X.2021.1944875

 Zhang, Y, He, X, Qian, Y, Xu, S, Mo, C, Yan, Z, et al. (2022). Plasma branched-chain and aromatic amino acids correlate with the gut microbiota and severity of parkinson’s disease. NPJ Parkinson's Dis. 8 (1), 48. doi: 10.1038/s41531-022-00312-z

 Zheng, P, Zeng, B, Liu, M, Chen, J, Pan, J, Han, Y, et al. (2019). The gut microbiome from patients with schizophrenia modulates the glutamate-glutamine-GABA cycle and schizophrenia-relevant behaviors in mice. Sci. Adv. 5 (2), eaau8317. doi: 10.1126/sciadv.aau8317

 Zhou, Z, Pan, C, Lu, Y, Gao, Y, Liu, W, Yin, P, et al. (2017). Combination of erythromycin and curcumin alleviates staphylococcus aureus induced osteomyelitis in rats. Front. Cell Infect. Microbiol. 7, 379. doi: 10.3389/fcimb.2017.00379



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.

Copyright © 2022 Cui, Han, Li, Yu, Zhang and Li. 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: 19 August 2022

doi: 10.3389/fcimb.2022.876781

[image: image2]


Liujunanwei decoction attenuates cisplatin-induced nausea and vomiting in a Rat-Pica model partially mediated by modulating the gut micsrobiome


Dongmei Chen 1, Yi Guo 2 and Yufei Yang 3*


1 Department of Integrative Oncology, China-Japan Friendship Hospital, Beijing, China, 2 Department of Gastroenterology, Dongzhimen Hospital, Beijing University of Chinese Medicine, Beijing, China, 3 Department of Oncology, Xi-Yuan Hospital, China Academy of Chinese Medical Sciences, Beijing, China




Edited by: 

Hyeong-Geug Kim, Purdue University Indianapolis, United States

Reviewed by: 

Daniele Maria-Ferreira, Pelé Pequeno Príncipe Research Institute, Brazil

Julio Plaza-Diaz, Children’s Hospital of Eastern Ontario (CHEO), Canada

*Correspondence: 

Yufei Yang
 yyf93@yahoo.vip.com

Specialty section: 
 This article was submitted to Microbiome in Health and Disease, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 15 February 2022

Accepted: 01 August 2022

Published: 19 August 2022

Citation:
Chen D, Guo Y and Yang Y (2022) Liujunanwei decoction attenuates cisplatin-induced nausea and vomiting in a Rat-Pica model partially mediated by modulating the gut micsrobiome. Front. Cell. Infect. Microbiol. 12:876781. doi: 10.3389/fcimb.2022.876781



Studies show that traditional Chinese medicine (TCM), such as Liujunanwei (LJAW) decoction, can play important roles in alleviating side effects of chemotherapy. The purpose of this study was to understand how LJAW can counter chemotherapy-induced emesis via alteration of gut microbiota. We evaluated the effect of LJAW on cisplatin (DDP)-induced nausea and vomiting using a rat-pica model. Rats react to emetic-producing stimuli with increased kaolin consumption, a phenomenon called pica. The rats were injected with cisplatin and then randomly assigned to the control (DDP), Ondansetron or LJAW. The intake of kaolin and chow diet as well as body weights were recorded every 24 hours. Fecal samples were collected prior to, after three and seven days of treatment. The expression of proteins was measured by western blot. The concentration of cytokines and serotonin was evaluated using ELISA assay kits. Kaolin consumption in rats induced by cisplatin was reduced by 16.5%, 22.5%, and 30.1% in the LJAW group compared to the DDP group at 24 hours, 48 hours and 72 hours, respectively (p>0.05). LJAW significantly increased the food intake of the rats (13.94 ± 4.73 g) during the first 24 hours as opposed to the DDP (9.23 ± 3.77 g) (p<0.05). 16S rRNA gene sequencing showed the abundance of Bacteroidetes increased in cisplatin treated rats. In addition, cisplatin injection caused an enrichment of Escherichia-Shigella and Enterococcus at the genus level. While, enrichment of Blautia and Lactobacillus was presented in LJAW treated rats. Serotonin decreased in LJAW treated intestine and medulla oblongata tissues. Further, the protein expression of tryptophan hydroxylase 1 (TPH1) a rate limiting enzyme of serotonin was inhibited in LJAW treated rat’s jejunum compared with cisplatin only treated rats. In addition, LJAW downregulated chemotherapy induced elevated inflammation. The results of this study indicated that LJAW is capable of decreasing cisplatin-induced kaolin intake in rat-nausea model (pica), which might be mediated through gut microbiome-induced anti-inflammation and anti-serotonin synthesis functions.
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Introduction

Chemotherapy is one of the most widely used methods in cancer treatment. Chemotherapy-induced nausea and vomiting (CINV) is the most common side effect in patients undergoing chemotherapy, the incidence of CINV is as high as 65%-85% (Patel et al., 2019), especially those undergoing highly emetogenic regimens such as anthracycline combined with cyclophosphamide. Although the administration of neurokinin-1 receptor antagonists or type three-hydroxytryptamine (5-HT3) antagonists already decreases the incidence of vomiting, CINV still remains an issue for many patients (Gupta et al., 2021). At the same time, anti-nausea and vomiting agents might cause constipation as they would inhibit the movement of gastrointestines. Additionally, there are various unmet needs while patients receiving chemotherapy, such as the management of non-acute forms of CINV, the identification and management of patients prone to CINV and gastrointestinal symptoms including loss of appetite. Traditional Chinese medicine (TCM), such as ginger and Forsythia viridissima, has been reported to be effective in treating CINV (Ryan et al., 2012; Yi et al., 2019). Liujunanwei granule (LJAW) is a TCM formula that has been used along with chemotherapy to alleviate CINV. Our retrospective study revealed that the response of CINV is 87.5% in colorectal cancer patients treated with LJAW when undergoing the Xelox or FOLFOX regimens (Yan et al., 2020). However, the underlying mechanism remains unknown.

Both peripheral and central nervous system (CNS) pathways with different mechanisms are involved in acute CINV and delayed CINV (Janelsins et al., 2013; Singh et al., 2016). It’s been reported that free radicals generated by chemotherapeutic agents would damage the barrier of intestine and cause the release of serotonin by enterochromaffin cells in jejunum (Janelsins et al., 2013; Rapoport, 2017). Serotonin binds to intestinal vagal afferent nerves via 5-HT3 receptors, which trigger the vomiting reflex via the nucleus of the solitary tract and chemoreceptor trigger zone in the CNS (Rapoport, 2017). For delayed CINV, substance P has been regarded as the principal neurotransmitter. In recent years, as the development of the next generating sequencing, numerous studies have shown that gut microbiome participated in CINV. Chemotherapeutic agents would influence the gut-brain axis via altering gut microbiome composition as well as functions (Song and Bai, 2021). Dysbiosis of intestine microbiome impairs the gut lining and further stimulate enterochromaffin cells inducing the release of serotonin (Bajic et al., 2018). Meanwhile, dysbiosis of intestine microbiome can also activate inflammatory cells such as macrophages and T lymphocytes, which induce the pro-inflammatory cytokines or chemokines (Jordan et al., 2018; Zhong et al., 2019). Those studies indicated that gut microbiome could directly or indirectly contribute to CINV.

TCM is featured by oral administration, it will interact with gut microbiome inevitably. Previous investigations have shown that TCM is able to maintain the homeostasis of intestine microbiome (Chang et al., 2015; Zhou et al., 2016), and the gut microbiome could also exert pharmacological effects of TCM on host (Park et al., 2006). Here, we investigated the possible mechanisms involved in the anti-CINV efficacy of LJAW via the intestinal microbiome.



Materials and methods


Preparation of LJAW

The component herbs of LJAW used in this study are as follows: Pseudostellariae Radix, Poria, Macrocephalae Rhizoma, Radix Rhizoma Glycyrrhizae, Pinelliae rhizome, Citrus reticulata Blanco, Galli Gigerii Endothelium Corneum, Massa Medicata Fermentata, Setariae Fructus Germinatus, Hordei Fructus Germinatus, Crataegi Fructus, Amomi Fructus, and Aucklandiae Radix at a weight ratio of 15:5:5:3:5:5:5:5:5:5:3:3. The LJAW used in the study were purchased from Beijing Tcmages Pharmaceutical Co., Ltd. (Beijing, China). Prior to each experiment, the formula LJAW were milled to powders and dissolved in filtered deionized water. The concentrations of LJAW in the study refer to the crude drug concentrations.



Laboratory animal studies

Eight-week-old female Wistar rats weighing 180 ± 20 g was used. The animal facility was kept at 23°C and 10% humidity, with a cycle of 12 hours of light and 12 hours of dark. The rats were acclimated for 1 week in the facility prior to the experiment.

Pica (eating nonnutritive substances such as kaolin) in rats, analogous to vomiting in animals that developed emetic reflex, is regarded as an alternative model for nausea and vomiting in rodents (Sharma et al., 1997). To determine the efficacy of LJAW in treating CINV, rats were injected with cisplatin intraperitoneally at a dose of 6 mg.kg-1 (cisplatin-induced pica) and then randomly assigned to DDP, LJAW and ondansetron. The rats were gavage with distilled water (10 ml.kg-1), LJAW (12.78 g.kg-1) or ondansetron (2.6 mg.kg-1) for 7 days. Another group of rats were set as vehicle-control without any treatment. The dose of LJAW is equal to that used in humans in the clinic. The dose of LJAW was choose based on the results of our preliminary experiment. Briefly, we treated rats with high-, medium- and low-dose of LJAW. Clinically relevant dose was set as medium-dose, 2-times clinically relevant dose was set as high-dose, and 0.5-time of clinically relevant dose was set as low-dose. Preliminary data showed that medium dose of LJAW exerted the best therapeutic effect. Kaolin and chow intake as well as body weight were monitored every day. Feces were collected prior to cisplatin administration, 3 and 7 days after cisplatin injection. The rats were euthanized, and the intestine and medulla oblongata were resected 3 and 7 days after cisplatin injection, respectively. The samples of jejunum, medulla oblongata and feces were flash frozen in liquid nitrogen and stored at -80°C. Part of the jejunum tissues was fixed in a 10% formalin-PBS solution for hematoxylin-eosin staining (HE) and immunohistochemistry staining (IHC).



Western blotting

Both intestine and medulla oblongata tissues were lysed in ice-cold lysis buffer (Thermo Fisher Scientific, Waltham, MA) and homogenized with a tissue homogenizer (FLUKO Shanghai Equipment, Shanghai) followed by centrifugation at 10,000 g for 10 minutes at 4°C. Protein levels were quantified using a bicinchoninic acid (BCA) protein assay kit (cwbiotech, Beijing). An equal amount of protein (20 µg) was applied to a 10% to 15% SDS gel and then transferred onto polyvinyl membranes according to standard procedure. We blocked the membranes with 5% nonfat dry milk blocking buffer prepared in Tris-buffered saline with 0.1% Tween 20 for 1 hour at room temperature. The membranes were then probed with primary antibodies against NF-κB p65 (Cell Signaling Technology, Danvers, MA), mdy88 (Cell Signaling Technology, Danvers, MA), TLR4(Cell Signaling Technology, Danvers, MA), TPH1(Cell Signaling Technology, Danvers, MA) or beta-actin (Cell Signaling Technology, Danvers, MA) overnight at 4°C. The membranes were washed and incubated with secondary antibodies (anti-rabbit IgG) prepared in 5% nonfat dry milk blocking buffer with 0.1% Tween 20 for 1 hour at room temperature. The membranes were then washed again and incubated with the ECL+ detection kit for 5 minutes. Then, lights were turned off, and the protected membrane was exposed to the X-ray film. The exposure time varied according to the bands. Gel Imagestem ver. 4.00 (Tanon, Beijing) was used for protein band quantification.



ELISA Assay Kit

5-HT and cytokine levels in jejunum and medulla oblongata tissues were measured by Elisa assay kit. About 30mg of tissue for each sample was taken from the above-mentioned sites after their dissection. Samples were rinsed with ice-cold PBS and dried with filter paper to remove feces or blood and weighted. Tissues was homogenized in PBS(1:10) by tissue homogenizer and followed by sonicating by using 2 cycles of 30s each to break cell membranes. Then, homogenates were centrifugated for 15 min at 5000rpm and the supernatants were collected and used for Elisa analysis.

5-HT(Cambridge, MA) and cytokines levels including IL-6, IL-1β, IL-10, TNF-α and TGF-β(Elabscience, Wuhan) were measured by ELISA according to the manufacturer’s instructions. Then, the concentration of the samples was calculated according to the OD value.



Immunohistochemistrystaining

Formalin-fixed, paraffin-processed jejunum tissues were used for biomarker identification using IHC staining. The slides were baked at 60°C for over 2 hours and then deparaffinized and rehydrated. The antigens were unmasked by heat-induced antigen retrieval. The slides were then immersed in 3% H2O2-methanol solution followed by blocking with 5% goat serum in 0.3% Triton X-100 PBS. The slides were stained with ZO-1(proteintech, Wuhan) and occludin(proteintech, Wuhan) antibodies in a humidified chamber overnight at 4°C, washed three times with PBS and further incubated with secondary antibody at room temperature for 45 minutes. The slides were then incubated with avidin-biotin complex (Vector Laboratories, Burlingame, CA) followed by DAB substrate for antibody visualization and counterstained with Mayer’s hematoxylin, dehydrated, and mounted with ClearMount mounting medium (American MasterTech, Lodi, CA) (Pan et al., 2015).



DNA extraction and bacterial 16Sv4 rRNA gene sequencing

16S rRNA sequencing was carried out by Beijing Guoke Biotechnology. Total genome DNA from samples was extracted using CTAB/SDS method.16S rRNA genes were amplified used the specific primer with the barcode. Then, mix same volume of 1X loading buffer (contained SYB green) with PCR products and operate electrophoresis on 2% agarose gel for detection. Samples with bright main strip between 400-450bp were chosen for further experiments. Then, mixture PCR products was purified with GeneJET Gel Extraction Kit (Thermo Scientific). Sequencing libraries were generated using Illumina TruSeq DNA PCR-Free Library Preparation Kit (Illumina, USA) following manufacturer’s recommendations and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. At last, the library was sequenced on an Illumina HiSeq platform and 250 bp paired-end reads were generated.

Raw sequence data were analyzed using the QIIME 2 pipeline (https://qiime2.org/) (version 2020.2). Raw sequence data were denoised using DADA2 in the QIIME 2 package. The paired-end FASTQ files were processed by Phred quality score-based quality filtering, merging of the paired ends, chimera removal, singleton removal, and construction of a feature table consisting of amplicon sequence variants (ASV). Using DADA2 denoise-single method, we removed low quality regions of the sequences. All ASV were aligned to mafft through q2 alignment, and phylogenetic analysis was performed using fasttree2. A scikit-learn naïve Bayes machine-learning taxonomy classifier against the SILVA (https://www.arb-silva.de/) 16S rRNA Version 138 reference sequences was trained with the q2-feature-classifier plugin using the V3-V4 regions of 16S rRNA sequences. Taxonomy was assigned to each ASV using the ‘classifysklearn’ command in q2-feature-classifier. The α-diversity was calculated between groups using the Kruskal-Wallis pairwise test and permutational multivariate analysis of variance, respectively. In order to compute α-diversity, we rarify the ASV table and calculate Chao1 to estimates the species abundance. We used unweighted unifrac for Principal Coordinate Analysis (PCoA). To mine deeper data of microbial diversity of the differences between the samples, significance test was conducted with some statistical analysis methods, including MetaStat, LEfSe, Anosim and MRPP.



Statistical analysis

Data analysis for 16S rRNA amplicon sequencing has been described in preceding paragraphs. Other data are analyzed using GraphPad 7.0 software. If the data conformed to a normal distribution, one-way ANOVA was used to compare the means of multiple samples. The LSD method was used to compare the groups with homogeneous variances, and the Dunnett’s T3 method was used to compare the data between groups with unequal variances. Non-parametric test such as Kruskal-Wallis test was used for non-normal distribution data, p<0.05 was considered statistically significant.




Results


LJAW exerted Anti-CINV effects in a cisplatin-induced Rat Pica model

All rats showed pica behavior after cisplatin injection. We measured kaolin intake, food intake and body weight every 24 hours. Cisplatin induced substantial increased kaolin intake ranging from 0.53g to 1.09g during the first 24 hours after chemotherapy compared with vehicle control(saline) injected rats (cisplatin vs. vehicle-control, 0.78 ± 0.032g vs. 0.056 ± 0.001g, p<0.01). LJAW and ondansetron significantly reduced cisplatin-induced kaolin intake on the first day after cisplatin injection compared with cisplatin treated rats(cisplatin, LJAW and ondansetron, 0.78 ± 0.032g, 0.61 ± 0.22g and 0.42 ± 0.034g, respectively; LJAW vs. cisplatin, p<0.01; LJAW vs. ondansetron, p<0.05, ondansetron vs. cisplatin, p<0.01). Kaolin consumption was significantly decreased on the second day in LJAW and ondansetron treated mice compared with cisplatin-only treated rats, but no significant difference was observed in LJAW and ondansetron treated rats (cisplatin, LJAW and ondansetron, 0.65 ± 0.16g, 0.49 ± 0.12g and 0.44 ± 0.13g, respectively; LJAW vs. cisplatin, p<0.05; LJAW vs. ondansetron, p>0.05, ondansetron vs. cisplatin, p<0.05). On the third day, the kaolin intake was 0.53 ± 0.27g, 0.34 ± 0.11g and 0.38 ± 0.15g in cisplatin-, LJAW- and ondansetron-treated rats (LJAW vs. cisplatin, p<0.05; LJAW vs. ondansetron, p>0.05; ondansetron vs. cisplatin, p<0.05) (Figure 1A). Moreover, we observed that rats in the cisplatin group consumed much less chow within 72 hours after cisplatin injection compared with the Control rats (24hours, cisplatin vs. control, 9.23 ± 3.77g vs. 15.63 ± 3.32g, p<0.05; 48hours, cisplatin vs. control, 9.23 ± 3.77g vs. 15.63 ± 3.32g, p<0.05; 72hours, cisplatin vs. control, 9.23 ± 3.77g vs. 15.63 ± 3.32g, p<0.05). Interestingly, LJAW significantly increased the food intake on the first and third day after chemotherapy compared with cisplatin-only treated rats(chow consumption on the first day(cisplatin, LJAW and ondansetron), 9.23 ± 3.77g, 13.94 ± 4.37g, 11.94 ± 4.3g, LJAW vs. cisplatin, p<0.05; LJAW vs. ondansetron, p>0.05;ondansetron vs. cisplatin, p>0.05; chow consumption on the second day(cisplatin, LJAW and ondansetron), 10.60 ± 2.67g, 12.56 ± 3.21g, 11.88 ± 3.80g, LJAW vs. cisplatin, p>0.05; LJAW vs. ondansetron, p>0.05; ondansetron vs. cisplatin, p>0.05; chow consumption on the third day(cisplatin, LJAW and ondansetron), 11.30 ± 3.20g, 15.92 ± 2.98g, 10.72 ± 3.21g, LJAW vs. cisplatin, p<0.05; LJAW vs. ondansetron, p<0.05; ondansetron vs. cisplatin, p>0.05). However, increased food intake was not observed in the ondansetron-treated rats compared with cisplatin only treated rats (Figure 1B). Similarly, body weight of cisplatin or ondansetron treated rats decreased dramatically 24 hours after injection of cisplatin. Body weight of all rats started to recover 72 hrs. after the dosage of cisplatin. However, body weight loss was not present in LJAW-treated rats compared with rats in the Control group (Figure 1C).




Figure 1 | Anti-CINV Efficacy of LJAW in a Cisplatin-induced Rat-Pica Model. (A) Kaolin intake of rats during the first 3 days after chemotherapy (n = 10 biologically independent animals per group, data are presented as mean ± sem, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA). (B) Food intake of rats during the first 3 days after chemotherapy (n = 10 biologically independent animals per group, data are presented as mean ± sem, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA). (C) Dynamic changes in body weight of rats during the whole experiment (n = 10 biologically independent animals per group, data are presented as mean ± sem, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA). (*, p < 0.05 compared with control; **, p < 0.01 compared with control. #, p < 0.05 compared with cisplatin (DDP); △, p < 0.05 compared with ondansetron (DDP)).





LJAW modulated cisplatin-induced gut microbiome alteration

Microbiome profiling was performed to explore composition of intestinal microbiome in cisplatin- and LJAW- treated rats before (Day 0), 3 days and 7 days after cisplatin injection. First, we compared the gut microbiota diversity among groups using the Chao index. A significant decline in alpha diversity was observed in the feces collected 3 or 7 days after cisplatin injection compared with the feces collected 3 or 7 days after LJAW treatment (Figure 2C). Then, principal coordinates analysis was performed to explore similarities between these two datasets. A notable clustering effect by cisplatin injection was exerted in the intestinal microbiome of rats (Figure 2D). However, no clustering effect was observed in samples collected after 7 days’ treatment of LJAW compared with samples collected prior treatment. Next, we sought to further examine the composition changes of microbiome induced by cisplatin as well as LJAW. Results showed that all rats were dominated by Bacteroidetes and Firmicutes at the phylum level. However, the abundance of Bacteroidetes at the phylum level was increased 3 days after cisplatin injection compared to the abundances in the samples collected before injection (Figure 2A). At the genus level, the bacterial composition in feces collected before cisplatin injection was dominated by Enterococcus, Muribaculaceae, and Lactobacillus but devoid of Escherichia-Shigella (Figure 2B). Cisplatin injection caused an elevated abundance of Enterococcus and Escherichia-Shigella on both the 3rd and 7th day after cisplatin injection, but decreased abundance of Lactobacillus (Figures 2B). By contrast, the intestine microbiome was dominated by ASVs belong to Muribaculaceae, Lactobacillus, Blautia and Bacteroides, and fewer ASVs belonging to the Enterococcus and Escherichia-Shigella after 3- or 7-days’ treatment of LJAW (Figures 2B). To further investigate these findings, we conducted high-dimensional class comparisons via linear discriminant analysis of effect size (LEfSe), which again validated differentially abundant bacteria in the fecal microbiome of cisplatin- and LJAW-treated rats, with Escherichia-Shigella, Parabacteroides and Enterococcus genera enriched in DDP-7 and Blautia and Lactobacillus enriched in Tx-7 (Figure 2E).




Figure 2 | Effects of LJAW on the Gut Microbiome in Cisplatin-induced Rat-Pica Model. (A) Stacked bar plot of common bacterial taxa (>0.1% abundance) at the phylum level for fecal samples(Day0, n = 12; DDP-3, n = 6; Tx-3, n = 6; DDP-7, n=6; Tx-7, n=6) by 16S rRNA sequencing. (B) Stacked bar plot of common bacterial taxa (the top 14) at the genera level for fecal samples(Day0, n=12; DDP-3, n = 6; Tx-3, n = 6; DDP-7, n = 6; Tx-7, n = 6). (B) Chao richness index of fecal samples collected before, 3- and 7-days after treatment. (Day0, n = 12; DDP-3, n = 6; Tx-3, n = 6; DDP-7, n = 6; Tx-7, n = 6. The bars represent the median and the distribution of Chao1 index. p values were determined using Kruskal-Wallis test. * p<0.05, ** p<0.01). (C) Alpha diversity of fecal samples collected before, 3- and 7-days after treatment(Day0, n=12; DDP-3, n=6; Tx-3, n=6; DDP-7, n=6; Tx-7, n=6. * p< 0.05, ** p<0.01).  (D) Principal coordinate analysis of fecal samples (n = 30) by response using Weighted UniFrac distances. (E) LDA scores calculated for differentially abundant taxa in the fecal microbiomes of different groups and different time points. Length indicates the effect size associated with a taxon. (LDA score > 4).



Escherichia-Shigella was well documented as harmful bacteria which involved in the bowel inflammation and carcinogenesis of intestine (Lang et al., 2020; Fan et al., 2021). Lactobacillus was identified as probiotics and was prescribed to treat inflammatory bowel diseases (Wu et al., 2020). Consistently, Blautia could also exert an anti-inflammatory function in the intestine and has been named a new functional genus with potential probiotic properties (Davrandi et al., 2021; Liu et al., 2021). Moreover, an experimental survey mimicking autism syndrome reported a 50% reduction in 5-HT in both small and large intestine mucosal 5-HT levels with a certain correlation to the abundance of Blautia, indicating that Blautia might participate in the synthesis or release of 5-HT (Agus et al., 2018). Here, we evaluated both the 5-HT level and the expression of TPH1, a rate-limiting enzyme of 5-HT, and the levels of proinflammatory cytokines and the expression of possible molecules involved in microbe-mediated inflammation.



LJAW inhibited the synthesis of 5-HT in Rat Jejunum tissues

It has been reported that a variety of neurotransmitters and their receptors are involved in the development of CINV, and serotonin (also named 5-hydroxytryptamine) plays a key role in the pathogenic process of CINV (Marx et al., 2017). Cytotoxic medicine such as cisplatin could cause the release of 5-HT in enterochromaffin cells in the intestinal mucosal barrier, the elevated 5-HT that is released stimulates the 5-HT receptors in both the central and peripheral nervous systems and regulates the emetic pathways (Zhong et al., 2017).

To elucidate the possible mechanisms involved in LJAW-elicited anti-CINV efficacy, we measured the concentration of 5-HT in both rat jejunum and medulla oblongata tissues. As shown in Figure 3A, the level of 5-HT significantly increased in both jejunum and medulla oblongata tissues 3 days post-cisplatin injection compared with vehicle-control (5-HT levels in rats jejunum (Control, DDP and TX), 541 ± 59ng/mg, 835 ± 48 ng/mg and 687 ± 67 ng/mg, Control vs. DDP, p<0.01; Control vs. Tx, p>0.05; DDP vs. Tx, p<0.01. 5-HT in rats medulla oblongata (Control, DDP and TX), 270 ± 9ng/mg, 260 ± 9ng/mg and 170 ± 6ng/mg, Control vs. DDP, p<0.01; Control vs. Tx, p<0.05; DDP vs. Tx, p<0.01). The 5-HT levels were also significantly higher in the LJAW-treated rats than in the vehicle-control treated rats. However, it was still much lower compared with that of DDP-3 in rat jejunum tissue (Figures 3A, B). Then, we measured the expression of TPH1, a key enzyme participating in the synthesis of 5-HT in jejunum tissues, using western blotting. TPH1 expression was slightly upregulated 3 days after cisplatin injection. Conversely, it was downregulated in LJAW-treated rats (Figure 3C).




Figure 3 | LJAW Downregulated the Secretion of 5-HT in Both the Jejunum and Medulla Oblongata by Inhibiting THP1 in Rats. (A) 5-HT concentration in rat jejunum tissue(n = 5, data are presented as mean ± sem, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA, *, p < 0.05, **, p < 0.01). (B) 5-HT concentration in rat medulla oblongata tissue(n=5, data are presented as mean ± sem, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA, *, p < 0.05, **, p < 0.01). (C) Expression of TPH1 in rat jejunum tissue(n=3, data are presented as median with interquartile range, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA, *, p < 0.05, **, p < 0.01).





LJAW protected the intestinal mucosal barrier in cisplatin-induced pica in rats

As most 5-HT-producing enterochromaffin cells reside in the jejunum, necrosis of enterochromaffin induced by cisplatin could also promote the release of 5-HT (Linan-Rico et al., 2016). We evaluated the integrity of the jejunum mucosa with HE staining and measured the expression of the tight junction-associated proteins occludin and ZO-1 in LJAW-treated rat jejunum tissue by IHC.

The HE staining showed that there was no disruption of the jejunal mucosa before cisplatin injection. Additionally, the morphology of the jejunal glands and villi was complete. Furthermore, the epithelial cells were neatly arranged, and cell degeneration and cell necrosis were not observed, as shown in Figure 4A(a). Disrupted mucosa and shortened, sparse, or even lost villi were observed in the jejunum tissues of rats treated 7 days after cisplatin injection (Figure 4A(b). As shown in Figure 4A(c), the villi were normal in shape, and attenuated mucosa disruption was observed in LJAW treated rat’s intestine tissues.




Figure 4 | Protective Effect of LJAW on the Intestinal Mucosal Barrier in Cisplatin-induced Pica in Rats. (A) HE staining of representative intestine tissue sections obtained from rats treated with (A) vehicle control, (B) cisplatin or (C) cisplatin and LJAW. (B) Immunohistochemistry staining of occludin in jejunum tissue (A–C). The expression of occludin in jejunum tissue was quantified by integrated optical density (IOD) (D)(n = 3, data are presented as mean ± sem, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA, **, p < 0.01). (C) Immunohistochemistry staining of ZO-1 in jejunum tissue (A–C). The expression of ZO-1 in jejunum tissue quantified by integrated optical density (IOD) (D) (n=3, data are presented as mean ± sem, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA, **, p < 0.01). (D) Protein expression of ZO-1 in jejunum tissue. D(a) western blots showing total levels of ZO-1 in Control-, DDP-, and LJAW-treated rats jejunum, D(b) Bar graphs showing mean ZO-1 levels determined by densitometey(n=3, data are presented as mean ± sem, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA). (E) Protein expression of Occludin in jejunum tissue. E(a) western blots showing total levels of Occludin in Control-, DDP-, and LJAW-treated rats jejunum, E(b) Bar graphs showing mean Occludin levels determined by densitometry (n=3, data are presented as mean ± sem, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA).



Then, we sought to determine whether the intestinal mucosa barrier protective effect of LJAW was mediated by tight junction-associated proteins. We measured the expression of both occludin and ZO-1 in rat jejunum tissue through IHC staining and western blotting. Elevated occludin and ZO-1 protein expression was observed in the LJAW-treated rats compared with the cisplatin-treated rats (Figures 4B–E).



LJAW inhibited the expression of proinflammatory cytokines and related proteins

Bowel inflammation has already been validated in cisplatin-treated rat intestine tissues (Perales-Puchalt et al., 2018). In our study, we found that Escherichia-Shigella, and Enterococcus genera was enriched in rat feces collected 7 days after cisplatin injection, while Blautia and Lactobacillus genera was enriched in fecal samples collected 7 days after LJAW dosage, as shown in Figure 2E. Thus, ongoing inflammatory processes might be partially blocked or alleviated in LJAW-treated rat intestines. To further verify our hypothesis, we measured the pro-inflammatory cytokines and mucosa repair-related cytokines or chemokines in the rat jejunum with ELISA kits. The results showed that IL-6 and TNF-α were significantly elevated 72 hours after cisplatin injection; however, they were dramatically downregulated in LJAW-treated rats (Figure 5D). Then, to confirm whether the downregulated inflammation level in LJAW-treated rats was mediated by intestinal microbes through signaling to NF-κB by Toll-like receptors (TLRs), we performed western blotting to measure the protein expressions of TLR4, NF-κB and myd88 in rat jejunum tissues. As speculated, cisplatin induced upregulated protein expression of TLR4, myd88 and NF-κB compared with the control rats (Figures 5A–C). LJAW downregulated the expression of TLR4, myd88 and NF-κB in jejunum tissues compared with DDP treated rats.




Figure 5 | LJAW Downregulated Proinflammatory Cytokine Expression in Jejunum Tissues. (A–C) western blotting of the expression of the proinflammatory cytokine-related proteins TLR4, myd88, and NF-κB p56 in jejunum tissues of LJAW-treated rats, cisplatin-treated rats and vehicle control-treated rats(n = 3 in each group, A(a), B(a), C(a),western blots showing total levels of TLR4, myd88, and NF-κB p56 in Control-, DDP-, and LJAW-treated rats jejunum; A(b), B(b), C(b), Bar graphs showing mean TLR4, myd88, and NF-κB p56 levels determined by densitometry(n = 3, data are presented as mean ± sem, normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA, * p < 0.05). (D) Cytokine expressions of IL-6, TNF-α, IL-1β, IL-10, and TGF-β in LJAW-treated rats, cisplatin or vehicle control-treated rats jejunum tissues. (n = 6, Data are presented as the mean ± sem. normality was tested by Shapiro-Wilk normality test, p values were determined by using one-way ANOVA *p < 0.05).






Discussion

Few side effects of cancer treatment are more feared by patients than CINV, especially in patients undergoing highly emetogenic regimens or multiagent chemotherapy. The combined application of medicines with different mechanisms in anti-CINV is recommended by different guidelines to manage CINV (Razvi et al., 2019). However, patients are still suffering from nausea, which would also induce loss of appetite (Ng et al., 2015). There are unmet needs in patients treated with chemotherapy. LJAW has been proven to be effective in clinical studies. Here, we validated the anti-CINV efficacy of LJAW in a cisplatin-induced rat pica model. As presented in Figure 1A, LJAW decreased the kaolin intake induced by cisplatin injection of rats, which is an alternative way to evaluate the severity of nausea and vomiting in rats, revealing that LJAW attenuated CINV in rat-pica model. In contrast to conventional anti-CINV agents, LJAW also improved the appetite of rats with increased chow consumption compared with cisplatin-only treated rats (Figure 1B). Therefore, no body weight loss was observed in the rats treated with LJAW. The above results indicate that LJAW not only alleviated CINV but also improved the appetite of rats and guaranteed stable body weight gain during chemotherapy.

As gastrointestinal disorders, for instance, diarrhea or constipation frequently occur in patients receiving chemotherapy, and investigations have shown that the gut microbiome plays a pivotal role in mediating chemotherapy-induced side effects, including nausea and vomiting (Hong et al., 2019; Crowder et al., 2021). Cisplatin is known to inhibit the growth of both Gram-negative and Gram-positive bacterial strains, such as some Bacillus and E. coli, and may induce dysbiosis (Joyce et al., 2010). The gut microbiota is involved in the modulation of other common side effects of cisplatin, such as cytotoxicity and mucositis. In this study, we observed that cisplatin injection indeed resulted in an alteration of the gut microbiome in rats with lowered alpha diversity, elevated abundance of Bacteroidetes at the phylum level and further enriched Escherichia-Shigella, and Enterococcus at the genus level (Figures 2A, B). Numerous studies have shown the efficacy of TCM in treating CINV (Han et al., 2016; Thamlikitkul and Soparattanapaisarn, 2016), and the application of ginger has been recommended as an alternative way to manage CINV according to certain guidelines (Razvi et al., 2019). Mechanisms including decreasing bowel movement and downregulating 5-HT levels in the intestine and medulla oblongata have been shown to participate in the anti-CINV efficacy of TCM (Marx et al., 2017; Yi et al., 2019). However, few studies have provided insight into the role of the intestinal microbiome in mediating the anti-CINV effect of TCM. Here, we measured the gut microbiome before and after LJAW intervention by 16S rRNA sequencing. As described in the previous paragraphs, LJAW treatment resulted in an elevated alpha diversity compared with cisplatin-only treated rats. Further taxonomic analysis revealed that cisplatin induced enrichment of Escherichia-Shigella and Enterococcus at the genus level while samples collected in LJAW treated rats were enriched in Blautia and Lactobacillus uncovered by taxonomic cladogram from LEfSe analysis (Figure 2E). These results indicated that LJAW played an important role in maintaining intestine microbiome balance.

Enterococcus is a representative genera that belongs to the family of Enterococcaceae. It was reported to exerts a proinflammatory role in IBD patients (Kowalska-Duplaga et al., 2020). An animal study showed that the concentrations of proinflammatory cytokines, such as IL-6, TNF-α, IL-17a, and IL1β, were positively correlated with the abundance of Enterococcaceae (Seishima et al., 2019). Escherichia-Shigella belongs to the family of Enterobacteriaceae. It’s been documented to be the most important enteric pathogens causing bacillary dysentery (Devanga Ragupathi et al., 2017). Thus, it might play a role in cisplatin induced stool consistency change. Mechanism study has proved that Escherichia-Shigella was able to produce Lipopolysaccharide(LPS) that triggering the activation of intestine inflammation via binding with the complex CD14, myeloid differentiation protein 2, and Toll-like receptor 4(TLR4) (Paciello et al., 2013). By the contrast, the genus Blautia notably includes anaerobic intestinal commensal organisms within the bacterial class Clostridia belonging to the phylum Firmicutes (Liu et al., 2008; Park et al., 2013) and was demonstrated to exert anti-inflammatory effects on a variety of diseases (Benítez-Páez et al., 2020). For instance, Blautia was reported to be associated with a localized anti-inflammatory effect, primarily in the intestinal tract, without systemic immune suppression in graft-versus-host disease (Jenq et al., 2015). When stressed mice were treated with minocycline, the observed gut microbiota changes included an increase in the relative abundance of Akkermansia spp. and Blautia spp., which are compatible with the beneficial effects of attenuated inflammation and rebalance of gut microbiota (Wong et al., 2016). Moreover, Lactobacillus has been reported to inhibit inflammation via TLR4/MYD88/NF-κB axis (Li et al., 2020). The microbiota such as Escherichia-Shigella could interact with the host immune system via pattern recognition receptors such as toll-like receptors (TLRs) on epithelial cells by microbe-derived pathogen-associated molecular patterns such as LPS to activate myd88-dependent signaling, ultimately inducing the production of proinflammatory cytokines (Dutta and Lim, 2020). Our findings are consistent with what has been reported in the literature. Inflammation-related cytokines, especially IL-6 and TNF-α, were significantly increased after chemotherapy (Figure 4D) and were downregulated by LJAW treatment.

Apart from inflammation, the secretion of serotonin induced by chemotherapy played a pivotal role in CINV. Cisplatin can cause loss of integrity in the intestinal mucosa by binding to DNA, thus impairing the DNA replication of rapidly proliferating epithelial cells. This damage results in a breach of mucosal barriers and subsequently allows microbes to come in close proximity to epithelial cells, thus triggering local and systemic immune responses (Taur and Pamer, 2016). Moreover, enterochromaffin cell damage occurs under these conditions and promotes the release of 5-HT, which interacts with the peripheral and central nervous systems to cause nausea and vomiting. In other words, inflammation might improve the 5-HT level and cause more severe clinical symptoms. The intestinal microbiome also participated in the synthesis of 5-HT. Regardless of the anti-inflammatory properties, a decrease in Blautia abundance has been reported in the mucosal adherent microbiota of colorectal cancer patients. Interestingly, Blautia was also reported to be involved in tryptophan metabolism and indirectly affects its synthesis in psychological diseases such as autism and depression (Golubeva et al., 2017; Agus et al., 2018; Liu et al., 2020). We observed that the mucosa breached and that tight junction-associated proteins, including ZO-1 and occludin, were downregulated after chemotherapy (Figure 4). As predicted, LJAW showed a mucosa barrier protective effect (Figure 4A) and upregulated the expression of both ZO-1 and occludin compared with cisplatin-only treated rats (Figures 4B–D). Meanwhile, the 5-HT levels were elevated in both the jejunum and medulla oblongata tissues of cisplatin-treated rats compared with tissues collected before chemotherapy (Figures 3A, B). Moreover, we found that the rate-limiting enzyme TPH1 was upregulated after cisplatin injection but downregulated in LJAW-treated rats. These results indicate that LJAW not only inhibited the secretion by protecting the mucosal barrier but also inhibited the synthesis of serotonin, possibly via gut microbiome-mediated THP1 expression.

In conclusion, LJAW exerted anti-CINV efficacy in a cisplatin-induced rat pica model, possibly through gut microbiome-mediated anti-inflammation and anti- serotonin synthesis functions. However, we did not conduct the experiment in germ-free rats to further validate the exact role of enriched genera including Escherichia-Shigella, Enterococcus, Blautia and Lactobacillus in LJAW-elicited anti-CINV effects. Further studies are needed to investigate this hypothesis in depth using germ-free rats to draw definitive conclusions about the potential and differential roles of the microbiome in the management of CINV by LJAW. Next, we also sought to determine how LJAW could modulate gut microbiome and the exact compounds that participated in gut microbiome modulation.
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With socioeconomic advances and improved living standards, metabolic syndrome has increasingly come into the attention. In recent decades, a growing number of studies have shown that the gut microbiome and its metabolites are closely related to the occurrence and development of many metabolic diseases, and play an important role that cannot be ignored, for instance, obesity, type 2 diabetes (T2DM), non-alcoholic fatty liver disease (NAFLD), cardiovascular disease and others. The correlation between gut microbiota and metabolic disorder has been widely recognized. Metabolic disorder could cause imbalance in gut microbiota, and disturbance of gut microbiota could aggravate metabolic disorder as well. Berberine (BBR), as a natural ingredient, plays an important role in the treatment of metabolic disorder. Studies have shown that BBR can alleviate the pathological conditions of metabolic disorders, and the mechanism is related to the regulation of gut microbiota: gut microbiota could regulate the absorption and utilization of berberine in the body; meanwhile, the structure and function of gut microbiota also changed after intervention by berberine. Therefore, we summarize relevant mechanism research, including the expressions of nitroreductases-producing bacteria to promote the absorption and utilization of berberine, strengthening intestinal barrier function, ameliorating inflammation regulating bile acid signal pathway and axis of bacteria-gut-brain. The aim of our study is to clarify the therapeutic characteristics of berberine further and provide the theoretical basis for the regulation of metabolic disorder from the perspective of gut microbiota.
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1. Introduction

Metabolic disorders are a complex group of multifactorial disorders formed by one or more causes of glucose metabolism, lipid metabolism, purine metabolism and so on, including central obesity, insulin resistance, abnormal glucose metabolism, lipid metabolism disorders, non-alcoholic fatty liver disease(NFLD), and metabolic hypertension, among others (Kassi et al., 2011). With the improvement of living standards, the incidence of metabolic disorder is also increasing. The existence of multiple metabolic disorders not only increases the incidence rate of diabetes directly, but also greatly increases the risk of atherosclerotic cardiovascular disease, brings enormous burden to the global medical and health field (2001). Insulin resistance is the core factor of metabolic syndrome, it is also a common pathological manifestation of metabolic disorders such as diabetes and obesity (Balkau and Charles, 1999; Huang, 2009). The current situation shows that a large proportion of metabolic syndrome patients suffer from impaired glucose tolerance or diabetes (Shinkov et al., 2018).

The relationship between the occurrence of metabolic disorders with the gut microbiota is one of the main research directions to explore the mechanism of metabolic disorders at present (Meijnikman et al., 2018). The human gut flora is a very complex system of a great variety, according to current reports, more than 1000 kinds of microorganisms in the human gastrointestinal tract are known, which belong to five phyla: Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and Verrucomicrobia (Wu et al., 2021). Among which, anaerobic Bacteroides and Firmicutes are the two dominant species, accounting for more than 90% of all bacterial species (Qin et al., 2010). Numerous studies have shown that alterations in the composition of the gut microbiota have been associated with metabolic disorders (Festi et al., 2014; Ussar et al., 2015), including obesity (Gomes et al., 2018), DM (Baothman et al., 2016; Yang et al., 2021), high fat diet (Yin et al., 2018; Leeming et al., 2019; Schoeler and Caesar, 2019), antibiotics (Ianiro et al., 2016; Ramirez et al., 2020), and other factors can lead to gut microbiota dysbiosis (Jin et al., 2017; Greenhill, 2018; Guerre, 2020; Philippe, 2020), and at the same time, the gut microbiota can be mediated by drugs that regulate the body’s metabolism and play a role in improving metabolic disorders (Feng et al., 2020).

Consistently, as a natural medicine, berberine plays an important role in the treatment of metabolic disorders. Its mechanism of utility has also been extensively and intensively studied (Caliceti et al., 2016), a large number of experimental studies have shown that berberine alleviates body metabolism and insulin resistance through a variety of mechanisms, such as amelioration of oxidative stress, inhibition of macrophage inflammatory response, adenosine monophosphate-activated protein kinas (AMPK) activation and Phosphorylation of acetyl-CoA carboxylase (ACC), regulating mitochondria-related pathways (Zhang et al., 2018), inducing peroxisome proliferator-activated receptors (PPARs) increase6Modulating transcriptional programs of transcription factors, among others (Wang et al., 2020). In recent years, the mechanism of berberine in treating metabolic disorders by modulating gut microbiota has been increasingly discovered and recognized. In this paper, the author focuses on the mechanism of BBR ameliorate metabolic disorder, so as to further clarify the therapeutic characteristics of BBR, providing a theoretical basis for regulating and alleviating metabolic disorder from the perspective of gut microbiome.



2.Berberine for metabolic disorders

Berberine (BBR) is a quaternary ammonium salt from the group of bioactive isoquinoline alkaloids (Imenshahidi and Hosseinzadeh, 2016), which is the major active component of traditional Chinese herb Coptis chinensis (Tabeshpour et al., 2017). In addition, BBR also exist in various medicinal plants such as Berberis aristata, B. petiolaris, B. aquifolium, B. vulgaris, B. thunbergia and many others (Cicero and Baggioni, 2016; Liu et al., 2019). Its chemical structure is represented in Figure 1. In recent years, a large number of research confirmed that BBR has extensive pharmacological properties, such as anti-inflammatory (Kuo et al., 2004), pain‐relieving (Hashemzaei and Rezaee, 2021), anti-infective (Aswathanarayan and Vittal, 2018), antitumor (Liu et al., 2019),neuroprotective (Luo et al., 2012) and modulate energy metabolism, which can be used to treat cancer (Zhang et al., 2020), digestive (Zou et al., 2017), metabolic (Xu et al., 2021), cardiovascular (Martini et al., 2020), and neurological diseases (Kulkarni and Dhir, 2010). Formulas containing traditional herbal Coptis chinensis, has been used for thousands of years in traditional Chinese Medicine. Most of these formulas possess the efficacy of clearing heat, eliminating dampness, dissipating fire and detoxifying (Wang et al., 2017), similar to what we now considered as anti-infective and anti-inflammatory functions.




Figure 1 | Chemical structural formula of Berberine (BBR).



Accumulating clinical studies have shown that BBR has a good role in the treatment of metabolic diseases such as diabetes, obesity, non-alcoholic fatty liver disease and hyperlipidemia. BBR could ameliorate insulin resistance in patients with diabetes, lower blood sugar and hemoglobin A1c (HbA1c) in patients with T2DM (Yin et al., 2008; Zhang et al., 2010). Obesity is closely related to an increased risk of T2DM, BBR could successfully decrease body weight, body mass index, waist circumference in obese patients with T2DM (Xu et al., 2021). In addition, BBR can improve the hepatic fat content, apolipoprotein B (Apo B), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) in patients with NAFLD (Yan et al., 2015). Furthermore, BBR treatment can substantial reduction in TC, TG, and LDL-C levels in patients with Hyperlipidemia (Kong et al., 2004).

In addition to clinical studies, berberine has been extensively explored in the treatment of metabolic syndrome in terms of mechanisms. Berberine has many extensive and intensive studies in the field of metabolic diseases. It can regulate and ameliorate glycolipid metabolism (Ma et al., 2018; Yu et al., 2019; Bertuccioli et al., 2020), lose weight (Neyrinck et al., 2021) and alleviation of insulin resistance (Memon et al., 2018), especially in the treatment of combined multiple metabolic disorders, the efficacy of BBR is outstanding (Yu-Guang et al., 2017). Meanwhile, numerous experimental studies have shown that BBR ameliorate body metabolic dysfunction through multiple mechanisms (Yin et al., 2012; Ilyas et al., 2020). In terms of glucose metabolism, BBR strengthened autophagy and protected from high glucose-related injury in podocytes by promoting the AMPK activation, at the same time, the bidirectional regulation of AMPK activity can reduce the risk of hypoglycemia caused by berberine (Xiao et al., 2018). BBR also through TLR4/MyD88/NF-κB signaling pathway improves gut-derived hormones (Gong et al., 2017a), alleviate inflammation by reducing the exogenous antigen load in the host (Zhang et al., 2012). In the regulation of blood lipids, BBR can decrease triglyceride expression in HepG2 cell lines (Cao et al., 2018), modulation of bile acids (He et al., 2016a) and upregulation of Trib1 mRNA levels to reduce lipid levels (Singh and Liu, 2019). With further in-depth studies scholars have found that modulation of gut microbiome may be another novel mechanism of action for berberine to ameliorate metabolic disorders (Hvistendahl, 2012; Feng et al., 2015).



3. Impact of gut microbiota on metabolic disorders

Earlier studies have shown that alterations in the gut microbiota are environmental factors that influence host susceptibility to obesity and increase adiposity (Backhed et al., 2004). When feces from obese and lean pairs of twins were transplanted separately into germ free mice, mice transplanted with feces from obese recipients gained weight and exhibited an obesity associated metabolic phenotype, whereas mice transplanted with feces from lean recipients showed no significant metabolic phenotype (Ridaura et al., 2013). Therefore, gut microbiota is strongly associated with the occurrence of metabolic disorders.

On the one hand, the findings suggest that metabolic disorders significantly affect the structure and function of the gut microbiota. On the other hand, gut microbiota can produce metabolites by fermenting dietary fiber, for instance, short-chain fatty acids (SCFAs) and bile acids (BAs), have important metabolic functions (Canfora et al., 2019), can significantly affect body metabolism function. The Firmicutes/Bacteroidetes (F/B) ratio is widely accepted to have an important influence in maintaining normal intestinal homeostasis, the increase of F/B will lead to obesity (Stojanov et al., 2020). Numerous studies have confirmed that, humans or animals with obesity/insulin resistance or diabetes have an elevated abundance of opportunistic pathogens (such as sulfate reducing bacteria) and a decreased abundance of beneficial bacteria (as F.prausnitzii (Xu et al., 2020a), A.muciniphila, R.intestinalis, Bifidobacterium and Akkermansia muciniphila.) in the gut (Everard et al., 2011; Qin et al., 2012; Tilg and Moschen, 2014; Feng et al., 2015; Cani, 2019). Further studies revealed that certain specific bacteria have important effects on body metabolism, such as the endotoxin producing bacterium E.clocae isolated from obese patients, which can cause obesity and insulin resistance in axenic mice (Fei and Zhao, 2013). It follows that the metabolic function of the organism interacts with the gut microbiome, and modulation of the gut microbiota can improves metabolic function.

In recent years, a large number of studies have focused on the relationship between berberine and gut microbiota. Research shows can ameliorate metabolic abnormalities by modulating the flora to enhance bioavailability (Liu et al., 2016), regulating the bacteria-brain-gut axis (Sun et al., 2016; Sun et al., 2017), strengthening intestinal barrier function (Zhang et al., 2012; Gong et al., 2017a), alleviating metabolic endotoxemia (Gao et al., 2017), increasing of short-chain fatty acid (SCFA)-producing bacteria (Mcnabney and Henagan, 2017) and other ways. Now, these mechanisms will be systematically summarized and elaborated in this review.



4. Mechanism of berberine ameliorates metabolic disorders based on gut microbiome

Berberine can induce cell death of harmful intestinal bacteria and increase the number and species of beneficial bacteria (Habtemariam, 2020). From administration to absorption, BBR can be metabolized by gut microbiota to improve its therapeutic effects on metabolism related diseases such as diabetes, hyperlipidemia, or directly affect gut microbiota to regulate and ameliorate metabolic disorders (Cui et al., 2018). The gut microbiota cuts down BBR to the absorbable form of DhBBR, which converts to BBR and enters the blood after absorption in intestinal tissue, so as to improve the bioavailability of BBR (Feng et al., 2015). Studies have shown that BBR can increase its oral availability and relieve metabolic disorder by reversing the changes in the quantity, structure and composition of gut microbiota under the pathological conditions (Table 1). At the same time, BBR improves intestinal barrier function and reduces the inflammation of metabolism related diseases by regulating gut microbiota. In addition, BBR achieves energy balance by regulating gut microbiota dependent metabolites (such as LPS, SCFAs, BAs) and related downstream pathways. What’s more, it can improve gastrointestinal hormones and metabolic disorders by regulating bacterial-brain-gut axis (Figure 2).


Table 1 | Mechanism of berberine ameliorates metabolic disorders based on gut microbiome.






Figure 2 | Mechanism of action of Berberine in modulating Gut Microbioata. Increasing of the NR-producing bacteria: BBR can increase th abundance of Bacteroides, Escherichia-Shigella and Bifidobacterium which can produc NRs. Nrs converts BBR into its absorbable form of DhBBR, which has highly polar and easily absorbed into the blood. Increasing of mucin-degrading-producing bacteria: BBR can increase the abundance of A.muciniphila. The increased abundance of A.muciniphila may lead to the reduction in mucin-2 expression in ileum. BBR seemed to protect the intestinal barrier integrity through modulating HMGCT, SREBP2 and CYP7A1 expressions. Decreasing of LPS-producing bacteria: BBR reduced the level of Vibrio desulfuricus and Enterobacter to inhibit the production of LPS. So that inflammatory factors (IL-1β, TNF-a IL-6, CRP in plasma Sta reduced IL-1β levels) were decreased. Increasing of SCFA-producing bacteria: BBR increased the number of SCFA producing bacteria (such as Butyricimonas, Coprococcus, Ruminococcus and Roseburia), raised the expression of pro-inflammatory cytokines, including LPS, TNF-α IL-1β and IL-6. Increasing of BAs-decomposing bacteria: BBR increased the number of BAs-decomposing bacteria (such as phylum Firmicutes, phylum Bacteroidetes, C. scindens and C. hylemonae) and reduced the level of C. hiranosis, decreased the activity of BSH. The possible mechanism is to Up-regulate Na+/H+ antiporter, up-regulate colonic TGR5 expression and GLP secretion and to increase CYP7A1 and CYP27A1 expression. Regulating microbiota-gut-brain axis: BBR increases the propotion of Bacteroidetes and Firmicutes, increases the expression of serum GLP-1, GLP-2, increase of the number of L.cells.




4.1 Increasing of NR-producing bacteria to promote the utilization of BBR

The oral bioavailability of Berberine is low (< 1%) as a result of poor aqueous solubility, the molecular structure of berberine prevents its rapid absorption from the intestine (Habtemariam, 2020). The extremely low plasma concentrations following oral administration of BBR in experimental or clinical settings are not sufficient to achieve the effects observed in in vitro experiments, which presents challenges in explaining its excellent and diverse pharmacological effects in clinical trials (Tan et al., 2013; Liu et al., 2016). Consequently, the investigators try to find out solutions in order to solve the problem of poor bioavailability (Liu et al., 2010). Previous researches have shown that gut microbiota participates in the metabolism of most oral drugs in vivo both directly and indirectly (Zhang et al., 2020). Some chemical components have been metabolized before the first-pass effect of liver, and the activity or toxicity of drugs can be significantly changed, affecting the exertion of drug efficacy (Sousa et al., 2008; Possemiers et al., 2011). Efficacy of intestinal microbiota in drug action remains underappreciated as before. There is increasing evidence that gut microbiota plays an important role in treatment through interaction with drugs. It contains a variety of metabolic enzymes, which can trigger a series of drug metabolic reactions and embodied the important role of gut bacteria for oral absorption of BBR (Xu et al., 2017).

Nitroreductases (NRs) are bacterial enzymes that reduce nitro-containing compounds which play key roles in BBR intestinal absorption. It has been found that various types of nitroreductase producing bacteria, such as Enterobacter, can produce nitroreductase to catalyze the reduction reaction of BBR to Dihydroberberine (DhBBR), which is a key bacterium to promote the intestinal absorption of BBR,NRs turns BBR into its absorbable form (DhBBR), which has highly polar and easily absorbed into the blood, and it is rapidly converted into BBR by oxidation after entering the blood. Studies have confirmed that the absorption rate of DhBBR is 5-fold correspond to BBR in animals (Direct, 2002). Some studies have also shown that after the increase of NR producing bacteria, the oral utilization and clinical efficacy of BBR can be improved. The experiment has shown that increasing fecal NR activity by approximately 10% in the gut microbiota can increase blood BBR concentrations by 65-70% in both animal experiments and human studies, suggesting that bacterial NR has a highly efficient function in converting BBR to DhBBR (Wang et al., 2017a).

Previous studies have shown that the elevation of fecal NR caused by HFD was due to an increased proportion of NR-producing bacteria in the gut or their increased activity. The bioavailability of BBR (100 mg/kg/d) in HFD-fed hamsters was higher than in normal chow-fed hamsters when administered orally. HFD caused increased mortality in the abundance of Enterobacter spp in mice, and BBR decreased blood lipids (such as TC, TG, LDL) in the HFD-fed hamsters, but did not play a role in those who keep with general diet (Wang et al., 2017a). In contrast, another researcher used antibiotics to reduce gut microbiota as a control group, inhibitory effect of oral treatment on gut bacteria in mice with type 2 diabetes decreased the BBR-to-DhBBR conversion and the concentration of BBR in the blood, at the same time, the lipid-lowering and hypoglycemic effects of BBR were reduced (Feng et al., 2015).Clinical study showed that NR activity in feces was higher in hyperlipidemia patients than in healthy subjects. Correlation analysis also showed that blood BBR was positively correlated with fecal NR activity. Therefore, it is reasonable to suggest that fecal NR activity is one of the effective biomarkers of BBR in the treatment of hyperlipidemia (Wang et al., 2017a).

Therefore, it is believed that HFD increases the proportion of NR producers in the gut bacterial community and/or the NR activity in bacteria. Studies showed an increase in the NR-producing bacteria in the gut microbiota community with Bacteroides (Schapiro et al., 2004), Escherichia-Shigella (Fu et al., 2007), and Bifidobacterium (Kinouchi et al., 1982), whose growth rate were the the highest among the top 50 bacterial strains. Moreover, Ru Feng et al. (2018) studied the pharmacokinetics of gut microbiota modulating BBR (50 mg/kg/d) and active metabolites in Beagle Dogs, as a result, an increase in the number of bacteria producing nitroreductase was observed in Escherichia–Shigella and Bacteroides.

Increasing of NR-producing bacteria was speculated to be one of the mechanisms of BBR improving metabolism. Nitroreductase activity is not only a biomarker to predict the therapeutic effect of BBR, but also an important target to improve the efficacy of BBR.



4.2 Increasing of mucin-degrading-producing bacteria to strengthen the intestinal barrier function

Intestinal barrier function is closely related to the occurrence and development of metabolic diseases (Scheithauer et al., 2020). T2DM is well known as a metabolic disease with low level chronic inflammation. Mucin-2 is a large glycoprotein that maintains intestinal balance by forming a physical barrier between the intestinal contents and the epithelium which is a very important glycoprotein (Paone and Cani, 2020). Thass CA (Thaiss et al., 2018) firmly believed glucose as an orchestrator of intestinal barrier function. Hyperglycemia destroys the integrity and balance of intestinal epithelial cells, interferes with the function of tight junction protein and adhesion protein between intestinal epithelial cells, leads to intestinal barrier dysfunction, increases the spread of intestinal infection, and then aggravates metabolic disorder. BBR can ameliorate endoplasmic‐reticulum stress and reduce apoptosis of goblet cells by reducing the expression of mucin‐2. Therefore, BBR has the effect of strengthening intestinal barrier.

Akkermansia muciniphila (A.muciniphila) has been authenticated as a mucin-degrading in the mucus layer, which has been proved to prevent the development of obesity and associated complications (Plovier et al., 2017). A.muciniphila treatment reversed metabolic disturbances caused by taking a high-fat diet, such as metabolic endotoxemia, adipose tissue inflammation, increased fat mass and insulin resistance in humans (Everard et al., 2013). Surprisingly, this bacterium is called a mucus degrader, and adding A.muciniphila increases the number of goblet cells and the production of antimicrobial peptides, which stimulated mucus production (Paone and Cani, 2020). A.muciniphila plays an active role in improving host metabolism and its abundance is often inversely correlated with metabolic disturbances in most preclinical and clinical studies (Zhou and Zhang, 2019), some studies made known a negative correlation among A. muciniphila and markers associated with metabolic disorders (Remely et al., 2015). A study has also shown that he decrease of circulating endotoxin levels mediated by A muciniphila can be attributed to the induction of intestinal expression of tight junction proteins (occult band protein-1 and occludin), thus reversing the increase of intestinal permeability induced by Western diet (Li et al., 2016). After BBR intervention, the abundance of A.muciniphila in B6 mice induced by high-fat diet was 19.1 times higher than that in the control group (He et al., 2016a). A feature of Diabetic rats fed with high fat and high-carbonhydrate diet were proinflammatory intestinal changes, altered gut-derived hormones, and what’s more, Intestinal permeability can be increased by 2.77-fold than rats on a regular diet. However, BBR treatment can significantly reverse the above changes, reduce the inflammatory changes of intestinal immune system and reduce the damage of intestinal barrier. Besides, high concentration of BBR treatment can reduce the intestinal permeability of diabetic rats by 27.5%. The researchers speculate that BBR seems to protect the integrity of intestinal barrier by regulating the expression of ZO-1 and OCLN (He et al., 2016a). Also, BBR can significantly increasing the abundance of bacteria such as phylum Verrucomicrobia, especially A.muciniphila. To decrease the FBG levels, improve the impaired oral glucose tolerance, and ameliorate the balance of α‐ and β‐cells in diabetic db/db mice, The increased abundance of A.muciniphila may lead to the reduction in mucin‐2 expression in ileum (Li et al., 2020). Atherosclerosis (AS) is the main co-morbidity of metabolic syndrome, research lends credence to a possible indirect role of IL-17 in determining or favoring early (Tarantino et al., 2014). This beneficial effect of BBR was associated with the regulation of gut microbiota, particularly with increased abundance of Akkermansia (Yang et al., 2021).

Interestingly, Gavage of BBR multiplied the abundance of A.muciniphila in rats. However, it did not stimulate A.muciniphila growth in direct incubation, which can be seen that BBR may promote A.muciniphila in a host-dependent way (Dong et al., 2021). How BBR stimulates A.muciniphila remains further research. But it can be confirmed that BBR may regulate tight junction protein and protect the integrity of intestinal barrier by increasing mucin degrading bacteria.



4.3 Decreasing of LPS-producing bacteria to improve metabolic endotoxemia

Studies (Cani et al., 2007a; Cani et al., 2008) proved that metabolic endotoxemia leads to inflammatory reaction which can causes weight gain and diabetes. Endotoxin plasma lipopolysaccharide (LPS) is one of the strong virulence factors of Gram-negative bacterial species, released upon lysis by LPS producing bacteria. It plays an important role in both acute infections and chronic infections (Kallio et al., 2008). It is a major active component in the generation of toxic effects from endotoxin and an initiating factor in metabolic endotoxemia. This “metabolic endotoxemia” has been widely recognized as an important reason for triggering or promoting obesity, insulin resistance, metabolic syndrome, and ultimately leading to diabetes (Cani et al., 2007b). A high-fat diet leads to an increase in the abundance of intestinal Gram-negative bacteria, such as Proteus. A large amount of LPS produced by Proteus enters the blood because of the increase of intestinal permeability. Binding of lipopolysaccharide to the complex of CD14 and toll-like receptor 4 on the surface of innate immune cells, LPS can induce systemic inflammation, which ultimately impairs insulin sensitivity and induces insulin resistance-related metabolic disorders (Pussinen et al., 2011).

Proteobacteria belongs to unstable potential pro-inflammatory flora. Enterobacter, Vibrio desulfuricus and Enterobacter cloacae increase significantly in the state of metabolic disorder, and then cause metabolic diseases (Bai et al., 2016). The abundances of Desulfovibrio genus were rised in obesity and T2DM (Van Hul et al., 2018). Desulfovibrio is supposed to an opportunistic pathogen that can produce endotoxins. The researchers found that BBR reversed these increases and reduced the level of Vibrio desulfuricus, in addition, they discovered that BBR treatment reduced inflammation of KKAy mice at least in part by regulating TLR4, ERK, and p38MAPK pathways (Cao et al., 2020). Some other researches showed that BBR could reduce the abundance of Vibrio desulfuricus (Zou et al., 2015) and Enterobacter (Weglarz et al., 2007) cloacae and inhibit the production of LPS. To investigate the role of BBR-mediated modulation of gut microbiota in reducing host inflammation and ameliorating insulin resistance-related metabolic abnormalities, reviewers (Zhang et al., 2012) measured the serum concentration of LBP which is a biomarker of circulating LPS. they found that HFD induced a significant increase in serum LBP level in rats, which co-administration with BBR essentially prevented, suggesting a potential role for gut microbiota antigens in this pharmacological process. Another study (Zhang et al., 2011) showed that BBR significantly reduced intestinal injury induced by LPS injury rat model and decreased serum levels of downstream inflammatory cytokines. What’s more, it is also one of the results of this study that the combined administration of BBR can significantly prevent HFD induced systemic inflammation. A Long-term HFD altered the gut microbiota composition by reducing protective bacteria like Bifidobacterium and increasing gram negative bacteria like Escherichia coli, resulting in increased release of LPS into plasma. A study showed that BBR set-back these effects and restrained LPS-induced TLR4/TNF-α activation, leading to increased insulin receptor and insulin receptor substrate-1 expression in the liver and reduce insulin resistance (Liu et al., 2018).

Gut microbial Dysbiosis affects the integrity of the intestinal epithelium and increases blood levels of LPS (Cani and Delzenne, 2009; Tagliabue and Elli, 2013). Meanwhile, HFD induces high levels of circulating LPS, which promotes metabolic inflammation and insulin resistance (Cani et al., 2007a; Cani et al., 2007b). Demonstrated that lacking the IL-17 cytokine receptor (IL-17RA−/−) mice in the HFD group exhibited increased intestinal permeability, with increased levels of LPS in vat of IL-17RA−/− compared with C57BL/6 wild-type (WT) mice, suggesting that LPS may negatively affect insulin signaling and aggravate insulin resistance in these mice. Through a series of experimental findings, the investigators showed the importance of the IL-17/IL-17R axis in the metabolic and immunological alterations associated with the development of obesity and metabolic syndrome, by driving intestinal neutrophil migration, limiting intestinal Dysbiosis and attenuating LPS translocation to visceral adipose tissue (VAT) (Perez et al., 2019).

An up-regulation of Th17-pattern-related cytokines such as IL-6, TNFa, IL-17 and IL-22 in the intestine and increased Th17 cell. Reported data reveal that BBR can directly suppress functions and differentiation of pro-inflammatory Th1 and Th17 cells, and indirectly decrease Th cell-mediated inflammation through modulating or suppressing other cells assisting autoreactive inflammation, such as CD4+ Foxp3+ T regulatory (Tregs), dendritic cells (DCs) and macrophages (Ehteshamfar et al., 2020). Therefore, berberine may also treat metabolic syndrome by regulating intestinal permeability, alleviating inflammatory factors entering the bloodstream, and thereby attenuating insulin resistance.

In conclusion, BBR can significantly reduce the abundance of Proteobacteria, such as Desulfovibrio, Enterobacter cloacae, and inhibit LPS production, effectively prevent serum LBP elevation (Zhang et al., 2012), regulating intestinal permeability, attenuating insulin resistance and improve metabolic endotoxemia.



4.4 Increasing of short-chain fatty acid (SCFA)-producing bacteria to regulate inflammatory response

To a certain extent, the occurrence and development of metabolic disorders are closely related to changes in the composition of the gut microbiota and its metabolites, such as short chain fatty acids (SCFA), can significantly affect glycolipid and energy metabolism. SCFAs, mainly produced by gut bacteria ferment carbohydrates and degrade aromatic compounds, including acetic, propionic, butyric among others, have the functions of promoting regeneration of epithelial cells (Mcnabney and Henagan, 2017), strengthening intestinal barrier function, suppressing part of the inflammatory response induced by LPS, and regulating of cells in skeletal muscle, liver, and fat to Alleviating glycemic homeostasis and insulin sensitivity (Park et al., 2015). Both animal and human researches have shown that the increase of SCFAs concentration in feces is related to weight gain, fat accumulation and insulin resistance, which may be due to the increase of SCFAs production and the decrease of SCFAs absorption (Sircana et al., 2018). SCFAs work as a mediator between gut microbiota, they have the potential to improve glucose homeostasis and insulin sensitivity in patients with T2DM, and in the setting of pancreatic dysfunction, they can regulate pancreatic insulin and glucagon secretion through GLP1 augmentation in pancreatic dysfunction (Mandaliya and Seshadri, 2019). Among these, the main energy of colon cells comes from butyric acid, increasing satiety and reducing food intake (Archer et al., 2004), and is also a regulator of inflammation, modulating chronic inflammation by activating anti-inflammatory Treg cells and inhibiting pro-inflammatory cytokine and chemokine response pathways, while modulating tight junction protein expression to adjust epithelial barrier function and intestinal permeability (Wei et al., 2018).However, a high-fat diet caused dysregulation of SCFAs producing bacteria structure and decreased abundance of SCFAs producing bacteria, reducing the distribution of SCFAs in the intestine and inhibiting them from exerting normal physiological functions, result in the body occurrence a series of metabolic related diseases (Zhang et al., 2015).

Reports indicated that BBR was provided with an effect on anti-diabetic by regulating short-chain fatty acids (SCFAs). BBR intervention changed the intestinal microflora of db/db mice, increased the number of SCFA producing bacteria (such as Butyricimonas, Coprococcus, Ruminococcus), reduced body weight, blood sugar level and intestinal inflammation in db/db mice (Zhang et al., 2019).Regarding the way BBR works in the body, current research believes that there are two aspects: one is the direct effect of circulating BBR, and the other is the indirect effect of butyrate through the intestinal microorganism, increased abundance of Escherichia-Shigella, Clostridium sensu stricto 1, and Bacteroides may be one of the reasons for the increase of butyrate production (Wang et al., 2017b). The anti-atherosclerotic effect of BBR is also related to changes in composition and functions of gut microbiota. Wu, M et al. (Wu et al., 2020) studied the effects of berberine on atherosclerosis and gut microbiota regulation in ApoE (-/-) mice fed a high-fat diet, after treatment with BBR, atherosclerotic lesions was decreased and it significantly reduces total cholesterol, and very low-density lipoprotein cholesterol levels. In detail, BBR enriched the abundance of Turicibacter, Alistipes, Roseburia, Allobaculum, and Blautia, and changed the abundance of Bilophila. These microbiota showed good anti-inflammatory effects, which are related to the production of SCFAs and significantly reduce pro-inflammatory cytokines (including TNF)- α6 IL-1 β And IL-6), they believe that reducing inflammation may be an important mechanism for the reduction of atherosclerosis in HFD-fed mice treated with BBR. After treated with BBR, Xu, X., et al (Xu et al., 2020) found Clostridium XIVa, Faecalibacterium, Ruminococcus2, Coprococcus, Dorea, Butyricicoccus, and Roseburia were markedly enriched in the gut microbiota. These bacteria are butyric acid producing bacteria and play a beneficial role in the host (Koh et al., 2016). In addition, increased production of fecal SCFAs was also detected in Xu’s study. Butyricoccus, Allobaculum, Phascolarctobacterium, Blautia and Bacteriodes were markedly increased by BBR in the high-fat diet-induced rats as bacteria that can produce SCFAs (Zhang et al., 2015). The efficacy was evaluated after 7 days of BBR treatment in beagle dogs, Feng, R et al. (Feng et al., 2018) found that the abundance of seven butyrate-producing genera increased than before. Escherichia-Shigella, Clostridium sensu stricto 1, Megamonas, Bacteroides, Ruminococcus and Blautia could produce butyate. That is to say BBR regulates metabolism by increasing the abundance of butyric acid producing bacteria. However, experiments in humans have also shown that BBR reduces acetate and propionate production but has no effect on butyrate levels, and that, at the same time, the use of BBR increases the abundance of Faecalibacterium and decreases the abundance of Bifidobacterium, Streptococcus and Enterococcus (Fu et al., 2022).Treatment with berberine in combination with Bifidobacterium could increase the abundance of beneficial bacteria in the intestine of diabetic patients and achieve better glucose lowering effect because of the inhibitory effect of berberine on Bifidobacterium (Ming et al., 2021).



4.5 Increasing of BAs-decomposing bacteria to regulate BAs-signal

Bile acids (BAs) are well known to be important metabolic and inflammatory signaling molecules that modulate lipid and energy-related nuclear hormone receptors, including farnesoid X receptor (FXR) and transmembrane G protein-coupled receptor 5 (TGR5 or GPBAR1) (Fiorucci et al., 2010). Bile acid synthesis is the main pathway of cholesterol excretion in vivo. Bile acids can activate TGR5 and FXR receptors, regulate blood glucose, increase glycogen synthesis, inhibit liver glycogen synthesis, protect islet cell function and maintain blood glucose homeostasis (Li and Chiang, 2014). BBR can increase the abundance of bacteria that promote the decomposition of bound bile acids and enhance the expression of bile acid receptors FXR and TGR5. BBR is considered to be an agonist of FXR and TGR5 and regulate bile acid signal and function (Han et al., 2017). In addition, bile acids have antibacterial properties, inhibit the growth of bacteria in the intestine and form a strong selective pressure on the intestinal flora. At the same time, bile acids are modified and regulated by microorganisms in the intestine (Fiorucci and Distrutti, 2015).

Research showed that BBR can significantly affect cholesterol metabolism and/or bile acid biosynthesis, suggesting that the circulating of bile acids is related to the lipid-lowering function of BBR. Previous reports have indicated that BBR treatment can increase the transforming of cholesterol to bile acid and reduce the level of cholesterol in the blood (Sun et al., 2017), and it affects the metabolism of hepatic lipids and cholesterol by increasing bile acid excretion into the large intestine (Mcdonald et al., 2012). In vitro studies on bile acid metabolism in the gut also showed that BBR could significantly reduce bile acid catabolism by gut microbiota in HFD hamsters. Meanwhile, Researchers predicted that BBR significantly increased CYP7A1 and CYP27A1 expression. The regulation of adipose genetic expression by insulin and fatty acids is mainly mediated by transcriptional factor, for instance SREBPs (Debose-Boyd and Ye, 2018). CYP7A1 is considered to be the classical rate-limiting enzyme for the conversion of cholesterol to bile acids. Meanwhile, this study found that BBR treatment can promote the expression of CYP7A1 in the liver of obese mice. It can be seen that the hypolipidemic effect of BBR may be related to its up-regulation of SREBP2 and CYP7A1 expression and promotion of bile acid metabolism (Feng et al., 2018).. Guo Y. et al. (Guo et al., 2016) found that BBR can significantly improve the content of BAs in serum, which is realized as an increase in primary BAs but a decrease in secondary BAs. Bacteroides were also observed to be enriched in the terminal ileum and large intestine of BBR-treated mice. A study showed that berberine compound increased the relative abundance of Proteobacteria and decreased Firmicutes and TM7 enrichment, which accelerate conversion of primary bile acid cholic acid (CA) into secondary bile acid deoxycholic acid (DCA) in ob/ob mice, and DCA upregulated colonic TGR5 expression and GLP secretion, thus acting as a hypoglycemic agent (Li et al., 2020). A randomized, double-blind, placebo-controlled clinical trial in 20 medical centers in China showed that BBR is mediated by the inhibition of DCA biotransformation by Ruminococcus bromii (Zhang et al., 2020).

The phylum Firmicutes have higher bile salt hydrolase (BSH) activity than the phylum Bacteroidetes in the intestinal microbiota, and the latter is only active against taurine-conjugated bile acids. The study distinctly shows that BBR remarkably increased the Firmicutes/Bacteroidetes ratio and suggests that this is one of the mechanisms of its induced serum free bile acid increase and lipid lowering effect (Gu et al., 2015).. Furthermore, there are other studies showing that bile acids induce transcriptional changes in low-abundance bile acid metabolizing bacteria, including C. scindens (Devendran et al., 2019), C. hylemonae, and C. hiranonis that are capable of turning taurine-conjugated bile acids into unconjugated bile acids and secondary bile acids such as ursodeoxycholic acid and lithocholic acid (Ridlon et al., 2020). BBR significantly alter gut microbial-bile acid metabolite interactions. Wolf, P.G., et al. (Wolf et al., 2021) found that sulfated bile acids were strongly associated with C. hiranonis, C. hylemonae and Bacteroidetes spp, which is positively correlated with the first two and negatively correlated with the last one. Also, BBR treatment increased cecal bile acid concentrations and up-regulated Na+/H+ antiporter, cell wall synthesis/repair, promote carbohydrate and amino acid metabolism. Studies have shown that the level of circulating bile acids in patients with metabolic disorders increases. BBR can increase some beneficial bacteria with benzene sulfonyl hydrazine activity, for instance Bacteroides, Bifidobacterium, Lactobacillus and Clostridium, promote the decomposition of bound bile acids and strengthen their excretion through the intestine. Lactobacillus converts primary bile acids into secondary bile acids through decarboxylation (Vincent et al., 2013). Overall, the mechanisms by which BBR alters the gut microbiome are related to its choleretic effects and are dose related.



4.6 Regulating microbiota-gut-brain axis to improve gastrointestinal hormone expression

The complex interaction between the brain and the gut is called the brain-gut axis, reflects the bidirectional interaction between the brain and the gut. And it is regulated by the gut microbiota, as well as mediated by brain-derived and gut derived hormones and peptides. microbiota-gut-brain axis involving many important factors such as hormones, nutrients and afferent/efferent regulatory autonomous neural pathways. A variety of physiological processes are involved at the same time, including satiety, regulation of metabolism, hormone secretion and sensitivity (especially insulin sensitivity), and bone metabolism (Romijn et al., 2008).. Recently, researchers have found that the disturbance of the gut-brain axis is closely related to the occurrence and development of metabolic diseases and exerts its effects through the hormone signaling pathway (Burokas et al., 2015). Studies have demonstrated that gastrointestinal hormones, such as ghrelin, orexin, glucagon-like peptide-1 (GLP-1), and leptin, can regulate feeding behavior, energy homeostasis, etc. (Cameron and Doucet, 2007; De Silva and Bloom, 2012).Numerous studies have shown that GLP-1 receptor agonists have good clinical efficacy in the treatment of diabetes and obesity (Han et al., 2017). Studies have shown that GLP-1 promotes beta-cell neogenesis and satiety, reduces glucagon secretion, delays gastric emptying, and increases peripheral glucose disposal (Donnelly, 2012). Drugs activating the GLP-1 receptor are also beneficial in the management of another current epidemic, namely nonalcoholic fatty liver disease (NAFLD) (Paternoster et al., 2019). Changes in gut hormones, containing increases in GLP-1 might have a role in induction and long-term maintenance of weight loss (Finelli et al., 2014). Consequently, the microbiota-gut-brain axis is a potential target for metabolic disease treatment and one of the hotspots for future research.

Studies have shown that BBR decreases the variousness of intestinal flora, increases the proportion of Bacteroidetes and Firmicutes, further increases the expression of serum GLP-1, GLP-2 (Wang et al., 2021), PYY, GIP and ghrelin (Sun et al., 2016), provides evidence that BBR treatment can inhibit microbiota diversity, elevate plasma GLP-1 and orexin-a, and upregulate hypothalamic GLP-1 receptor expression, which has beneficial effects on various metabolic disorders such as insulin resistance, obesity and obesity, thereby Induces regulation of the gut-brain axis of the microbiota (Sun et al., 2016). Previous studies (Lu et al., 2009; Yu et al., 2010) showed that that BBR increased the number of L-cells and the mRNA expression levels of proglucagon in the ileum, while promoting GLP-1 secretion in normal and diabetic rats. Other studies have also shown (Xu et al., 2017) BBR significantly increased the levels of plasma GLP-1 and GLP-2 in portal vein, as well as the number of L-cells in proximal colon and the mRNA expression level of preluganin. Some studies have linked the intestinal microbiota to the intestinal endocrine system (Cani et al., 2013). Butyrate may improve metabolism via gut-brain axis signaling (De Vadder et al., 2014). The results showed that after BBR intervention, the number of L-cells was positively correlated with the abundance of acteria, anaerobes, cholephila and oscillibacter. Studies indicated that Akkermansia muciniphila could significantly increase GLP-1 release from colonic L cells (Everard et al., 2011; Hansen et al., 2011), this study confirmed that BBR increased the abundance of akman bacteria and decreased the abundance of Lactobacillus, which seems to be related to the increase of the number of L cells and the intestinal endocrine peptides secreted by L cells. In summary, regulation of glucose and gut hormone levels by BBR has a lot to do with modulating the composition of the gut microbiome. There are few studies on BBR in the treatment of metabolic diseases by regulating microbiota-gut-brain axis, for its potential effectiveness, this mechanism is worthy of further study.




5. Discussion

Previous studies have shown that metabolic disorders significantly affect the structure and function of gut microbiome. In addition, gut microbiome can affect body metabolism by producing metabolites such as short chain fatty acids and succinic acid, which increases the abundance of beneficial bacteria and decreases the abundance of pathogenic bacteria. Therefore, this study focused on the abundance of beneficial and pathogenic bacteria after BBR intervention, and summarized the mechanism of BBR on metabolic diseases. In recent years, with the continuous unraveling of the interactions between gut microbiome and organismal metabolism, relevant intervention mechanisms including the regulation of short chain fatty acids, bile acid metabolic pathways, LPS/TLR4 signaling have been gradually studied (Harsch and Konturek, 2018). However, based on fecal microbiota transplant (FMT), metagene Association, and other techniques, it remains to be explored from dissecting the overall structural changes in gut microbiome to the specific effects of a single genus on organism metabolism. In addition, because the complexity of the interaction mechanism between gut microbiome and body metabolism leads to a causality still not fully clear and needs to be elucidated in more rational experimental designs and research approaches (Fischbach, 2018), it is hoped that gut microbiome will become more widely used in clinical practice as a therapeutic target for metabolic diseases.

Numerous studies have shown that BBR modulates the gut microbiome, and its effects on modulating metabolic function are influenced by the gut microbiota. For example, BBR improves lipid levels in HFD-fed rats, whereas it does not exert a fat regulating effect in normal rats. Further study revealed that the abundance of Nitroreductases producing bacteria increased under the metabolic disorder state, which can produce more Nitroreductases, catalyze the conversion of BBR to Dihydroberberine and promote the intestinal absorption of BBR. So that the metabolic effect of BBR improvement is dependent on the structure and function of gut microbiota. This also reveals, to some extent, the biological basis for the interindividual differences in the efficacy of BBR in regulating body metabolism in the clinic (Wang et al., 2017a).

After extensive literature reading and summarizing, we believe that in the exploration of BBR based on the mechanism related to gut microbiome regulating organism metabolism, it still needs to be combined with individual differences in gut microbiome and well-established experimental protocols to seek the best intervention mode and intervention dosage for clinical application. Then, different conclusions remain to be reported about the structural changes of intestinal flora caused by Berberine: Some believe that the abundance of Akkermansia increased after BBR intervention, But while others believe that BBR could not increase the abundance of Akkermansia alone. In addition, some of the mechanisms by which berberine regulates the structural changes of the flora remain to be explored, for instance, how BBR stimulates A.muciniphila remains further research. Therefore, not only the results of the pre-existing studies need to be validated, but the reasons leading to the discrepancy of the results should be further analyzed.

This review summarizes the mechanism of berberine improving metabolic disorder based on gut microbiome through a combing of literatures. It was found that BBR had a clear effect on altering the abundance of specific bacteria in the gut and modulating the structural function of the gut microbiome as a whole. Through strengthening intestinal barrier function, attenuating metabolic endotoxemia, modulating systemic inflammatory responses, bile acid signaling, and the Microbiota-Gut-Brain axis, among other pathways, in order to exert its effect of improving metabolic disorders. As more studies clarified the mechanisms and characteristics of BBR in ameliorating metabolic disorders by regulating gut microbiome, it provided a new target and research direction for the diagnosis and treatment practice of metabolic diseases in the future clinic. It is worth mentioning that BBR, as a widely used compound in clinic, both in animal experiments and clinical studies, more and more studies have focused on the effects of different doses of BBR on the gut microbiome, and on the basis of confirming its efficacy, dose studies will provide guidance for further exploring the mechanism of action of BBR.
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Current studies have shown that gut microbiota may be closely related to the severity of coronavirus disease 2019 (COVID-19) by regulating the host immune response. Qing-Fei-Pai-Du decoction (QFPDD) is the recommended drug for clinical treatment of patients with COVID-19 in China, but whether it exerts a therapeutic effect by modulating the immune response through gut microbiota remains unclear. In this study, we evaluated the therapeutic effects of QFPDD in pneumonia model mice and performed 16S rRNA sequencing and serum and lung tissue metabolomic analysis to explore the underlying mechanisms during the treatment. Then, Spearman correlation analysis was performed on gut microbiome, serum metabolome, and immune-inflammation-related indicators. Our results suggest that QFPDD can restore the richness and diversity of gut microbiota, and multiple gut microbiota (including Alistipes, Odoribacter, Staphylococcus, Lachnospiraceae_NK4A136_group Enterorhabdus, and unclassified_f_Lachnospiraceae) are significantly associated with immune-inflammation-related indicators. In addition, various types of lipid metabolism changes were observed in serum and lung tissue metabolome, especially glycerophospholipids and fatty acids. A total of 27 differential metabolites (DMs) were significantly correlated with immune-inflammation-related indicators, including 9 glycerophospholipids, 7 fatty acids, 3 linoleic acid, 2 eicosanoids, 2 amino acids, 2 bile acids, and 2 others. Interestingly, these DMs showed a good correlation with the gut microbiota affected by QFPDD. The above results suggest that QFPDD can improve the immune function and reduce inflammation in pneumonia model mice by remodeling gut microbiota and host metabolism.
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1 Introduction

Coronavirus disease 2019 (COVID-19) remains a global pandemic, with more than 517 million confirmed cases and 6.3 million deaths (as of May 2022) (WHO, 2022). COVID-19, also known as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is a novel coronavirus serotype (Zhou et al., 2020). Due to the lack of immunity to SARS-CoV-2 in the population and its high transmissivity, the virus rapidly spread worldwide and was declared as a global pandemic by the World Health Organization (WHO) in March 2020 (Petersen et al., 2020; WHO, 2022). Recent studies revealed the lipid metabolism (including glycerophospholipids, steroid hormones, and sphingolipids) disordered in COVID-19 patients is closely associated with the immune system (Shen et al., 2020; Song et al., 2020), and the gut microbiome may be associated with COVID-19 severity by modulating host immune responses (Zuo et al., 2020; Yeoh et al., 2021). From the perspective of traditional Chinese medicine (TCM), COVID-19 belongs to the category of TCM epidemic, which is manifested as the pathological characteristics of dampness toxin in TCM syndromes (Luo et al., 2020).

TCM has rich clinical experience and effective formulas on the prevention and treatment of epidemic diseases. In China, Qing-Fei-Pai-Du decoction (QFPDD) is the common formula for the treatment of COVID-19 in different stages and has been proven safe and effective in clinical trials in multi-provincial (Ren et al., 2020; Shi et al., 2020; Wang et al., 2021), which is recommended for use in patients in the seventh edition of the COVID-19 guideline. As a super combination of 20 herbs and a mineral drug (gypsum fibrosum), more than 450 prototype components and metabolic active components have been identified in QFPDD (Liu et al., 2021). By means of computer-aided drug design, network pharmacology, and molecular docking, the physiological processes involved in the pharmacodynamic mechanism of QFPDD include immune, inflammation regulation, neuroprotection, and reduction of lung injury in the treatment of COVID-19 patients (Ren et al., 2020). However, due to the lack of experimental verification in these studies, the credibility of these results is reduced. Recently, we demonstrated that QFPDD can improve the immune function and reduce liver damage and inflammation by hepatic single-cell RNA sequencing (Tian et al., 2022). However, it is unclear whether the regulation of the immune system by QFPDD is related to the gut microbiota.

In order to explain these important issues, we performed correlation analysis of immune-inflammation-related indicators, gut microbiome, and metabolome data to further reveal the mechanism of QFPDD in the treatment of COVID-19. We first evaluated the effect of QFPDD on the histopathology of mice with pneumonia and then 16S rRNA gene sequencing and Liquid chromatography-tandem mass spectrometry (LC-MS) to reveal changes in the gut microbiota and metabolome. Finally, an integrated analysis of the gut microbiome and serum metabolome with immune-inflammatory-related indicators was performed to reveal the potential therapeutic effects of QFPDD. Our results provide new evidence about how QFPDD improved COVID-19 patients by remodeling the gut microbiota and affecting metabolism, emphasizing the important role of the gut microbiota in the treatment of COVID-19 patients.



2 Materials and methods


2.1 Preparation and analysis of Qing-Fei-Pai-Du decoction

The lyophilized powder of QFPDD used in the experiment was provided by JOINTOWN Pharmaceutical Group (Wuhan, China; batch number: JZT-QFPDT-0318-PG-0321). Detailed chemical constituents can be found in our previous publication (Liu et al., 2021).



2.2 Animal and treatment

Male BALB/c mice (10–12 g) were purchased from Beijing HFK Bioscience Co., Ltd. Human coronavirus 229E (HCoV-229E) was provided by the Institute of Medicinal Biotechnology Chinese Academy of Medical Sciences. Real-time PCR kit (lot: p20191201) for HCoV-229E was purchased from Liferiver Biotechnology Corporation (Shanghai). The animal experiments were conducted in the ABSL-2 laboratory of the Academy of Chinese Medical Sciences under the guidance of Prof. Xiaolan Cui. The study was approved and monitored by the Animal Care and Use Committee of the Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences.

After 1 week of adaptive feeding, 50 mice were randomly divided into five groups, 10 mice/group. The groups were named as control group (Con), cold-humid environment combined with virus infection (Mod) group, low QFPDD group (QFPDD_L, with a dosage of 0.88 g/kg), middle QFPDD group (QFPDD_M, with a dosage of 1.76 g/kg), and high QFPDD group (QFPDD_H, with a dosage of 3.52 g/kg). Mice except for the Con group were placed daily in an artificial climate chamber with relative humidity of 90% ± 3% and temperature of 4°C ± 2°C for 4 h for 7 days. Mice except for the Con group were anesthetized with ether, and 50 μl of HcoV-229E (100TCID50) was used to infect mice by nose-dripping method on the fifth and sixth day; mice in the Con group were infected with culture solution in parallel. On the fourth day of infection, blood was collected from all mice through the orbit for metabolome analysis, lung tissue was collected for histopathological and metabolomic analysis, and cecal contents were collected for gut microbiota sequencing.



2.3 Histological analysis of lung tissue with H&E staining

Lung tissues were fixed with 10% neutral formalin for 48 h, embedded in paraffin. A microtome was performed to slice the formed paraffin blocks into 4–5-μm sections at multiple levels, and then the sections were stained with hematoxylin–eosin (H&E) staining.



2.4 Serum and lung tissue sample preparation and metabolome analysis

Samples were prepared according to the method of the Supplementary Materials; sample analysis was performed on a Shimadzu HPLC system equipment with SCIEX Triple TOF 5600+. Detailed sample processing, instrument parameter settings, and data acquisition and analysis can be found in the Supplementary Materials.



2.5 16S rRNA sequencing

Microbial community genomic DNA was extracted from 15 samples using EZNA ® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s instructions. Qualified DNA samples were applied for amplification of 16S rDNA V3-V4 region using the universal primers 338F and 806R. More detailed PCR, sequencing, and data analysis are described in the Supplementary Materials.



2.6 Statistical analysis

Data are shown as means ± SEM. Multiple comparisons of other data were performed by using one-way ANOVA. Comparisons between two groups were performed using Student’s t-test; p < 0.05 was considered statistically significant.




3 Results


3.1 Qing-Fei-Pai-Du decoction improves the pathological symptoms of pneumonia model mice

To evaluate the effect of QFPDD on pneumonia mice, we firstly analyzed the HcoV-229E nucleic acid expression level in mice and found comparable results among Mod, QFPDD_L, QFPDD_M, and QFPDD_H (Figure S1). The histological analysis showed that some extent of lung tissue damage was present in the Mod group, which was characterized by the large number of proliferative cells and lymphocyte exudation, large area of mucus and red blood cell exudation, vascular engorgement, and inflammation around the bronchiole, suggesting that a cold-humid environment combined with virus infection led to histological damage in the lung tissue. After treatment with QFPDD_L, QFPDD_M, and QFPDD_H, the pathological symptoms of lung tissue were alleviated to varying degrees (Figure 1A). To study further the effects of QFPDD on the gut microbiota and metabolic profiles, we selected the Con, Mod, and QFPDD_L groups for gut microbiome and metabolome analysis.




Figure 1 | Pathological alterations, gut microbiome diversity, and structural analysis. (A) Effect of different doses of Qing-Fei-Pai-Du decoction (QFPDD) on lung histopathology. (B) Species diversity differences between the Con, Mod, and QFPDD groups were estimated by the observed species, Sobs, Chao, Shannon, Simpson. (C) Supervised partial least squares discriminant analysis (PLS-DA) showing the discrimination between the sample groups. (D) Bacterial taxonomic profiling in the genus level of gut microbiota in the Con, Mod, and QFPDD groups. (E–H) Box plots of relative abundance changes of Alistipes, unclassified_f_Lachnospiraceae, norank_f_Lachnospiraceae, and Lachnospiraceae_NK4A136_group in Con, Mod, and QFPDD, *p < 0.05.





3.2 Qing-Fei-Pai-Du decoction alters bacterial diversity of the gut microbiome

A total number of 2,150,648 high-quality 16S rRNA reads were obtained from the microbiome data, the median reading of each sample was 53,766.2 (range 43,237–60,542), and 472 operational taxonomic units (OTUs) were obtained (Table S1). The species accumulation curve (Figure S2A) and the rarefaction curve (Figure S2B) of all samples supported the adequacy of the sampling efforts. Furthermore, the rank abundance distribution curves (Figure S2C) indicated that the richness and relative bacterial imbalance were increased in the Mod group compared with those in the Con group.

In order to assess the differences in bacterial diversity, we compared the α and β diversity among the three groups. Compared with the Con group, Mod and QFPDD have no significant differences in multiple α indexes (Chao, Shannon, Sobs, and Simpson) (Figure 1B). Both principal component analysis (PCA) and principal coordinate analysis (PCoA) plots revealed a separation between the three groups (Figures S3A, S3B), especially the partial least squares-discriminant analysis (PLS-DA) plots revealed a clear separation between the three groups (Figure 1C). These results suggest that the diversity of the gut microbiota could be influenced by QFPDD.



3.3 Qing-Fei-Pai-Du decoction alters the composition of the gut microbiome

The relative proportions of the three groups of dominant taxa at the phylum level were assessed by microbial taxon assignment. We observed that there were considerable differences in gut microbiota in each group of samples (Figure S3C). Ten phyla were identified in each group. Firmicutes was the most predominant phylum, accounting for 39.9%, 57.72%, and 56.29% of the Con, Mod, and QFPDD groups, respectively. In addition, Bacteroidota (18.34% vs. 40.53%) significantly decreased in the Mod group compared with the Con group, while QFPDD could significantly enrich Bacteroidota (28.85% vs. 18.34%) compared with the Mod group.

In order to intuitively compare the differences of microbial communities among the three groups, Welch’s t-test was performed for different taxonomic levels. At the phylum level, the abundance of Firmicutes (p < 0.001) in the Mod group was significantly higher than that in the Con group (Figure S3D), while there was no significant difference between the Mod group and the QFPDD group. At the genus level, a total of 111 genera were found in the three groups. Of these discriminatory taxa, there were 21 genera with abundance over 1% (Figure 1D), Alistipes was found to be less abundant in the Mod group than that in the Con group, while unclassified_f_Lachnospiraceae, Lachnospiraceae_NK4A136_group, and norank_f_Lachnospiraceae were found to be more abundant in the Mod group than those in the Con group. The above bacterial levels could be restored to varying degrees after QFPDD treatment (Figures 1E–H).

To identify specific bacteria associated with QFPDD, we performed linear discriminant analysis (LDA) integrated with effect size (LEfSe) to identify the predominant taxon. We identified 28 discriminatory OTUs as key discriminants, Firmicutes (Lachnospirales) was significantly overrepresented (all LDA scores >5) in the QFPDD group, whereas Campilobacterota and Proteobacteria (Gammaproteobacteria) were the most abundant microbiota in the Con group (LDA scrores >3.6) (Figure 2A). Further through LDA, 15 OTUs were enriched in the Con group, 5 OTUs were enriched in the Mod group, and 8 OTUs were enriched in the QFPDD group (Figure 2B). These results indicated that QFPDD intervention could improve the gut microbiome richness in mice.




Figure 2 | Linear discriminant analysis (LDA) integrated with effect size (LEFSe). (A) Cladogram indicating the phylogenetic distribution of microbiota correlated with the Con, Mod, and QFPDD groups. (B) The differences in abundance between the Con, Mod, and QFPDD groups.





3.4 Effects of Qing-Fei-Pai-Du Decoction Treatment on Serum and Lung Tissue Metabolome

Gut microbiota plays an important role in host metabolism. To evaluate the metabolic changes caused by gut microbiota after QFPDD treatment, we performed metabolome analysis of serum and lung tissue by LC-MS platform.


3.4.1 Qing-Fei-Pai-Du decoction altered the lung metabolome

In the lung tissue metabolome, a total of 327 dysregulated metabolites were found in the Mod group [Student’s t-test, p value <0.05, fold change (FC) >2, Mod vs. Con], of which 210 metabolites were upregulated and 117 metabolites were downregulated (Figure S4A). A total of 67 differential metabolites (DMs) (p < 0.05, FC >2, and variable importance in projection (VIP) >1.5) were identified by Progenesis QI (Waters, Milford, MA, USA) based on the Human Metabolome Database (HMDB) (https://hmdb.ca/), Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://www.kegg.jp/), Lipid metabolites and pathways strategy (LIPIDMAPS) (https://www.lipidmaps.org/), and METLIN (https://metlin.scripps.edu) databases. The volcano diagram showed that QFPDD significantly changed the metabolic profile of the Mod group after intervention. Compared with the Mod group, a total of 171 dysregulated metabolites were found in the Mod group (Student’s t-test, p values <0.05, FC >2, QFPDD vs. QFPDD), of which 52 metabolites were upregulated and 119 metabolites were downregulated (Figure 3A). To maximize identification of DMs in QFPDD, we constructed a PCA model. The lung metabolome of QFPDD was clearly separated from the Mod group on the PCA score plot (Figure 3B); based on the DMs obtained by Con, Mod and QFPDD can make a clear separation among the three groups. Of the 171 metabolites, 66 DMs were with VIP >1.5, and the structures were confirmed by Progenesis QI; the independent and shared DMs between them were shown in Figure 3C. As shown in Figure 3D, QFPDD could significantly affect various types of metabolites, especially fatty acids, carnitines, nucleosides, and glycerophospholipids. The 16 metabolites were significantly affected (false discovery rate (FDR) <0.05, FC >2), including 2 linoleic acids (2-hydroxylinoleic acid and phenethyl decanoate), 1 fatty acid (16-HDOHE), 3 eicosanoids (12-keto-leukotriene B4, prostaglandin B2, and thromboxane), 3 carnitines (3-hydroxyarachidonoylcarnitine, 3-hydroxytetradecanoyl carnitine, and 3-hydroxyhexadecanoyl carnitine), and 7 amino acids [2-amino-4-oxo-pentanoic acid, arginyl-methionine, N-acetylvanilalanine, proline betaine, prolyl-arginine, S-(PGJ2)-glutathione, and tryptophyl-tryptophan] (Figure 3E).




Figure 3 | Metabolome analysis of lung tissue. (A) Volcano plot showing changes in differential metabolites (DMs) in the Mod and QFPDD groups. (B) The principal component analysis (PCA) plots established based on DMs in the Con, Mod, and QFPDD groups. (C) Venn diagram of DMs in the Con, Mod, and QFPDD groups. (D) The categories and number of DMs obtained from the Con, Mod, and QFPDD groups. (E) Heatmap diagram of DMs in the Con, Mod, and QFPDD groups.





3.4.2 Qing-Fei-Pai-Du decoction altered the serum metabolome

In the serum metabolome, a total of 200 dysregulated metabolites were found in the Mod group (Student’s t-test, p values <0.05, FC >2, Mod vs. Con), of which 82 metabolites were upregulated and 118 metabolites were downregulated (Figure S4B). A total of 71 DMs (p < 0.05, FC >2, VIP >1.5) were identified by Progenesis QI. The volcano diagram showed that QFPDD significantly changed the metabolic profile of the Mod group after intervention. Compared with the Mod group, a total of 138 dysregulated metabolites were found in the Mod group (Student’s t-test, p values <0.05, FC >2, QFPDD vs. QFPDD), of which 43 metabolites were upregulated and 95 metabolites were downregulated (Figure 4A). To maximize identification of DMs in QFPDD, we constructed a PCA model. The serum metabolome of QFPDD was clearly separated from the Mod group on the PCA score plot (Figure 4B); based on the DMs obtained by Con, Mod and QFPDD can make a clear separation among the three groups. Of the 138 metabolites, 40 DMs were with VIP >1.5, and the structures were confirmed by Progenesis QI; the independent and shared DMs between them were shown in Figure 4C. As shown in Figure 4D, QFPDD could significantly affect various types of metabolites, especially glycerophospholipids and fatty acids. The 21 metabolites were significantly affected (FDR <0.05, FC >2), including 16 glycerophospholipids [lysoPC(18:2), lysoPE(20:5/0:0), lysoPE(0:0/20:4), PC(16:1/2:0), glycerylphosphorylethanolamine, PC(P-16:0/18:0), PE(0:0/22:5), lysoPE(0:0/22:5), lysoPE(0:0/18:2), PE(20:5/0:0), lysoPA(22:6/0:0), PC(18:1/2:0), lysoPC(18:1), PC(2:0/18:1), lysoPE(0:0/22:6), and PE(18:0/12:0)], 3 fatty acids (2-hydroxypalmitic acid, 2-hydroxymyristic acid, and 2-propyl-2,4-pentadienoic acid), and 2 amino acids (phenylacetylglycine and L-2-amino-3-methylenehexanoic acid) (Figure 4E).




Figure 4 | Metabolome analysis of the serum. (A) Volcano plot showing changes in DMs in the Mod and QFPDD groups. (B) The principal component analysis (PCA) plots established based on DMs in the Con, Mod, and QFPDD groups. (C) Venn diagram of DMs in the Con, Mod, and QFPDD groups. (D) The categories and number of DMs obtained from the Con, Mod, and QFPDD groups. (E) Heatmap diagram of DMs in the Con, Mod, and QFPDD groups. (F) Serum differential metabolites significantly correlated with immune and inflammatory indicators. Significance levels are indicated as follows: *, p < 0.05; **, p < 0.01, ***, p < 0.001.





3.4.3 The effect of Qing-Fei-Pai-Du decoction is associated with lipid metabolism-related metabolic pathway

Our previous studies have shown that QFPDD can improve the immune function and reduce inflammation (Tian et al., 2022). In order to determine which metabolites are associated with the effects of QFPDD on improving immunity and inflammation, we performed a correlation analysis on serum DMs and immune-inflammation-related indicators. As shown in Figure 4F, a total of 27 DMs were significantly correlated with immune-inflammation-related indicators, including 9 glycerophospholipids [glycerophosphocholine, LysoPC(15:0), LysoPC(O-18:0), PA(O-16:0/12:0), PA(P-16:0/14:1), PC(20:0/0:0), PE(17:1/19:0), PS(20:0/0:0), and PE(O-20:0/18:3)], 7 fatty acids (12-hydroxyicosanoic acid, 2-hydroxypalmitic acid, 6-hydroxyoctadecanoic acid, 9,10-DHOME, 9-heptadecenoic acid, eicosadienoic acid, and octadecanedioic acid), 3 linoleic acids (13-HOTE, 4,8,12,15-octadecatetraenoic acid, and alpha-linolenic acid), 2 eicosanoids [prostaglandin F2beta and 12(S)-leukotriene B4], 2 amino acids (isoleucyl-hydroxyproline and N-acetyl-L-histidine), 2 bile acids (chenodeoxycholic acid and taurochenodesoxycholic acid), and 2 others (inosine and 13-cis-retinoic acid) (Table 1). The above results showed that the effect of QFPDD on immune and inflammatory response in mice was closely related to lipid metabolism, especially glycerophospholipids and fatty acids.


Table 1 | Differential metabolites significantly associated with immune-inflammatory indicators in the serum metabolome.



In order to further clarify the effect of QFPDD on lipid metabolism-related metabolic pathways, we mapped the pathways based on the DMs obtained from lung tissue and serum. Based on relative abundance of the altered metabolites, the metabolic pathways possibly influenced were searched via the KEGG database. Pathway enrichment analysis showed that KEGG metabolic pathways including the biosynthesis of unsaturated fatty acids, steroid hormone biosynthesis, glycerophospholipid metabolism, alpha-linolenic acid metabolism, citrate cycle (TCA cycle), and arachidonic acid metabolism were significantly enriched in the lung tissue after QFPDD treatment (Figure 5A). Similarly, QFPDD can significantly improve arachidonic acid metabolism, ether lipid metabolism, biosynthesis of unsaturated fatty acids, glycerophospholipid metabolism, and alpha-linolenic acid metabolism in the serum metabolome (Figure 5B). Arachidonic acid metabolism, biosynthesis of unsaturated fatty acids, glycerophospholipid metabolism, and alpha-linolenic acid metabolism were the metabolic pathways significantly associated with immunity and inflammation (Sevastou et al., 2013; Angela et al., 2016; Wang et al., 2019; Wu et al., 2021). The above results suggest that lipid-related metabolic pathways play an important role in the treatment of QFPDD.




Figure 5 | Differential metabolic pathways of DMs. (A) Metabolic pathway changes induced by QFPDD (QFPDD vs. Mod) in the lung tissue. (B) Metabolic pathway changes induced by QFPDD (QFPDD vs. Mod) in the serum.






3.5 Correlation analysis reveals the key feature of Qing-Fei-Pai-Du decoction in the microbe–metabolic axis

Based on the obtained microbiome and serum metabolome data, we further conducted Spearman’s correlation analysis to determine the correlation of relevant bacteria and metabolites with immune-inflammation-related indicators after QFPDD treatment.

As shown in Figure 6A, multiple immune-related indicators (B cell and CD8+ and CD4+ T cells) were significantly negatively correlated with multiple gut microbiota (Staphylococcus, Lachnospiraceae_NK4A136_group and Enterorhabdus, unclassified_f_Lachnospiraceae), while inflammatory factors (tumor necrosis factor (TNF-α) interferon gamma (IFN-γ), and interleukin 6 (IL-6)) were positively correlated with them. Alistipes and Odoribacter were positively correlated with increased level of immune-related indicators (B cell and CD8+ and CD4+ T cells) in the QFPDD group. In addition to being significantly correlated with immune and inflammatory indicators, gut microbiota was also significantly correlated with a variety of metabolites. As shown in Figure 6B, Staphylococcus, unclassified_f_Lachnospiraceae, Lachnospiraceae_NK4A136_group, and Enterorhabdus were significantly negatively correlated with the metabolites of fatty acids and glycerophospholipids; Mucispirillum, Alistipes, and Odoribacter were positively correlated with the metabolites of fatty acids and glycerophospholipids. The results suggest that the immune-enhancing effect of QFPDD is associated with specifically altered microbe–metabolic axis.




Figure 6 | Spearman correlation analysis. (A) Correlation analysis of the gut microbiota with immune and inflammatory indicators. (B) Correlation analysis of the gut microbiota with serum DMs. Significance levels are indicated as follows: *, p < 0.05; **, p < 0.01.






4 Discussion

COVID-19 is a respiratory disease caused by SARS-CoV-2, which has developed into a global pandemic with high mortality. The pathophysiological feature of SARS-CoV-2 infection is aggressive inflammatory response, which is closely related to multiple organ dysfunction in some patients (Tay et al., 2020). Recently, our study showed that HcoV-229E combined with cold-damp environment could successfully induce the mouse model of pneumonia, and the characteristics of the animal model were similar to the clinical characteristics of COVID-19 patients (Tian et al., 2022).

Previous studies have shown a correlation between plasma concentrations of several chemokines and cytokines and gut microbiota composition in COVID-19 patients, suggesting that the gut microbiota could play a role in regulating the host immune response and potentially influence disease severity and prognosis (Zuo et al., 2020; Yeoh et al., 2021). The metabolome and lipidome revealed widespread metabolic dysregulation in COVID-19 patients associated with gut microbiota disturbances (Lv et al., 2021; Ren et al., 2021). Due to the complexity of TCM, their therapeutic mechanisms may be more difficult to uncover, and a multi-omics approach opens new doors to expand our understanding of these associations. Clinically, the immune function, pulmonary inflammatory response, and multiorgan damage can be significantly improved after QFPDD treatment (Xin et al., 2020). In our previous study, we also found that QFPDD could improve immune function and reduce liver injury and inflammatory response in pneumonia model mice by liver single-cell RNA sequencing (Tian et al., 2022). However, whether the effect of QFPDD on improving the immune function and reducing inflammation were associated with gut microbiota remains unclear. To further reveal the potential mechanism of the effect of QFPDD treatment on the immune system of COVID-19 patients, we investigated the regulatory effects of QFPDD on gut microbiota and metabolome. Our study showed that QFPDD could improve the gut microbiota and metabolic disorders of pneumonia model mice, thereby improving the immune function and reducing the inflammatory response in the model mice.

Studies have shown that pulmonary infections caused by respiratory viral infections such as influenza and respiratory syncytial virus can alter the gut microbiome (Wang et al., 2014; Yildiz et al., 2018). Viral infections easily cause secondary bacterial infections in patients, which often have a more severe clinical course (Brundage, 2006; Hanada et al., 2018). Recently, studies have provided direct evidence that altered fecal microbiota is associated with fecal SARS-CoV-2 levels and COVID-19 severity, and that the gut microbiota might be associated with COVID-19 severity by modulating host immune responses; strategies to alter the gut microbiota might reduce disease severity (Zuo et al., 2020; Yeoh et al., 2021). In previous studies, Firmicutes were found to be the most significantly associated with COVID-19 disease severity (15 of 23 bacterial taxa), such as Alistipes, Staphylococcus, and Lanchnospiraceae (Zuo et al., 2020); fecal samples with low to no SARS-CoV-2 infectivity had higher abundance of Alistipes and Lanchnospiraceae compared with those with high SARS-CoV-2 infectivity (Zuo et al., 2021). In our study, we found that Firmicutes were significantly associated with the efficacy of QFPDD and showed a significant correlation with immune and inflammatory-related indicators, especially Alistipes, unclassified_f_Lachnospiraceae, Lachnospiraceae_NK4A136_group, and Staphylococcus. Alistipes species are indole positive, involved in tryptophan metabolism of serotonin precursor and maintaining gut immune homeostasis, and positively correlated with B-cell precursors (Gao et al., 2018), which was consistent with our study. Lachnospiraceae bacteria can produce short-chain fatty acids, which play an important role in enhancing host immunity (Klaring et al., 2015; Ratajczak et al., 2019). In view of the limited therapeutic effect on COVID-19, understanding the host cytokine pathway and the interaction between microbial community and cytokine responses in SARS-CoV-2 infection is essential for the development new therapeutic methods (Mendes et al., 2019). Although we cannot determine the specific mechanism of these bacteria in the pathogenesis of disease and QFPDD treatment, our data highlight the potential role of bacteria in QFPDD treatment of COVID-19 patients.

In addition to gut microbiota, metabolites also play an important role in the progression of COVID-19. Previous studies have shown that patients with COVID-19 have obvious metabolic disorders, including glycerophospholipids, fatty acids, diacylglycerols, and sphingomyelins (Song et al., 2020). Glycerophospholipids were most affected by QFPDD in serum and lung metabolome, which is in line with the metabolomic analysis of patients with COVID-19 recently published in Cell (Shen et al., 2020). The affected glycerophospholipids included phosphatidylcholine (PC), lysophosphatidylcholine (LysoPC), phosphatidylethanolamines (PE), lysophosphatidylethanolamine (LysoPE), and lysophosphatidic acid (LysoPA). LysoPC and LysoPA are the most bioactive hemolytic phospholipids and are key signaling molecules in cell and tissue metabolism involved in plasma membrane formation, cell growth and apoptosis, and inflammatory response (Makide et al., 2009; Sevastou et al., 2013; Shindou et al., 2013). They have also emerged as a novel class of inflammatory lipids, joining thromboxane, leukotriene, and prostaglandin, with which they share metabolic pathways and regulatory mechanisms (Sevastou et al., 2013). In addition to glycerophospholipids, fatty acids, which play a key role in the development of inflammation and immunity, were also significantly affected by QFPDD treatment (Calder et al., 2009; Innes and Calder, 2018; Saini and Keum, 2018). In our study, multiple fatty acids were significantly associated with inflammatory (IFN-γ, IL-6, and TNF-α) and immune (CD4+T, CD8+T, and B cells) indicators, including eicosadienoic acid, alpha-linolenic acid, 12-hydroxyicosanoic acid, and octadecanedioic acid. The results of pathway enrichment analysis also showed that biosynthesis of unsaturated fatty acids, alpha-linolenic acid metabolism, and arachidonic acid metabolism were significantly changed in serum and lung tissue after QFPDD treatment. In a recent study, fatty acid biosynthesis, arachidonic acid metabolism, and alpha-linolenic acid and linoleic acid metabolism were also found to be altered in COVID-19-positive or COVID-19-negative patients compared with healthy controls (Castane et al., 2022). Among the metabolites related to the efficacy of QFPDD, inosine, a nucleotide metabolite, has a significantly positive correlation with inflammatory factors (IL-6 and TNF-α). In the non-severe COVID-19 group, inosine was negatively correlated with platelet, white blood cell (WBC), and monocyte counts (Schultz et al., 2022). The increased levels of inosine could be caused by the body’s attempt to resolve the immune thrombosis acting on immune cells and fighting against the excessive inflammation. These actions of inosine have been previously reported, but the mechanism of action remains unclear (Marton et al., 2001; Fuentes et al., 2014; Sliva et al., 2019).

Finally, the correlation analysis of the gut microbiome, metabolome, and immune-inflammatory indicator axis showed the overall correlativity during QFPDD treatment. The significantly altered gut taxa, metabolites, and disease indicators explain the therapeutic mechanism of QFPDD in COVID-19. QFPDD attenuates symptoms in patients with COVID-19 through overall changes in the body, especially through the crosstalk between gut microbiota and accompanying host metabolites. We first studied the therapeutic mechanism of QFPDD in the treatment of COVID-19 from the perspective of the gut microbiome, metabolome, and their relationship.



5 Conclusion

To the best of our knowledge, this is the first report of integrated microbiome and metabolomic study of QFPDD in the treatment of pneumonia model mice. Our study showed that the link between metabolic biomarkers and gut microbiota has an important on the efficacy of QFPDD. QFPDD could improve the immune function and reduce the inflammatory response of pneumonia model mice by remodeling the gut microbiota and its corresponding host co-metabolism. The study provides a new insight into the clinical treatment of COVID-19 with QFPDD from the perspective of gut microbiota-metabolism-phenotype axis. On the other hand, the integrated multi-omics analysis method was demonstrated to be effective for better understanding complex traditional medicine.
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Background

Non-alcoholic fatty liver disease (NAFLD) is intricately linked to dysregulation of the gut–liver axis, and correlated with intestinal inflammation and barrier disruption.



Objectives

To investigate the protective effects and possible molecular mechanism of Schisantherin A (Sin A) in a high-fat diet (HFD) induced NAFLD mouse model.



Methods

HFD-fed NAFLD mice were treated with the vehicle and 80 mg/kg Sin A every day for 6 weeks. The gut permeability of the NAFLD mice was assessed by intestinal permeability assays in vivo and transepithelial electrical resistance (TEER) measurements in vitro were also used to evaluate the function of the gut barrier. TLR4 inhibitor was then used to investigate the impact of Sin A in the LPS- TLR4 signaling pathway. Alternatively, the composition of the microbiome was assessed using 16S rRNA amplification. Finally, the experiment of antibiotic treatment was performed to elucidate the roles of the gut microbiome mediating Sin A induced metabolic benefits in the NAFLD mice.



Results

We found that Sin A potently ameliorated HFD-induced hepatic steatosis and inflammation, alleviated gut inflammation, and restored intestinal barrier function. We also observed that Sin A improved gut permeability and reduced the release of lipopolysaccharide (LPS) into circulation and further found that Sin A can suppress LPS-TLR4 signaling to protect against HFD-induced NAFLD. Sin A treatment altered the composition of the microbiome in NAFLD mice compared to vehicle controls.



Conclusions

Sin A is an effective and safe hepatoprotective agent against HFD-induced NAFLD by partly ameliorating gut inflammation, restoring intestinal barrier function, and regulating intestinal microbiota composition.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) has been a universally acknowledged health concern worldwide, and is likely to increase the risk of various complications, including cardiovascular diseases, malignancy, and multiple liver-associated deaths (Hyysalo et al., 2014; Mantovani et al., 2021). NAFLD is characterized by a spectrum of three clinical presentations, namely, steatosis, non-alcoholic steatohepatitis (NASH), and fibrosis, which accounts for increased complications, the aggravated prognosis of NAFLD, and pronounced hepatocellular carcinoma (Nascimbeni et al., 2013). Of note, mounting evidence suggests that NASH is the primary chronic liver disease and has become the leading cause of liver transplantation over the past 10 years. Lifestyle intervention, currently regarded as the main therapeutic option, cannot effectively treat or slow down the progression of NAFLD (Ratziu et al., 2015). Therefore, it is exceedingly urgent to develop an effective therapy for NAFLD.

Previous works have underlined the important roles of the gut microbiome in host metabolism, which could ameliorate high-caloric diet-induced obesity, delay the progression of NAFLD, and improve metabolic health (Aron-Wisnewsky et al., 2020; Chen and Vitetta, 2020). A high-fat diet (HFD) is a potent physiological stimulus that drives the disturbed composition of intestinal microbiota (Netto Candido et al., 2018), which subsequently contributes to the disarrangement of microbial metabolites. HFD-induced dysbiosis is concomitant with an increased production of lipopolysaccharide (LPS), which is accountable for disrupted epithelial integrity and impaired gut permeability (Cani et al., 2008; Stevens et al., 2018). LPS released into the circulation system can influence the progression of NAFLD to NASH by affecting the intestinal barrier function (Carpino et al., 2020). Additionally, LPS has a profound effect on liver lipid profiles, function, and immunity (Schoeler and Caesar, 2019; Ji et al., 2020). The complicated interplay between the gut microbiota, intestinal barriers, and the immune system indicates the existence of a microbiota–liver signaling axis. However, whether the gut microbiome is an effective target for the treatment of NAFLD remains poorly understood. It is also unclear whether the alteration of LPS signaling causes epithelial integrity changes in the intestinal barrier function, which may correlate with drug development efficacy.

Schisantherin A (Sin A), the major active component of Schisandra chinensis Fructus, is of great interest due to its hepatoprotective potential, favorable pharmacokinetic profiles, and no apparent toxicity when studied in rodent models (Sa et al., 2015; Hong et al., 2017). Of note, Sin A could potentially change gut microbiota profiling because of its poor bioactivity. Deciphering the complex interaction between Sin A, the gut microbiome, and microbial metabolites is therefore of utmost importance to understand the critical mechanism of action. In the present study, we demonstrated that the mediation of Sin A on the microbiome is an important contributor to NAFLD improvement in HFD-fed mice and a key factor that reverses metabolic dysfunction caused by HFD (increased liver lipid accumulation, exacerbated inflammation, and compromised gut integrity). Moreover, we performed a mechanistic exploration of the microbiota-derived LPS-TLR4 signals that regulate intestinal barrier function during Sin A treatment, necessary for Sin A-induced metabolic alterations. These results uncovered the signaling pathways critical for our understanding of the microbiota–liver signaling axis and suggested that Sin A represents a promising anti-NAFLD agent.



Materials and methods


Chemicals and reagents

Schisantherin A (Sin A) powder was obtained from Nanjing Goren Bio-Technology Co., Ltd. (Nanjing, China, CAS 58546-56-8). The high-fat diet (HFD) was purchased from Research Diets Co., Ltd. (D12492, USA). The toll-like receptor (Tlr4) inhibitor, CLI-095, was provided by Med Chem Express Co., Ltd. Shanghai, China (HY-11109; Shanghai, China). Ampicillin Sodium Crystalline (A9518-25G-9), Neomycin Trisulfate Salt Hydrate Biorea& (N6386-5G), Vancomycin HCL (V2002-250MG) and Metronidazole Bioxtra (M1547-5G) were purchased from Sigma-Aldrich Co., Ltd. (USA). Primary antibody Occludin (ab216327) was purchased from Abcam (Cambridge, UK) and Goat anti-Rat IgG(H+L) Secondary Antibody, Alexa Fluor 488 Conjugate(A-11006), was provided by Thermo Fisher Scientific Inc. (NYSE: TMO, USA). In all cases, cell culture wells and reagents were obtained from Corning Incorporated (Corning, NY, USA) or Gibco (Carlsbad, CA, USA).



Animals and experimental design

Animal experiments were conducted in accordance with the Guidelines for Animal Experimentation of Shang Hai University of Traditional Chinese Medicine (China), and the protocols were approved by the Animal Ethics Committee of this institution.

To investigate the potential protection of Sin A in HFD-induced NAFLD mice, C57Bl/6J male mice (aged 6 weeks) were randomly divided into three experimental groups (n=8–10 mice per group) as follows: chow diet group (Chow); HFD group (HFD); and HFD+Sin A group (Sin A). Treatment was started concomitantly with the introduction of HFD and consisted of daily oral doses of Sin A (80 mg/kg) (Nanjing Goren Bio-Technology Co., Ltd, Nanjing, China) for a total of 6 weeks.

To elucidate the function of LPS-TLR4 signaling in the HFD-fed mice, C57Bl/6J male mice (aged 6 weeks) were randomly divided into four experimental groups (n=5–8 mice per group) as follows: HFD group (HFD); HFD+Sin A group (Sin A), HFD + CLI-095 group (CLI-095), and HFD + CLI-095 + Sin A group (CLI-095 + Sin A). A TLR4 inhibitor (CLI-095, 2 mg/kg, i.p. injection) was administered every day for 6 weeks. Controls were injected daily with the vehicle (10% DMSO in saline). Parallel experiments using the HFD model and Sin A administration were performed over 6 weeks.

To confirm the mediation of the gut microbiota, C57Bl/6J male mice (aged 6 weeks) were randomly divided into four experimental groups (n=5–8 mice per group) as follows: HFD group (HFD), HFD + Sin A group (Sin A), HFD + ABX group (ABX), and HFD + ABX + Sin A group (ABX + Sin A). Antibiotics (Ampicillin Sodium Crystalline, Neomycin Trisulfate Salt Hydrate rea, Vancomycin HCL and Metronidazole Bioxtra were purchased from Sigma-Aldrich, Shanghai, China) were administered in drinking water ad libitum and replaced with freshly prepared cocktails every second day. Parallel experiments using the HFD model and Sin A administration were performed over 6 weeks.



Measurements of serum/hepatic biochemistry

Serum or hepatic levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), free fatty acids (FFAs), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), triglyceride (TG), and total cholesterol (TC) were measured using corresponding assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) according to the manufacturer’s instruction.



Tissue histology

For hematoxylin–eosin (H&E) staining, liver and ileum tissues were fixed in a 10% phosphate-buffered formalin, and paraffin was embedded. A tissue section of 5-μm thickness was cut and then stained with H&E according to a standard protocol. Immunofluorescence detection of Occludin was performed on the paraffin section using a standard technique as follows: blocking with 5% BSA at RT for 1 h; overnight incubation with primary rabbit anti-Occludin antibody (ab216327,  Abcam, Cambridge, UK) at 4°C; and incubation with secondary antibody (Goat anti-Rat IgG(H+L), Alexa Fluor 488 conjugate, Thermo Fisher Scientific, A-11006, 1:500) at RT for 45 min.



Oil Red O staining

The hepatic lipid accumulation was evaluated by Oil Red O (ORO) staining assay. Briefly, a liver fraction was washed 3 times with PBS buffer and then was transferred to ice incubation with 10% formalin. After 30 min of fixation, the hepatic tissues were stained with 100 μl of 0.5% Oil Red O suspended in a water solution for 20 min, then transferred to 75% ethanol for 2 min. Lastly, after being rinsed in 100 μl of distilled water for 3 times, the lipid accumulation of tissues was visualized by imaging.



Metabolic cage

At week 5, mice were individually placed in metabolic cages to determine oxygen consumption and physical activity using CLAMS (Columbus Instruments, Columbus, OH, USA) according to the manufacturer’s instructions. All metabolic studies required a room temperature of 24°C under a 12-h light/dark cycle. Heat production and Respiratory Exchange Ratio were calculated as described previously (Solon-Biet et al., 2015).



Cold-induced test

At week 6, mice were subjected to a cold room (4–6°C) without access to food, but with normal water. The rectal temperature was measured every 20 min within 2 h after exposure to the cold.



Metabolic experiments

The glucose tolerance test was performed in diet-induced obese mice after overnight fasting. After a bolus i.p. injection of glucose at 2 g/kg, tail vein blood was immediately collected to measure glucose concentration at the indicated time point. In parallel, an insulin tolerance test was performed in 5-h fasted mice, and the glucose levels were measured at the indicated time point after i.p. injection of human insulin at 0.75 U/kg.



Gene expression analysis

Total RNA was extracted using TRIzol reagent (Takara Bio, Inc., Shiga, Japan; #3732) according to the manufacturer’s instructions. RNA concentrations were equalized and converted to cDNA using a kit (Takara; #RR037). Gene expression was measured by qPCR (Applied Biosystems, Thermo Fisher Scientific, Carlsbad, CA, USA) using the SYBR Green system (Takara Bio, Inc.). Expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or β-Actin. Primer information is provided in Supplementary Table S1. All gene expression procedures, including the design of primers, quantitation methods, and validation of PCR environment, were conducted according to previous studies (Johnson et al., 2014).



Intestinal permeability assay

At week 6, mice were subjected to an administration of Dextran-FITC in the morning. Blood (30 μl) was collected from the tail in 4-h fasted mice. After 15 min of centrifugation, 15 μl of serum from each sample was obtained, then diluted with water to 100 μl. Using a black bottom 96-well plate, the concentrations of Dextran were determined at 525 μm according to the standard curve method.



Endotoxin measurement

The changes in endotoxin in serum and feces were measured using an LPS enzyme-linked immunosorbent assay (ELISA) kit. In all cases, samples were performed under pyrogen-free conditions and inactivated for 10 min at 70°C. The preparation of fecal samples was performed following a standard protocol (Kim et al., 2012). Finally, endotoxin was measured with a modified kit protocol.



16S rRNA sequence

Using fresh and frozen stool samples, gut microbiota was characterized. Total DNA for the gut microbiome analysis was extracted from 200 mg of feces following a standard protocol (Chen et al., 2018). The 16S rRNA gene high-throughput sequencing was performed using a the Illumina HiSeq PE250 platform, according to standard protocols (Magoč and Salzberg, 2011) by Majorbio Bio-Pharm Technology Co. Ltd. Shanghai, China. To reach the 97% similarity of operational taxonomic units (OTUs), using USEARCH, chimeras were filtered and the remaining sequences were clustered (Edgar, 2013). The RDP classifier was required for assigning a representative sequence of each OTU in the Ribosomal Database Project database. The process of 16S rRNA gene sequence data analysis was performed according to linear discriminant analysis effect size (LEfSe), whose differences among biological groups were determined for significance following nonparametric factorial Kruskal-Wallis rank-sum and Wilcoxon rank-sum tests (Wang et al., 2007).



Primary hepatocyte isolation and culture

The collagenase perfusion method was performed to obtain primary hepatocytes in this study. Briefly, the wide type C57 BL/6J male mice of 6–8 weeks were used to isolate primary hepatocytes. The liver tissues were digested by a perfusion of collagenase type IV solution, then dissected, minced, and transferred to a culture medium through a 70 μm strainer. Finally, the hepatocytes were collected by a centrifugation method with a 500 g speed. The isolated hepatocytes were resuspended and cultured in William’s E medium including 10% FBS and 1% penicillin-streptomycin (PS).



Cell culture

Human epithelial colorectal adenocarcinoma (Caco-2) cells were obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C with 5% CO2 in a cell incubator. During the experiment, cells were pretreated with Sin A (50 μm) for 2 h and then were stimulated with LPS (2.0 μg/ml) for 22 h.



Transepithelial electrical resistance measurement

The Caco-2 cells were seeded into Corning Costar™ Transwell™ Permeable (Corning, NY, USA) Supports in 24-well plates at a cell density of 2×105 cells/cm2. In all cases, the incubation was 14 days until a monolayer of confluency was reached. Using an EVOM meter, all transepithelial electrical resistance (TEER) measurements were determined at 37°C, following standard protocols (Li et al., 2010).



Statistical analysis

The results of the biological assay are presented as means ± SD. The differences between the two groups were analyzed by Student’s t-test. Results that involved more than two groups were assessed by one-way or two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. All statistical significance was calculated using GraphPad Prism 7 (LaJolla, CA, USA) as follows: a p-value of less than 0.05 (*p < 0.05, **p < 0.01, and ***p < 0.001) was considered statistically significant. The statistical methods and corresponding p values for the data shown in each panel are included in the figure legends.




Results


Sin A exhibited robust attenuation of hepatic steatosis in HFD-fed mice

To address whether Sin A displayed protective effects for a liver metabolic phenotype and inflammation, we used HFD-fed mice as a NAFLD model (Kakimoto and Kowaltowski, 2016) (Supplementary Figure 1A). In HFD-fed mice, a 16-week treatment of HFD significantly increased liver size, liver weight, and the ratio of liver weight to body weight. This effect was significantly reversed with a 6-week administration of Sin A (Figures 1A, B). According to a previous study, NAFLD is characterized by excessive intrahepatic triglyceride (IHTG) content, which is universally associated with obesity and can lead to inflammation and fibrosis (Lu et al., 2018; Smith et al., 2020; Bril et al., 2020). We found that Sin A significantly decreased the levels of triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), free fatty acid (FFA), and increased high-density lipoprotein cholesterol (HDL-C) compared with the vehicle controls (Figures 1C–F). Consistent with these alterations on lipid profiles, the results of H&E and Oil Red O staining (ORO) also suggested that more lipid droplets occurred in the HFD-fed mice than the control mice, whereas Sin A treatment improved the phenotype of liver in obese mice. (i.e., reduced macrosteatosis, hepatocyte ballooning, and IHTG contents) (Figure 1G and Supplementary Figure 1B). In summary, these results showed that Sin A performed robust metabolic protection against NAFLD in HFD-fed mice.




Figure 1 | Sin A attenuates hepatic steatosis in HFD-fed mice. Mice were randomly divided into three groups (n=8–10). Chow diet-fed mice were orally treated with normal diet (chow). HFD-fed mice were orally treated with vehicle (HFD) or Sin A (80 mg/kg) for 6 weeks. (A) Representative images of liver from chow, HFD, and Sin A groups. (B) The result of liver weight and the ratio of liver-to-body weight (BW) (n=6–10 per group). (C) The changes in hepatic triglycerides (TG) and total cholesterol (TC) (n=8 per group). (D) Free fatty acids (FFAs) contents of liver fraction (n=8 per group). (E,F) Changes in liver HDL-C, LDL-C level. (G) Representative images of H&E staining and Oil Red O staining of liver. Scale bars 100 μm. Values represent mean ± SD. Significant differences were determined by one-way ANOVA for multiple- group comparisons. p*<0.05; **p<0.01; ***p<0.001. TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; FFA, free fatty acid; ORO, Oil Red O staining.





Sin A performed beneficial alteration on hepatic lipid metabolism and inflammation response

To further examine the relationship between NAFLD and lipid metabolism, the key genes associated with lipid profiles were evaluated. As shown in Figure 2A; the expression levels of genes related to fatty acid synthesis were significantly suppressed after Sin A administration, especially the sterol regulatory element binding protein-1c (Srebp1c), acetyl-CoA carboxylases alpha (Acaca), monoacylglycerol O-acyltransferase 1 (Mogat1), and peroxisome proliferative activated receptor, gamma (Pparg). This alteration of lipid synthesis genes was consistent with that in the primary hepatocytes (Figure 2B). Furthermore, fatty acid transport-related genes cluster of differentiation 36 (Cd36) and fatty acid transport protein 5 (Fatp5) were also significantly reduced in Sin A-treated mice when compared with vehicle- treated NAFLD mice (Figure 2C). The changes in very low-density lipoprotein export mRNA levels implied that more LDL-C accumulated in the liver of the HFD group compared with the control group and was significantly reversed by Sin A treatment (Figure 2D). To understand the close relationship between NAFLD and chronic inflammation (Furman et al., 2019; Farzanegi et al., 2019), the expression levels of specific inflammatory mediators were analyzed by quantitative real-time PCR. The result showed that Sin A was efficacious in reducing the liver inflammatory response as indicated by markedly suppressed expression of tumor necrosis factor α (Tnfα), interleukin 6 (Il6), nitric oxide synthase2 (Nos2), and Lps-binding protein (Lbp) (Figure 2E). At the same time, Sin A also exerted protective effects against HFD-driven liver damage, as observed by significantly reduced serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) (Figure 2F). Finally, we also evaluated the effects of Sin A on hepatic macrophage infiltration using F4/80 staining. We found that Sin A could remarkably suppress macrophage recruitment in the liver when compared with HFD mice (Figure 2G and Supplementary Figure 1C). The results above underlined metabolic improvements of Sin A in NAFLD, as validated by greatly ameliorated liver steatosis and reduced inflammatory response.




Figure 2 | Sin A attenuates hepatic lipid accumulation and inflammatory response in NAFLD mice. Chow-fed mice were treated daily with normal diet (Chow). HFD-fed mice were orally treated with vehicle (HFD) or Sin A (80 mg/kg, Sin A) for 6 weeks. (A) The key gene expression associated with fatty acid biogenesis in liver. (B) Fatty acid biogenesis-related genes in primary hepatocytes with palmitic acid or Sin A incubation for 24 h (n=5 per group). The gene expression associated with fatty acid uptake (C) and LDL-C export (D) in liver sections. (E) The expression levels of inflammation response-related genes in liver (n=6 per group). (F) Changes in serum chemistry (ALT and AST) of mice (n=10 per group). (G) The representative images of F4/80 staining in the liver (Scale bars 100 μm). Values are expressed as means ± SD. Statistical significance were determined by one-way ANOVA for the multiple-group comparisons. p*<0.05; **p<0.01; ***p<0.001. Srebp-1c, sterol regulatory element binding protein-1c; Acaca, acetyl-CoA carboxylases alpha; Fasn, fatty acid synthase; Mogat1, Monoacylglycerol O-acyltransferase 1; Pparg, peroxisome proliferative activated receptor, gamma; Scd-1, stearoyl-coenzyme A desaturase-1; Cd36, cluster of differentiation 36; Fatp5, fatty acid transport protein 5; Fabp1, fatty acid-binding protein1; Apob, apolipoprotein B; Mttp, microsomal triglyceride transfer protein; Tnfa, tumor necrosis factor α; Il6, interleukin 6; Nos2, Nitric Oxide Synthase2; Lbp, Lps-binding protein; Cox2, Cyclooxygenase-2; MCP-1, Monocyte chemoattractant protein-1; ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase.





Sin A restored intestinal inflammation and gut barrier function in NAFLD mice

Increased gut inflammation and compromised intestinal barrier function are increasingly emerging as the primary cause of NAFLD progression, which is commonly associated with enhanced translocation of gut microbiota metabolites (Canfora et al., 2019; Ji et al., 2019). As expected, the result of ileum tissue H&E staining showed that vehicle-treated NAFLD mice displayed a pronounced epithelial disruption compared to control mice, which could be modestly restored by Sin A treatment (Supplementary Figure 1D). It is well-established that gut macrophage infiltration is the leading cause of intestinal inflammation by secreting inflammatory cytokines and recruiting other inflammation-driven cells. After a 6-week treatment with Sin A, we observed a significant decrease in macrophage infiltration compared with vehicle controls (Figure 3A). Consistently, Sin A administration significantly decreased mRNA levels of inflammatory cytokines (Il6; Il1β, interleukin 1 beta) (Figure 3B). We further evaluated the impact of Sin A on intestinal barrier function by utilizing an intestinal permeability assay. Sin A significantly reduced the concentration of Dextran-FITC in the HFD groups (Figure 3C). To assess whether Sin A could influence the release of LPS into circulation, which is closely related to epithelial integrity and gut permeability (Stephens and von der Weid, 2020; Longo et al., 2020), we evaluated the levels of fecal and serum endotoxin. As expected, Sin A treatment significantly reduced the production and release of endotoxin in HFD mice compared to vehicle controls (Figures 3D, E). Consistently, the restoration of gut barrier integrity in Sin A-treated mice was confirmed by an obviously increased expression of ileum tight junction molecular Occludin (Figure 3F and Supplementary Figure 1E) and increased mRNA levels of key intestinal barrier mediators and anti-barrier peptides (Figure 3G).




Figure 3 | Sin A attenuates gut inflammation and restores intestinal barrier function. Chow-fed mice were treated daily with normal diet (Chow). HFD-fed mice were orally treated with vehicle (HFD) or Sin A (80 mg/kg) for 6 weeks. (A) Representative images of F4/80 staining of ileum tissue (Scale bars 10 μm), Right: IF index of ileum F4/80 (%) (n=5 per group). (B) The changes in inflammation response-associated genes in ileum (n=8 per group). (C) Changes in dextran concentration in blood 4 h after Dextran-FITC gavage in HFD and Sin A mice (n=8 per group). Results of endotoxin in (D) feces and (E) serum of mice (n=10 per group). (F) Immunofluorescence for occluding-1 protein in ileum sections. Scale bars 10 μm. (G) Results of gene expression related to ileum tight junction molecules (n=5–8 per group). (H) Results of Qpcr associated with inflammatory mediators in Caco-2 cell after LPS and Sin A incubation for 24 h. (I) Changes in transepithelial electrical resistance (TEER) in control, LPS, and LPS+ Sin A groups for the indicated times. Values represent mean ± SD. Significance was determined by Student’s t-test for the two-group and one-way ANOVA for the multiple-group comparisons. p*<0.05; **p<0.01; ***p<0.001. Il6, interleukin 6; Il1β, interleukin 1 beta; Tlr4, toll-like receptor4; Myd88, myeloid differentiation 88; Muc2, mucin2; Zo-1, zonula occludens-1; Th3, Muc5, mucin5; Tnfa, tumor necrosis factor α; Cox2, Cyclooxygenase-2; Mcp-1Monocyte chemoattractant protein-1; TEER, transepithelial electrical resistance.



To further elucidate the effect of Sin A on the integrity of -cellular barriers, we used human epithelial colorectal adenocarcinoma cells (Caco-2 cell line) to perform in vitro experiments. Caco-2 cells were pretreated with Sin A using pre-determined concentrations for 2 h, then stimulated by LPS (2 μg/ml) for 22 h. As expected, the changes in gene expression indicated that Sin A administration (50 μm), co-incubated with LPS treatment, significantly attenuated the inflammatory response and restored intestinal permeability compared to vehicle controls (Figure 3H). We also found that the TEER of the LPS group was significantly decreased compared with that in the control group. However, combination with Sin A remarkably reversed this effect (Figure 3I). The heatmap generated by Spearman’s correlation analysis described the correlations between different parameters of NAFLD, including endotoxin, blood lipids, hepatic lipids, dextran concentration, inflammation, and intestinal integrity-related genes in ileum tissue (Supplementary Figure 2A). This heatmap demonstrated that the intestinal barrier function was negatively correlated with parameters promoting NAFLD and positively correlated with preventing NAFLD.



Sin A ameliorated hepatic steatosis and inflammation response by LPS-TLR4 signaling

As described here, we demonstrated that a circulating increase of LPS impaired the maintenance of intestinal integrity and disrupted metabolic features in NAFLD mice (Carpino et al., 2020). To further investigate the role of LPS-TLR4 signaling in regulating the effect of Sin A on metabolic physiology in NAFLD, we exposed mice to HFD and treated them with the TLR4 inhibitor, CLI-095. HFD mice were evaluated in the following groups: (1) control, (2) Sin A treatment, (3) CLI-095 treatment alone, and (4) CLI-095 + Sin A treatment (Supplementary Figure 2B). The CLI-095-treated mice displayed lower lipid accumulation when compared with HFD-fed control mice, while comparable changes were observed in both the CLI-095 and CLI-095 + Sin A treatment groups (Figures 4A, B). We also found that Sin A inhibited the LPS-TLR4 signaling pathway to ameliorate hepatic steatosis of NAFLD mice using liver histological staining (Figure 4C). To assess whether the loss of TRL4 signaling can influence the lipid profiles, we assessed the changes in specific gene expression in liver sections. Compared to HFD-fed NAFLD mice, Sin A-fed mice displayed a significant decrease in fatty acid synthesis and intake while displaying a significant increase in β-oxidation. These effects could be diminished with the loss of TLR4 signaling (Figures 4D, E). qPCR analysis demonstrated that mRNA expression of genes associated with inflammation (Tnfα, Il6, Il10, and Nos2) were not changed in mice with inhibited TLR signaling (Figure 4F). However, this expression could be significantly suppressed by Sin A in control groups (Figure 4F). Strikingly, when the TLR4 signaling was pharmacologically suppressed, Sin A administration neither restored intestinal barrier function nor improved gut inflammation in HFD mice (Figures 4G, H). These results suggest that mediation of LPS-TLR4 signaling was required for the beneficial improvements of Sin A on steatosis and inflammation in HFD-fed mice.




Figure 4 | LPS-TLR4 signaling is required for the restoration of Sin A in gut inflammation and intestinal barrier function in NAFLD mice. Mice were randomly divided into four groups (n=5–8). HFD-fed mice were orally treated with vehicle (HFD), Sin A (80 mg/kg, Sin A), CLI-095 (2 mg/kg, CLI-095), or CLI-095 plus Sin A (CLI-095+ Sin A) for 6 weeks. (A) Changes in TG and TC in serum (n=7–8 per group). (B) Hepatic TG and TC levels (n=7–8 per group). (C) Representative images of H&E staining of liver tissue (Scale bars 50 μm). The key gene expression associated with (D) fatty acids biogenesis and (E) fatty acid uptake and oxidation in liver sections (n=5–8 per group). (F) Changes in hepatic gene expression related to inflammation response. Results of gene expression associated with (G) ileum inflammation response and (H) tight junction molecules (n=5–8 per group). Values are expressed as means ± SD. Statistical significance was determined by two-way ANOVA for the multiple-group comparisons. p*<0.05; **p<0.01; ***p<0. 001. Srebp-1c, sterol regulatory element binding protein-1c; Acaca, acetyl-CoA carboxylases alpha; Fasn, fatty acid synthase; Mogat1, Monoacylglycerol O-altransferase 1; Pparg, peroxisome proliferative activated receptor, gamma; Scd-1, stearoyl-coenzyme A desaturase-1; Cd36, cluster of differentiation 36; Fatp5, fatty acid transport protein 5; Acat1, cholesterol acyltransferase 1; Acox1, acyl-CoA oxidase 1; Mcad, medium-chain acyl-coA dehydrogenase; Tnfa, tumor necrosis factor α; Il6, interleukin 6; Il10, interleukin10; Nos2, Nitric Oxide Synthase2; Zo-1, zonula occludens-1; Muc2, mucin2; Reg3g, Regenerating islet-derived protein 3 gamma; Reg3β, Regenerating islet-derived protein 3 beta.





Sin A mediated LPS-TLR4 pathway to reverse metabolic dysfunction in NAFLD

Given that NAFLD is accompanied by obesity, and considering that the known impacts of TLR4 signaling in high-fat-induced metabolic disarrangements (Liu et al., 2019; Zhang et al., 2020b), we therefore examined obesity-related parameters in HFD-fed mice in the presence of CLI-095 treatment. Sin A treatment significantly inhibited body weight gain in NAFLD mice, whereas CLI-095 administration abolished this improvement (Figure 5A). The effects of Sin A on serum free fatty acids (FFAs) and free glycerol were diminished when TLR4 signaling was blocked in NAFLD mice (Figure 5B). In addition, the effect of Sin A on fasting blood glucose (FBG) was remarkably reversed with the loss of TLR4 signaling in mice (Figure 5C). At the same time, we observed a potential role for Sin A on LPS-TLR4 signaling with respect to glucose homeostasis, as supported by no significant changes in glucose tolerance and insulin tolerance during CLI-095 treatment (Figures 5D, E). The metabolic cage test indicated that Sin A administration exhibited no apparent impact on heat production in CLI-095-treated mice (Figure 5F). To confirm this, we also subjected four groups to cold exposure: (1) HFD control, (2) Sin A treatment alone, (3) CLI-095 treatment alone, and (4) CLI-095 + Sin A treatment. We observed that TLR4 signaling is required for the effect of Sin A in the process of energy expenditure, as revealed by no significant changes in fecal temperature observed in both the CLI-095 and CLI-095 + Sin A groups when compared with the control groups (Supplementary Figure 2C). Taken together, these data suggested that Sin A mediates LPS-TLR4 signaling pathway to protect against obesity in HFD-induced NAFLD mice.




Figure 5 | Sin A mediates LPS-TLR4 signaling to ameliorate HFD-induced obesity and insulin resistance in NAFLD mice. Vehicle-group mice were treated with vehicle (HFD) or Sin A (80 mg/kg); CLI-095 group mice were treated with vehicle (HFD) or Sin A (80 mg/kg). (A) Body weight evaluation of 6 weeks for HFD, Sin A, CLI-095 and CLI-095 + Sin A groups (n=5–8 per group). (B) Serum free glycerol levels and free fatty acids (FFAs) (n=5–7 per group). (C) Fasting blood glucose (FBG) levels (n=7–10). Results of (D) glucose tolerance test (GTT) and (E) insulin tolerance test (ITT) (n=7–8 per group). (F) Heat expenditure and its respective average of light cycle and dark cycle (n=5–6 per group). Values represent mean ± SD. Significance was determined by two-way ANOVA for the multiple-group comparisons. p*<0.05; **p<0.01; ***p<0.001. FFA, fatty fat acid; FBG, fasting blood glucose; GTT, glucose tolerance test; ITT, insulin tolerance test.





Gut microbiota is partly functional in Sin A-mediated metabolic protection in NAFLD mice

It is widely believed that the interplay between host components and the gut microbiome is far from our understanding of their mechanisms (Peng et al., 2019; Huang et al., 2019; Zeng et al., 2020). A great deal of evidence demonstrates that the gut microbiota is the key regulator in the development of NAFLD (Kolodziejczyk et al., 2019; Safari and Gérard, 2019), and targeting the gut microbiome could be a promising therapy for NAFLD. To explore whether Sin A treatment changed the composition of gut microbiota, we performed a 16s rRNA sequence analysis for normal chow-fed, HFD-fed, and Sin A treatment groups. Based on principle coordinates analysis (Pocan) of the weighted Unirac distance, we observed an apparent separation into color-coded clusters among the above three groups (Figure 6A), and we also observed an apparent difference in gut microbiota composition after Sin A treatment in the family and genus levels (Supplementary Figure 3A). To evaluate the effect of Sin A on the overall composition of the bacterial community, we then evaluated the changes in the degree of bacterial taxonomic similarity at the phylum level. As shown in Figure 6B; there were more Firmicutes and fewer Bacteroidetes observed in the HFD-fed mice as compared with the chow-fed mice, whereas Sin A treatment exhibited obvious protection against these effects. It is possible that HFD-driven gut dysbiosis may cause more production of LPS and then lead to disrupted epithelial integrity, as well as impaired gut permeability, resulting in the increased release of LPS into the circulation system. Therefore, we conducted an antibiotics (ABX) test to investigate whether the mediation of the gut microbiome is responsible for Sin A-induced protection against NAFLD. First, we observed that there was a significant decrease in the LPS level both in the serum and feces of ABX-treated mice compared with vehicle controls (Supplementary Figures 4A, B), suggesting that antibiotic treatment may lead to microbiota depletion. ABX-treated mice displayed no significant alterations in lipid accumulation compared with control mice, as revealed by the TG and TC levels in serum and the liver (Figures 6C, D). Consistently, there was no apparent effect on the level of gene expression associated with fatty acid synthesis (Srebp1c, Acaca, Fasn, Pparg, and Mogat1) and uptake (Cd36, Fatp5, and Fabp1) in ABX-treated groups (Figures 6E, F). These results demonstrated that ABX treatment can diminish or even abolish the effects of Sin A on lipid metabolism. Second, we explored the roles of gut microbiota in Sin A-induced amelioration of liver inflammation using gene expression performance. We determined that the beneficial effects of Sin A on hepatic inflammation were also dismissed in ABX groups (Supplementary Figure 4C). As expected, ABX-treated mice displayed comparable changes in gene expression associated with gut inflammation and intestinal barriers, compared with control mice (Figures 6G, H). These data imply that the metabolic benefits of Sin A in NAFLD mice, including improved hepatic lipid accumulation and inflammation along with restored gut barrier function, were partly dependent on the mediation of gut microbiota.




Figure 6 | Gut microbiota is functional at Sin A-mediated metabolic protection for NAFLD. Mice were randomly divided into four groups (n=5–8). HFD-fed mice were orally treated with vehicle (HFD), Sin A (80 mg/kg, Sin A), antibiotics (ABX), or antibiotics plus Sin A (ABX + Sin A) for 6 weeks. (A) Weighted UniFrac PCoA analysis of gut microbiota based on the OTU data of chow, HFD, and Sin A (n=5–7 per group). (B) Bacterial taxonomic profiling at the phylum level of intestinal bacteria for the above three groups (n=5–7 per group). (C) Changes in TG and TC in serum (n=7–8 per group). (D) Hepatic TG and TC levels (n=6–8 per group). The key gene expression associated with (E) fatty acid biogenesis and (F) fatty acid uptake (n=5–8 per group). Results of gene expression associated with (G) ileum tight junction molecules and (H) inflammation response (n=5–8 per group). Values are expressed as means ± SD. Statistical significance was determined by two-way ANOVA for the multiple-group comparisons. p*<0.05; **p<0.01; ***p<0.001. PcoA, principle coordinates analysis; ABX, antibiotics; TG, triglyceride; TC, total cholesterol; Srebp-1c, sterol regulatory element binding protein-1c; Acaca, acetyl-CoA carboxylases alpha; Fasn, fatty acid synthase; Mogat1, Monoacylglycerol O-acyltransferase 1; Pparg, peroxisome proliferative activated receptor, gamma; Scd-1, stearoyl-coenzyme A desaturase-1; Cd36, cluster of differentiation 36; Fatp5, fatty acid transport protein 5; Fabp1, fatty acid-binding protein1; Zo-1, zonula occludens-1; Muc2, mucin2; Reg3g, Regenerating islet-derived protein 3 gamma; Reg3β, Regenerating islet-derived protein 3 beta; Il6, interleukin 6; Il10, interleukin10; Tnfa, tumor necrosis factor α; Nos2, Nitric Oxide Synthase2.






Discussion

Here, we have demonstrated that 6 weeks of Sin A treatment exhibited remarkable protection against HFD-induced NAFLD in mice. At the same time, we also explored the underlying mechanism of Sin A-mediated metabolic protection against NAFLD, namely, (1) decrease of liver lipid biogenesis and absorption, (2) alleviation of liver inflammation, (3) attenuation of gut inflammation, (3) improvement of gut barrier function, and (4) modulation of gut microbiota dysbiosis.

Non-alcoholic fatty liver disease (NAFLD) has been a leading cause of health concern worldwide, and is highly correlated with cardiovascular diseases, malignancy, and multiple liver-associated deaths (Hyysalo et al., 2014; Mantovani et al., 2021). Hence, it is of great importance to develop an efficient agent to prevent against the progression of NAFLD. In the present study, we demonstrated the efficiency of Sin A in attenuating liver steatosis and inflammation, as well as restoring intestinal barrier function. We found that HFD-fed mice developed NAFLD when compared with chow diet-fed mice, whereas Sin A could apparently improve this condition. Given that lipid accumulation can promote lipotoxicity and trigger hepatocyte death, inflammation, and fibrosis, leading to the progression from NAFLD to NASH (Carpino et al., 2020), we therefore assessed the lipid droplets in the liver, and examined gene expression related to fatty acid synthesis, absorption, and oxidation. Our findings revealed that Sin A treatment significantly inhibited the mRNA levels of hepatic genes, previously functionally linked to lipid synthesis, especially, Srebp1c, Acaca, Fasn, Mogat1, and Pparg. Considering that inflammation response is highly linked with the progression from NAFLD to NASH, we examined the mRNA levels of hepatic inflammatory mediators, previously functionally linked to inflammation response. As expected, Sin A treatment significantly inhibited the hepatic expression of Tnfα, Il6, Nos2, Lbp, Cox2, and Mcp1, as compared to vehicle controls. Taken together, the efficacy of Sin A on HFD-induced NAFLD mainly involves improvements in hepatic steatosis, inflammatory response, and metabolic disorders.

Gut homeostasis and intestinal barrier function are important regulators in the progression from NAFLD to NASH (Wang et al., 2018; Cui et al., 2019). We observed that both gut and liver inflammation were markedly suppressed in Sin A-treated mice. In particular, the hepatic expression of Lbp and Myd88, which functions as a direct signal of LPS, was significantly decreased in Sin A-treated mice, suggesting the importance of Sin A in the delay of NAFLD to NASH. Moreover, Sin A treatment dramatically increased the mRNA levels of genes correlated with intestinal epithelial tight junctions, especially Zo-1, Occludin, and Mus2. Of note, the expression levels of regenerating islet-derived protein 3 gamma (Reg3g) and regenerating islet-derived protein 3 beta (Reg3β), functioning as potent anti-microbial peptides, were increased after Sin A treatment. LPS functions as a potent activator for the TLR4 pathway and the activation of TLR4 signaling is commonly accompanied by impaired gut permeability, which is highly related to the accelerated progression from NAFLD to NASH (Xin et al., 2014; Luther et al., 2015; Song et al., 2017). Thus, growing research has demonstrated that the inhibition of TLR4 signaling plays positive roles in the inflammatory state and epithelial tight junctions (White et al., 2017; Luo et al., 2020; Zhang et al., 2020a). In this study, when TLR4 was knocked down, we did not obserevd apparent improvements on hepatic steatosis, inflammatory response, gut barrier function and obesity in Sin A-treated NAFLD mice. Collectively, Sin A displayed a metabolic protection against NAFLD by mediating the TLR4 signaling pathway.

Gut dysbiosis has been identified as having a key role in contributing to the incidence of NAFLD and the gut microbiome has increasingly emerged as a promising target for NAFLD therapy (Okubo et al., 2018). In this study, we observed an apparent alteration in gut microbial composition between vehicle controls and Sin A-treated mice. We also observed a reduction of Firmicutes abundance and an increased level of Bacteroidetes, suggesting that Sin A can alleviate HFD-driven gut microbiota dysbiosis. To further determine the mediation of gut microbiota, we performed the ABX experiment to mimic microbiota-depleted status. The results show that ABX-treated mice diminished or even abolished metabolic protection against NAFLD, suggesting the importance of gut microbiota in mediating Sin A-induced metabolic benefits.

Our study had several limitations and potential biases. Although we observed that Sin A can modulate gut microbiome to display protection against NAFLD using the experiment of antibiotics treatment, fecal microbiota transplantation (FMT) experiment is also needed to further confirm the function of the microbiome mediating Sin A-induced metabolic effects in NAFLD mice. Also, we need to further identify which gut microbe functions to affect the LPS-TLR4 signaling pathway, which leads to changes in intestinal inflammation and gut microbiome. We hope that our future work will provide a definitive explanation of the molecular mechanism in immune cells underlying Sin A-induced improvements in NAFLD.



Data availability statement

The data presented in this study can be found in online repositories. The name of the repository and accession number can be found below: National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA), https://www.ncbi.nlm.nih.gov/sra, SRR18594304.



Ethics statement

The animal study was reviewed and approved by Institutional Animal Care and Use Committees (IACUCs) of Shanghai University of Traditional Chinese Medicine, PZSHUTCM200807018. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

LD, LY and ZW designed the experiments and secured funding. SY, QL and JJ performed the experiments. SY analyzed the data. SY wrote the manuscript. XL provide the reagent. LD provided editing and final approval of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work is sponsored by the National Natural Science Foundation of China (Grant No. 82122074 and 81773961) to LD and (Grant No. 82130115) to ZW. The present study is supported by the Shanghai Municipal Natural Science Foundation (Grant No. 21ZR1482000) to LD, “Young Qihuang Scholar” project to LY and Graduate Student Innovation Ability Project of Shanghai University of Traditional Chinese Medicine (Y2021060, Y2021050) to SY and QL.



Conflict of interest

Author XL was employed by Xuzhou Wanwusheng Pharmaceutical Co., Ltd.

The remaining 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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.855008/full#supplementary-material



References

 Aron-Wisnewsky, J., Vigliotti, C., Witjes, J., Le, P., Holleboom, A. G., Verheij, J., et al. (2020). Gut microbiota and human NAFLD: disentangling microbial signatures from metabolic disorders. Nat. Rev. Gastroenterol. Hepatol. 17, 279–297. doi: 10.1038/s41575-020-0269-9

 Bril, F., Barb, D., Lomonaco, R., Lai, J., and Cusi, K. (2020). Change in hepatic fat content measured by MRI does not predict treatment-induced histological improvement of steatohepatitis. J. Hepatol. 72, 401–410. doi: 10.1016/j.jhep.2019.09.018

 Canfora, E. E., Meex, R. C. R., Venema, K., and Blaak, E. E. (2019). Gut microbial metabolites in obesity, NAFLD and T2DM. Nat. Rev. Endocrinol. 15, 261–273. doi: 10.1038/s41574-019-0156-z

 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, 1470–1481. doi: 10.2337/db07-1403

 Carpino, G., del Ben, M., Pastori, D., Carnevale, R., Baratta, F., Overi, D., et al. (2020). Increased liver localization of lipopolysaccharides in human and experimental NAFLD. Hepatol. (Baltimore Md.). 72, 470–485. doi: 10.1002/hep.31056

 Chen, J., and Vitetta, L. (2020). Gut microbiota metabolites in NAFLD pathogenesis and therapeutic implications. Int. J. Mol. Sci. 21, 5214. doi: 10.3390/ijms21155214

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinf. (Oxford England). 34, i884–i890. doi: 10.1093/bioinformatics/bty560

 Cui, Y., Wang, Q., Chang, R., Zhou, X., and Xu, C. (2019). Intestinal barrier function-non-alcoholic fatty liver disease interactions and possible role of gut microbiota. J. Agric. Food Chem. 67, 2754–2762. doi: 10.1021/acs.jafc.9b00080

 Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods. 10, 996–998. doi: 10.1038/nmeth.2604

 Farzanegi, P., Dana, A., Ebrahimpoor, Z., Asadi, M., and Azarbayjani, M. A. (2019). Mechanisms of beneficial effects of exercise training on non-alcoholic fatty liver disease (NAFLD): Roles of oxidative stress and inflammation. Eur. J. sport science. 19, 994–1003. doi: 10.1080/17461391.2019.1571114

 Furman, D., Campisi, J., Verdin, E., Carrera-Bastos, P., Targ, S., Franceschi, C., et al. (2019). Chronic inflammation in the etiology of disease across the life span. Nat. Med. 25, 1822–1832. doi: 10.1038/s41591-019-0675-0

 Hong, M., Zhang, Y., Li, S., Tan, H. Y., Wang, N., Mu, S., et al. (2017). A network pharmacology-based study on the hepatoprotective effect of fructus schisandrae. Molecules (Basel Switzerland). 22, 1617. doi: 10.3390/molecules22101617

 Huang, F., Zheng, X., Ma, X., Jiang, R., Zhou, W., Zhou, S., et al. (2019). Theabrownin from Pu-erh tea attenuates hypercholesterolemia via modulation of gut microbiota and bile acid metabolism. Nat. Commun. 10, 4971. doi: 10.1038/s41467-019-12896-x

 Hyysalo, J., Männistö, V. T., Zhou, Y., Arola, J., Kärjä, V., Leivonen, M., et al. (2014). A population-based study on the prevalence of NASH using scores validated against liver histology. J. Hepatol. 60, 839–846. doi: 10.1016/j.jhep.2013.12.009

 Ji, Y., Yin, Y., Li, Z., and Zhang, W. (2019). Gut microbiota-derived components and metabolites in the progression of non-alcoholic fatty liver disease (NAFLD). Nutrients. 11, 1712. doi: 10.3390/nu11081712

 Ji, Y., Yin, Y., Sun, L., and Zhang, W. (2020). The molecular and mechanistic insights based on gut-liver axis: Nutritional target for non-alcoholic fatty liver disease (NAFLD) improvement. Int. J. Mol. Sci. 21, 3066. doi: 10.3390/ijms21093066

 Johnson, G., Nour, A. A., Nolan, T., Huggett, J., and Bustin, S. (2014). Minimum information necessary for quantitative real-time PCR experiments. Methods Mol. Biol. (Clifton N.J.). 1160, 5–17. doi: 10.1007/978-1-4939-0733-5_2

 Kakimoto, P. A., and Kowaltowski, A. J. (2016). Effects of high fat diets on rodent liver bioenergetics and oxidative imbalance. Redox Biol. 8, 216–25. doi: 10.1016/j.redox.2016.01.009

 Kim, K.-A., Gu, W., Lee, I.-A., Joh, E.-H., and Kim, D.-H. (2012). High fat diet-induced gut microbiota exacerbates inflammation and obesity in mice via the TLR4 signaling pathway. PloS One. 7, e47713. doi: 10.1371/journal.pone.0047713

 Kolodziejczyk, A. A., Zheng, D., Shibolet, O., and Elinav, E. (2019). The role of the microbiome in NAFLD and NASH. EMBO Mol. Med. 11, e9302. doi: 10.15252/emmm.201809302

 Li, K., Guo, D., Zhu, H., Hering-Smith, K. S., Hamm, L. L., Ouyang, J., et al. (2010). Interleukin-6 stimulates epithelial sodium channels in mouse cortical collecting duct cells. American journal of physiology. Regulatory Integr. Comp. Physiol. 299, R590–5. doi: 10.1152/ajpregu.00207.2009

 Liu, B., Deng, X., Jiang, Q., Li, G., Zhang, J., Zhang, N., et al. (2019). Scoparone alleviates inflammation, apoptosis and fibrosis of non-alcoholic steatohepatitis by suppressing the TLR4/NF-κB signaling pathway in mice. Int. Immunopharmacol. 75, 105797. doi: 10.1016/j.intimp.2019.105797

 Longo, L., Tonin Ferrari, J., Rampelotto, P. H., Hirata Dellavia, G., Pasqualotto, A., P Oliveira, C., et al. (2020). Gut dysbiosis and increased intestinal permeability drive microRNAs, NLRP-3 inflammasome and liver fibrosis in a nutritional model of non-alcoholic steatohepatitis in adult Male sprague dawley rats. Clin. Exp. Gastroenterol. 13, 351–368. doi: 10.2147/CEG.S262879

 Lu, F.-B., Hu, E.-D., Xu, L.-M., Chen, L., Wu, J.-L., Li, H., et al. (2018). The relationship between obesity and the severity of non-alcoholic fatty liver disease: systematic review and meta-analysis. Expert Rev. Gastroenterol. Hepatol. 12, 491–502. doi: 10.1080/17474124.2018.1460202

 Luo, X., Yue, B., Yu, Z., Ren, Y., Zhang, J., Ren, J., et al. (2020). Obacunone protects against ulcerative colitis in mice by modulating gut microbiota, attenuating TLR4/NF-κB signaling cascades, and improving disrupted epithelial barriers. Front. Microbiol. 11, 497. doi: 10.3389/fmicb.2020.00497

 Luther, J., Garber, J. J., Khalili, H., Dave, M., Bale, S. S., Jindal, R., et al. (2015). Hepatic injury in nonalcoholic steatohepatitis contributes to altered intestinal permeability. Cell. Mol. Gastroenterol. Hepatol. 1, 222–232. doi: 10.1016/j.jcmgh.2015.01.001

 Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinf. (Oxford England). 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

 Mantovani, A., Csermely, A., Petracca, G., Beatrice, G., Corey, K. E., Simon, T. G., et al. (2021). Non-alcoholic fatty liver disease and risk of fatal and non-fatal cardiovascular events: an updated systematic review and meta-analysis. Lancet Gastroenterol. hepatology. 6, 903–913. doi: 10.1016/S2468-1253(21)00308-3

 Nascimbeni, F., Pais, R., Bellentani, S., Day, C. P., Ratziu, V., Loria, P., et al. (2013). From NAFLD in clinical practice to answers from guidelines. J. Hepatol. 59, 859–871. doi: 10.1016/j.jhep.2013.05.044

 Netto Candido, T. L., Bressan, J., and De Alfenas, R.de C.G. (2018). Dysbiosis and metabolic endotoxemia induced by high-fat diet. Nutricion hospitalaria. 35, 1432–1440. doi: 10.20960/nh.1792

 Okubo, H., Nakatsu, Y., Kushiyama, A., Yamamotoya, T., Matsunaga, Y., Inoue, M.-K., et al. (2018). Gut microbiota as a therapeutic target for metabolic disorders. Curr. medicinal Chem. 25, 984–1001. doi: 10.2174/0929867324666171009121702

 Peng, Y., Yan, Y., Wan, P., Chen, D., Ding, Y., Ran, L., et al. (2019). Gut microbiota modulation and anti-inflammatory properties of anthocyanins from the fruits of lycium ruthenicum Murray in dextran sodium sulfate-induced colitis in mice. Free Radical Biol. Med. 136, 96–108. doi: 10.1016/j.freeradbiomed.2019.04.005

 Ratziu, V., Goodman, Z., and Sanyal, A. (2015). Current efforts and trends in the treatment of NASH. J. Hepatol. 62 (1 Suppl), S65–75. doi: 10.1016/j.jhep.2015.02.041

 Safari, Z., and Gérard, P. (2019). The links between the gut microbiome and non-alcoholic fatty liver disease (NAFLD). Cell. Mol. Life sciences: CMLS. 76, 1541–1558. doi: 10.1007/s00018-019-03011-w

 Sa, F., Guo, B. J., Li, S., Zhang, Z. J., Chan, H. M., Zheng, Y., et al. (2015). Pharmacokinetic study and optimal formulation of new anti-Parkinson natural compound schisantherin a. Parkinson’s disease. 2015, 951361. doi: 10.1155/2015/951361

 Schoeler, M., and Caesar, R. (2019). Dietary lipids, gut microbiota and lipid metabolism. Rev. endocrine Metab. Disord. 20, 461–472. doi: 10.1007/s11154-019-09512-0

 Smith, G. I., Shankaran, M., Yoshino, M., Schweitzer, G. G., Chondronikola, M., Beals, J. W., et al. (2020). Insulin resistance drives hepatic de novo lipogenesis in nonalcoholic fatty liver disease. J. Clin. Invest. 130, 1453–1460. doi: 10.1172/JCI134165

 Solon-Biet, S. M., Mitchell, S. J., Coogan, S. C. P., Cogger, V. C., Gokarn, R., McMahon, A. C., et al. (2015). Dietary protein to carbohydrate ratio and caloric restriction: Comparing metabolic outcomes in mice. Cell Rep. 11, 1529–1534. doi: 10.1016/j.celrep.2015.05.007

 Song, Y., Zhao, M., Cheng, X., Shen, J., Khound, R., Zhang, K., et al. (2017). CREBH mediates metabolic inflammation to hepatic VLDL overproduction and hyperlipoproteinemia. J. Mol. Med. (Berlin Germany). 95, 839–849. doi: 10.1007/s00109-017-1534-4

 Stephens, M., and von der Weid, P.-Y. (2020). Lipopolysaccharides modulate intestinal epithelial permeability and inflammation in a species-specific manner. Gut Microbes. 11, 421–432. doi: 10.1080/19490976.2019.1629235

 Stevens, B. R., Goel, R., Seungbum, K., Richards, E. M., Holbert, R. C., Pepine, C. J., et al. (2018). Increased human intestinal barrier permeability plasma biomarkers zonulin and FABP2 correlated with plasma LPS and altered gut microbiome in anxiety or depression. Gut. 67, 1555–1557. doi: 10.1136/gutjnl-2017-314759

 Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07

 Wang, W., Zhao, J., Gui, W., Sun, D., Dai, H., Xiao, L., et al. (2018). Tauroursodeoxycholic acid inhibits intestinal inflammation and barrier disruption in mice with non-alcoholic fatty liver disease. Br. J. Pharmacol. 175, 469–484. doi: 10.1111/bph.14095

 White, J. R., Gong, H., Pope, B., Schlievert, P., and McElroy, S. J. (2017). Paneth-cell-disruption-induced necrotizing enterocolitis in mice requires live bacteria and occurs independently of TLR4 signaling. Dis. Models Mech. 10, 727–736. doi: 10.1242/dmm.028589

 Xin, D., Zong-Shun, L., Bang-Mao, W., and Lu, Z. (2014). Expression of intestinal tight junction proteins in patients with non-alcoholic fatty liver disease. Hepato-gastroenterology. 61, 136–140. doi: 10.5754/hge12760

 Zeng, S.-L., Li, S.-Z., Xiao, P.-T., Cai, Y.-Y., Chu, C., Chen, B.-Z., et al. (2020). Citrus polymethoxyflavones attenuate metabolic syndrome by regulating gut microbiome and amino acid metabolism. Sci. Adv. 6, eaax6208. doi: 10.1126/sciadv.aax6208

 Zhang, P., Yang, M., Chen, C., Liu, L., Wei, X., and Zeng, S. (2020a). Toll-like receptor 4 (TLR4)/Opioid receptor pathway crosstalk and impact on opioid analgesia, immune function, and gastrointestinal motility. Front. Immunol. 11, 1455. doi: 10.3389/fimmu.2020.01455

 Zhang, Y., Zhou, G., Chen, Z., Guan, W., Zhang, J., Bi, M., et al. (2020b). Si-Wu-Tang alleviates nonalcoholic fatty liver disease via blocking TLR4-JNK and caspase-8-GSDMD signaling pathways. Evidence-Based complementary Altern. medicine: eCAM. 2020:8786424. doi: 10.1155/2020/8786424



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.

Copyright © 2022 Yu, Jiang, Li, Liu, Wang, Yang and Ding. 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: 12 September 2022

doi: 10.3389/fcimb.2022.1005730

[image: image2]


The interactions between traditional Chinese medicine and gut microbiota: Global research status and trends


Shanshan Yang 1,2†, Shaodong Hao 3†, Qin Wang 1,2, Yanni Lou 1, Liqun Jia 1* and Dongmei Chen 1*


1 Oncology Department of Integrated Traditional Chinese and Western Medicine, China-Japan Friendship Hospital, Beijing, China, 2 Graduate School, Beijing University of Chinese Medicine, Beijing, China, 3 Sixth Clinical School of Medicine, Beijing University of Chinese Medicine, Beijing, China




Edited by 

Linhua Zhao, Guang’anmen Hospital, China Academy of Chinese Medical Sciences, China

Reviewed by 

M. Ahmed, Phcog.Net, India

Haiyang Wu, Tianjin Medical University, China

Xiao Long, Peking Union Medical College Hospital (CAMS), China

*Correspondence 

Liqun Jia
 Liqun-jia@hotmail.com
 Dongmei Chen
 cdmei2010@13.com














†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Intestinal Microbiome, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 28 July 2022

Accepted: 22 August 2022

Published: 12 September 2022

Citation:
Yang S, Hao S, Wang Q, Lou Y, Jia L and Chen D (2022) The interactions between traditional Chinese medicine and gut microbiota: Global research status and trends. Front. Cell. Infect. Microbiol. 12:1005730. doi: 10.3389/fcimb.2022.1005730




Background

There is a crosstalk between traditional Chinese medicine (TCM) and gut microbiota (GM), many articles have studied and discussed the relationship between the two. The purpose of this study is to use bibliometric analysis to explore the research status and development trends of the TCM/GM research, identify and analyze the highly cited papers relating to the TCM/GM.



Methods

A literature search regarding TCM/GM publications from 2004 to 2021 was undertaken on August 13, 2022. The main information (full record and cited references) of publications was extracted from the Science Citation Index Expanded (SCI-E) of Web of Science Core Collection (WoSCC). The Bibliometrix of R package, CiteSpace and VOSviewer were used for bibliometric analysis.



Results

A total of 830 papers were included. The publication years of papers were from 2004 to 2021. The number of papers had increased rapidly since 2018. China had the most publications and made most contributions to this field. Nanjing University of Chinese Medicine and Beijing University of Chinese Medicine were in the leading productive position in TCM/GM research, Chinese Academy of Chinese Medical Sciences had the highest total citations (TC). Duan Jin-ao from Nanjing University of Chinese Medicine had the largest number of publications, and Tong Xiao-lin from China Academy of Chinese Medical Sciences had the most TC. The Journal of Ethnopharmacology had the most published papers and the most TC. The main themes in TCM/GM included the role of GM in TCM treatment of glucolipid metabolism diseases and lower gastrointestinal diseases; the mechanism of interactions between GM and TCM to treat diseases; the links between TCM/GM and metabolism; and the relationship between GM and oral bioavailability of TCM.



Conclusion

This study gained insight into the research status, hotspots and trends of global TCM/GM research, identified the most cited articles in TCM/GM and analyzed their characteristics, which may inform clinical researchers and practitioners’ future directions.





Keywords: traditional Chinese medicine, gut microbiota, correlation, research status and trends, highly cited papers, bibliometrics



1 Introduction

Traditional Chinese medicine (TCM), as one of the treatment methods in East Asia for thousands of years, has attracted more and more attention due to its good efficacy and fewer side effects (Feng et al., 2021; Lin et al., 2021; Yang et al., 2022). However, due to the controversial theory of TCM, the complexity in the mechanism of TCM, and the unclearness of effective bioactive components, there are still some doubts and misunderstandings about TCM, resulting in the stagnation of research focusing on the development of TCM (Zheng et al., 2020; Che et al., 2022). Gut microbiota (GM) is involved in various metabolic processes in the human body and plays a major role in host immune response (Wang et al., 2018). GM and its metabolites are of great significance to maintain host health and the pathogenesis, prevention, and treatment of diseases (Clemente et al., 2012; David et al., 2014; Canfora et al., 2015). In recent years, GM has become an important frontier and hot topic to understand the development and progress of diseases.

With this trend, more and more TCM research began to pay attention to GM and provide rich information for TCM researchers (Li et al., 2009; Xu et al., 2017). GM has become a new way of understanding TCM and can elucidate the profound theory of TCM, which is regarded as the golden key to unlock the mystery of TCM (Chen et al., 2016; Feng et al., 2019; Yue et al., 2019; Lin et al., 2021). The crosstalk between GM and TCM is a crucial discovery in life science and a large number of studies have emerged in the last decade (Xu et al., 2017; Zhang et al., 2020; Li et al., 2021). The interactions between GM and TCM mainly include two aspects (An et al., 2019; Dey, 2019). On the one hand, TCM including single compounds, single herbs and herbal formulations can modulate the GM and its metabolites, and reverse the abnormal GM composition (Zhang et al., 2020). On the other hand, GM also has a very important impact on the biotransformation, bioactivity and bioavailability of TCM, thereby affecting its efficacy and toxicity (Yan et al., 2018; Dey, 2019; Feng et al., 2021).

Bibliometric analysis is a method of statistically evaluating the research status, development trends, and the most influential studies in a specific field. Citation analysis is one of the main methods of bibliometrics, which can evaluate the quality and recognition of papers, and better understand the discipline construction and development of a field. At present, many TCM-related areas have been well studied and explored through bibliometric analysis, such as the analysis of research trends on Artemisinin (Dong et al., 2022), TCM nursing technology for insomnia (Wang et al., 2022), acupuncture research about migraine (He et al., 2022), and traditional Chinese health exercises for improving cognitive function (Li et al., 2021). However, there is currently no English literature published on the quantitative analysis of interactions between GM and TCM. After reviewing the retrieving literature, we found that relevant studies appeared and gradually increased since 2004. Therefore, we selected the published papers from 2004 to 2021 for analysis. This article aims to identify the related papers in TCM/GM in recent years and analyze their characteristics, review the regulatory role of the GM in TCM, looking forward to providing references for further research in TCM/GM.



2 Materials and methods


2.1 Data source and search strategy

Web of Science Core Collection (WoSCC) is an important database for obtaining global academic information with a strict screening mechanism and only includes important academic journals in various disciplines in bibliometrics. SCI-E of WoSCC includes the most authoritative and influential mainstream academic journals in natural science, which is considered the best database and has been used extensively in previous bibliometric studies (Li et al., 2021; Wu et al., 2021; Cheng et al., 2022). Therefore, we choose it as the search source.

All searches were performed on the same day (August 13, 2022) to avoid the significant bias caused by database updates. The papers were retrieved from the SCI-E of WoSCC on August 13, 2022. Using the subject term “advanced search” method, the search terms were TS= “Gut Microflora” and “traditional Chinese medicine” and their synonyms (Table 1). Terms related to GM or TCM that entered into the WoS engine were extracted from the Medical Subject Headings (MeSH) from PubMed. The selection criteria were as follows: (1) The publication years were from 2004 to 2021; (2) The document types were limited to “article” and “review”; (3) The language type is set to English. After screening, a total of 830 papers were obtained (Table 1), of which 688 were “articles” and 142 were “reviews”. Two researchers (SY and SH) independently performed the search and data extraction. We extracted the information such as titles, authors, institutions, countries, publication years, keywords and so on, and saved it in text format.


Table 1 | Search quires and refinement procedure.





2.2 Data analysis and parameter query

Bibliometrix analysis was performed using a specific program from Bibliometrix R package based on Rstudio (version 2022.03.10, RStudio team, Boston, MA, USA), CiteSpace (version 6.1.R2), VOSviewer (version 1.6.18, Leiden University Science and Technology Research Center, The Netherlands) and Microsoft Excel 2019 (Microsoft, Redmond, Washington, USA). VOSviewer and CiteSpace are developed for building and visualizing bibliometric networks. The Bibliometrix R package provides a suite of tools for quantitative research in scientometrics. Each software allows for the construction and visualization of bibliometric networks to facilitate understanding of TCM/GM. Specifically, the distribution of each component analyzed in the bibliometric analysis was assessed by a software package applying machine learning. For this, we used the following variables: annual scientific production, average citations per year, most relevant sources, source dynamics, most local impact source by H-index or total citations (TC), most relevant authors, top authors’ production over time, author local impact, country scientific production, most relevant affiliations, collaboration network by countries, corresponding author’s country, historical direct citation network, most global cited documents, most relevant keywords, cluster analysis. The journal impact factor (IF) and partition can be found in the “Journal Citation Reports ™ 2021”.




3 Results


3.1 Annual publication trends in TCM/GM

Figure 1A shows the number of papers (Np) from 2004 to 2021 in TCM/GM research. The annual growth rate in Np was 29.71%, and the doubling time of the Np appeared in 2018. From 2004 to 2010, the annual Np and total Np (n=27, 3.25%) for this period were very small, the average annual Np was 2.14 and relative annual growth rate was 8.89%, indicating that TCM/GM research was in its infancy. The annual Np and total Np (n=176, 21.2%) in this period increased slowly from 2011 to 2017, the average annual Np was 32.14 and relative annual growth rate was 30.77%. From 2018 to 2021, the annual Np and total Np (n=627, 75.5%) for this period increased rapidly, the average annual Np reached 180.75 and relative annual growth rate was 60.03%.




Figure 1 | (A) Annual scientific production and cumulative scientific production of publications in TCM/GM. (B)The average citations per article and average citations of articles per year in TCM/GM.



Figure 1B shows the average citations per article and the average citations per year. In 2004 and 2019, the average citations per article were rather high (but the Np was small), indicating that some papers in these years may have important guiding and pioneering significance. In 2015 and 2018, the average citations per year were rather high, indicating that some papers in these years had significant relevance. From 2004 to 2018, the number of citations per year showed an upward trend. After 2018, the average citations per year showed a downward trend, which is exactly the opposite of the annual Np, which is considered likely to be associated with fewer citations for the latest publications.



3.2 Characteristics of papers in TCM/GM


3.2.1 Main authors

Table 2 lists the top 10 authors and their H-index and TC, of which Duan Jin-ao (n = 24), Jiang Shu (n = 17), Qian Da-wei (n = 16), Shang Er-xin (n = 16), Li, Xiao-bo (n = 15) ranked the top five in the Np. Duan Jin-ao from Nanjing University of Chinese Medicine had the most Np and H-index, and Tong Xiao-lin from China Academy of Chinese Medical Sciences had the most TC, indicating that their papers were of high quality and had a great impact on TCM/GM research. Notably, half of the authors were from Nanjing University of Chinese Medicine. Moreover, there were two authors from South Korea.


Table 2 | The top 10 productive authors in the TCM/GM.



Figure 2A shows the annual scientific productivity of the top 20 authors. Most authors had published TCM/GM-related papers since 2014, and most authors’ influential papers were published in 2018 and 2019 (the darkest in the graph). Figure 2B shows the collaborations of the top 20 authors. Among them, the cooperation group with Duan Jin-ao as the core had the most collaborators, and most of the collaborators belong to the same institution (Nanjing University of Chinese Medicine), showing the tendency for cooperation within the institution.




Figure 2 | (A) The top 20 authors’ annual publications over time in TCM/GM (the size of the circle represents the number of publications, and the larger the circle, the more the number of publications; the depth of the circle represents the average annual citation, and the darker the color, the more citations). (B) The top 20 authors’ co-authorship network (remove isolated nodes) in TCM/GM (each node represents an author, the size of the node represents the number of published articles, the line represents the collaboration network between authors, and the thickness of the line represents the strength of collaboration).





3.2.2 Major countries/regions and institutions

Figure 3A shows the country distribution of papers. The papers were mainly from China (716), accounting for about 86.27% of total output, followed by USA (n = 58), South Korea (n = 44), Japan (n = 26) and Australia (n = 12) (Table 3). More than 800 institutions were involved in this study, and the top 10 most productive institutions were shown in Table 3, of which Nanjing University of Chinese Medicine (n = 63), Beijing University of Chinese Medicine (n = 59), Chinese Academy of Sciences (n = 47), Shanghai University of Traditional Chinese Medicine (n = 46) and China Academy of Chinese Medical Sciences (n = 43) were among the top five. The top 10 institutions all were from China, of which Chinese Academy of Chinese Medical Sciences had the most TC and Nanjing University of Chinese Medicine had the highest H-index.




Figure 3 | (A) Country scientific production and international collaboration network in TCM/GM (the red line represents the collaboration network between countries, the thickness of the line represents the strength of collaboration). (B) Collaboration network of the top 20 corresponding institutions in TCM/GM. (C) Annual scientific production of the top 10 most productive institutions over time in TCM/CM based on WoS (the size of the circle represents the number of publications, and the larger the circle, the more the number of publications). (D) The top 10 funding agencies in the support of TCM/GM research.




Table 3 | The top 10 productive countries/regions and institutions involved in the TCM/GM.



Figure 3B depicts the partnership of the top 20 institutions in TCM/GM. Among them, Beijing University of Chinese Medicine and China Academy of Chinese Medical Sciences had the closest partnership. Figure 3C shows the annual scientific productivity of the top 10 institutions. We can see that Beijing University of Chinese Medicine had the most Np in the past two years. Figure 3D depicts the main funding agencies, which mainly were from China, especially the National Natural Science Foundation of China (accounting for 54%), indicating that China has strong support for research in related fields.



3.2.3 Main journals

These papers were published in 241 journals. Table 4 shows the top 10 journals in the Np, of which Journal of Ethnopharmacology had the most Np (n = 82), followed by Frontiers in Pharmacology (n = 62), Evidence-Based Complementary and Alternative Medicine (n = 57) and Biomedicine & Pharmacotherapy (n = 32). The TC can show the importance of the journal, and the H-Index can evaluate the academic influence of journals. In the top 10 most productive journals, the Journal of Ethnopharmacology had the highest TC and H-index, followed by Frontiers in Pharmacology, and the Journal of Pharmaceutical and Biomedical Analysis. Figure 4 summarizes the annual Np and the cumulative Np in the top 10 journals. The cumulative Np in these journals was 376, accounting for about 37.94% of all papers, indicating that their excellent productivity.


Table 4 | The top 10 productive journals in the TCM/GM.






Figure 4 | (A) The top 10 journals’ annual publications over time in TCM/GM (the size of the circle represents the number of papers, and the larger the circle, the more the number of papers). (B) The cumulative number of papers of the top 10 journals in TCM/GM.






3.3 Analysis of cited papers in TCM/GM


3.3.1 Historical cited papers of TCM/GM research

Historical direct citation analysis can quickly identify the most relevant and cited significant papers in the development process of a field, draw a historical direct citation map according to the time series, and then trace the source year by year to analyze the historical development. Figure 5 shows the citation relationship of several classic papers, which appeared from 2009 to 2019. Two indicators, local citation score (LCS) and global citation score (GCS), were used to examine the research importance of the classic papers. LCS corresponds to the citations of a paper in the downloaded dataset, and GCS represents the times a paper had been cited by all papers in the WoS database (Table 5).




Figure 5 | Historical direct citation network in TCM/GM (each paper is represented by the first author and year, grey lines between points indicate citation relationship, and the papers corresponding to each serial number are shown in Table 7).




Table 5 | The papers of historical direct citation network in the TCM/GM.



In 2009, a review paper titled “Traditional Chinese Medicine: Balancing the Gut Ecosystem” proposed that TCM plays an important role in restoring the gut ecological balance, and the multi-channel regulation of the human gut ecosystem may be a large part of the efficacy during TCM treatment (Li et al., 2009). In 2011, a review article showed that GM can induce comprehensive metabolism of herbal components and enhance the biological activity of ginsenosides (Wang et al., 2011). In 2013, a study showed that Chinese herbal formula can improve the GM in rats with non-alcoholic fatty liver disease (NAFLD) and return it to normal levels (Yin et al., 2013). In 2014, a clinical study showed that Ephedra sinica can exert an anti-obesity effect by regulating the GM of obese women (Kim et al., 2014). An in vitro study demonstrated that the presence of GM plays an important role in the gastrointestinal metabolism of the water extract of root of Scutellaria baicalensis (Xing et al., 2014). In 2015, an experimental study showed that Red Ginseng and Semen Coicis can improve the structure of GM, promote the growth of probiotics such as Bifidobacterium and Lactobacillus, and relieve the symptoms of ulcerative colitis (UC) (Guo et al., 2015). A clinical study showed that structure changes of GM (an increase in beneficial bacteria) induced by Gegen Qinlian Decoction (GQD) were associated with its anti-diabetic effect (Xu et al., 2015), which provided an important reference for TCM microecology research. In 2016, A review article on herb-microbiota interactions showed that TCM can play a role in promoting health and preventing diseases by affecting the structure of GM, and some herbal components can play their therapeutic roles through the GM-mediated biotransformation (Chen et al., 2016). Zhou et al. (2016) found that Ginseng polysaccharides can improve intestinal metabolism and absorption of ginsenosides, reinstate the disturbed GM, and promote the growth of Lactobacillus and Bacteroides. This study showed that even TCM polysaccharides that cannot be digested by the host can still indirectly promote the therapeutic effect, which endows TCM polysaccharides with new effects. Hussain et al. (2016) showed that Daesiho-tang reduced obesity in high-fat diet (HFD)-fed mice by altering gene expression and modulating GM. In 2017, a review article provided an overview of the molecular mechanisms underlying the interaction between TCM and GM (Xu et al., 2017). The other review article summarized herbal and functional foods for the prevention and treatment of cardiometabolic diseases by modulating GM and exerting prebiotic-like activities (Lyu et al., 2017). A study confirmed that Huangqin Decoction can improve dextran sulphate sodium (DSS)-induced colitis by altering the GM (Yang et al., 2017). An animal study demonstrated that the synergistic effect of metformin and Scutellaria baicalensis in lowering cholesterol levels by fecal excretion of bile acids (Han et al., 2017).

In 2018, an animal experiment showed Huang-Lian-Jie-Du Decoction (HLJDD) could improve hyperglycemia and restore the structure and function of dysregulated GM to a normal state by increasing short-chain fatty acids (SCFAs)-producing bacteria and reducing pathogenic bacteria in type 2 diabetes mellitus (T2DM) rats, which provides new ideas for the study of the mechanism of TCM in the treatment of T2DM (Chen et al., 2018). Gao et al. (2018) found that Qijian Mixture can effectively alleviate T2DM, and this effect was related to the altered characteristics of metabolite profiles and GM. Wei et al. (2018) showed that Xiexin-Tang could significantly improve hyperglycemia, lipid metabolism dysfunction and inflammation in T2DM rats, and some GM were closely related to T2DM-related indicators. Subsequently, a clinical trial (Tong et al., 2018) showed that the TCM compound AMC can reduce the hyperlipidemia in patients with diabetes by changing the structure and diversity of the GM and regulating the probiotics of GM. A further animal experiment (Shen et al., 2018) demonstrated that Ginseng polysaccharides can alleviate DSS-induced colitis and enhance the systemic exposure of Rb1 by enhancing microbial deglycosylation and intestinal epithelial uptake of Rb1. The theory of “eighteen incompatible medicaments” in TCM is the most representative case of herbal-herbal interactions. Gancao and Gansui are one of the incompatible herbal pairs. Yu et al. (2018) showed that the Gancao-Gansui combination did not exacerbate gastrointestinal tissue or functional damage, but caused GM dysbiosis and increased the abundance of some rare genera such as Desulfovibrio and Mycoplasma. In 2019, a study (Wu et al., 2019) revealed the Parabacteroides goldsteinii plays a major role in the anti-obesity effect of polysaccharides isolated from Hirsutella sinensis. The other study (Sun et al., 2019) showed that an insoluble polysaccharide in sclerotia of Poria cocos can ameliorate hyperglycemia, hyperlipidemia and hepatic steatosis in mice by modulating GM. Two reviews (Feng et al., 2019; Yue et al., 2019) summarized the interactions between TCM and GM, including its theory, mechanism, and the future prospects and challenges of GM in TCM.



3.3.2 Top 20 most cited original research articles in TCM/GM

Highly cited papers are one of the most valuable indicators in bibliometric methods, which usually are highly recognized. Table 6 lists the top 20 most cited papers in original research. Some papers have been outlined above, for instance, TCM can improve diabetes and insulin resistance (Xu et al., 2015; Liu et al., 2018; Tong et al., 2018; Wei et al., 2018), obesity (Kim et al., 2014; Wu et al., 2019), colitis (Guo et al., 2015; Yang et al., 2017) by adjusting the GM, here we analyze some other highly cited papers.


Table 6 | The top 20 cited original research articles related to the TCM/GM.



Highly cited papers mainly focused on the effect of TCM on GM to improve obesity and obesity-related diseases. A 2015 animal study (Chang et al., 2015) found Ganoderma lucidum could reduce obesity in mice by modulating GM, which had the highest TC. It pointed out a new direction for studying the mechanism of TCM, and has important guiding significance for TCM microecology research. Furthermore, oral administration of pomegranate peel extract can alleviate tissue inflammation and hypercholesterolemia in HFD-induced obese mice by modulating GM and promoting the growth of Bifidobacteria (Neyrinck et al., 2013). The effect of berberine on preventing obesity and insulin resistance in HFD-fed rats is partially mediated by the GM, which may reduce the exogenous antigen load of the host and increase the SCFAs level in the gut (Zhang et al., 2012). An insoluble polysaccharide from the sclerotium of Poria cocos can improve hyperglycemia, hyperlipidemia and hepatic steatosis by regulating GM (Sun et al., 2019). Fructooligosaccharides from Morinda officinalis can exert prebiotic effects on animal models of Alzheimer’s disease by targeting the microbiota-gut-brain axis (Chen et al., 2017). Moreover, probiotics combined with TCM had synergistic modulatory effects on GM, and TCM seems to act as a potential substitute for probiotics. A clinical trial (Lee et al., 2014) showed that co-administration of probiotics with herbal remedies had an effect on the GM in obese patients, resulting in significant reductions in body weight and waist circumference, which was important for the exploration of new prebiotics.

Several articles mentioned the relationship between GM and TCM in other aspects. For example, eugenol may enhance the mucosal barrier by increasing the thickness of the inner mucus layer through microbial stimulation, thereby preventing invading pathogens and diseases (Wlodarska et al., 2015). The metabolism of human GM plays an important role in the anti-inflammatory effect of traditional tannin-rich plant materials (Piwowarski et al., 2014). GM can play an important role in chemical prevention of colon cancer in Scutellaria baicalensis (Wang et al., 2015). Mushroom polysaccharides from Ganoderma lucidum and Poria cocos act as prebiotics to regulate GM composition, thus potentially contributing to the health promotion effect (Khan et al., 2018). Human GM has an impact on the metabolism and transformation of natural products, such as a study showing that intestinal bacteria play an important role in the metabolism and pharmacological effects of rhamnoglycosides (Bang et al., 2015).



3.3.3 Most local cited references and analysis of burst references

Figure 6A shows the references with the most citations. In 2006, a mouse study (Turnbaugh et al., 2006) identified the GM as a contributing factor in the pathophysiology of obesity, which showed that obesity-associated GM had enhanced and transmissible ability to obtain energy from diet, and compared to ‘lean microbiota’, colonization of ‘obese microbiota’ in germ-free mice can result in a significantly greater increase in body fat. A clinical study (Ley et al., 2006) showed that the relative proportion of Bacteroides was reduced in obese people compared to lean people, and that this proportion increased with weight loss on two types of low-calorie diet. In 2010, Caporaso JG et al. (Caporaso et al., 2010) developed QIIME, which allows analysis of high-throughput community sequencing data. A 2012 clinical metagenome study (Qin et al., 2012) of the GM in T2DM suggested that gut microbial markers may help to classify T2DM. In 2015, Chang et al. (2015) verified Ganoderma lucidum could reduce obesity in mice by modulating the composition of GM. Xu et al. (2015) found that GQD could enrich the population of beneficial bacteria, such as Faecalibacterium, which is associated with its anti-diabetic effect. In 2017, a review article (Xu et al., 2017) provided a detailed description of the molecular mechanisms underlying the interactions between TCM and GM.




Figure 6 | (A) The most cited references and citations (frequency ≥ 40). (B) The top 20 references with the most bursts (The years between ‘start’ and ‘end’ represent the period in which references are more influential. The years with light green indicate that the references have not yet appeared, the years with dark green indicate that the references have less influence, and the years with red indicate that the references have more influence).



Figure 6B shows the top 20 references with the most bursts in this study. As shown in Figure 6B, most of the valuable burst references were from Nature and its sub-journals, showing the important inspiration of high-impact journals for TCM/GM research. In 2011, A review article (Han et al., 2011) mentioned that modulating GM may act as an anti-diabetic mechanism of berberine, providing a new explanation for the therapeutic effects of berberine. In 2012, two papers in Nature suggested that patients with T2DM were characterized by the GM dysbiosis, a decrease in the abundance of some commonly butyrate-producing bacteria, and an increase in various opportunistic pathogens (Qin et al., 2012); there are functional interactions between the GM and host metabolism (Tremaroli and Bäckhed, 2012). A review article (Clemente et al., 2012) in Cell detailed the important role of human GM in host health and specified changes of GM associated with disease. In 2013, a study (Everard et al., 2013) showed that the abundance of Akkermansia muciniphila was reduced in obese and T2DM mice, but prebiotic feeding normalized its abundance, which was associated with an improved metabolic profile. Two reviews (Shen et al., 2013; Zhao, 2013)explored the interrelationships between the GM, obesity and insulin resistance. In 2014, an article (Shin et al., 2014) showed that metformin treatment can increase Akkermansia, which may be associated with improved glucose homeostasis in diet-induced obese mice. Diet can rapidly and reproducibly alter the GM (David et al., 2014). In 2015, a study (Canfora et al., 2015) showed that GM metabolites SCFAs played an important role in control of body weight and insulin sensitivity. An experimental study (Feng et al., 2015) revealed that the GM can convert berberine into a form that can be absorbed by the gut. In 2018, a clinical study in Science suggested that dietary fiber can selectively boost GM to alleviate T2DM. It can be seen that most of the papers come from the research on GM in modern medicine, especially the correlation study between GM and obesity, indicating that modern medicine has important enlightening significance for TCM research.




3.4 Analysis of keywords in TCM/GM


3.4.1 High-frequency keywords and burst keywords

A total of 4049 keywords (1951 author’s keywords and 2118 keywords plus) were extracted from the imported papers. Figure 7A depicts the author’s keywords and keywords plus with the top 50 frequencies. Among author’s keywords, the most used keywords (exclude search terms) were “inflammation”, “ulcerative colitis”, “obesity”, “berberine”, “insulin resistance”, “type 2 diabetes”, “inflammatory bowel disease”, “irritable bowel syndrome”, “non-alcoholic fatty liver disease”, “metabolomics”, “metabolism”, “metabolites”, “pharmacokinetics”, “short-chain fatty acids”, “oxidative stress”, etc. Among keywords plus, the most used keywords (exclude search terms) were “inflammation”, “metabolism”, “metabolomics”, “expression”, “health”, “oxidative stress”, “obesity”, “chain fatty-acids”, “mechanisms”, “insulin-resistance”, “inflammatory bowel disease”, “antioxidant”, “flavonoids”, etc.




Figure 7 | (A) Distribution of top 50 keywords in TCM/GM (exclude main search terms, the upper part is the author keywords, and the lower part is the keywords plus). (B) The top 20 keywords with the most bursts base on CiteSpace (The year between ‘start’ and ‘end’ represents the period in which keywords are more influential. The year with light green indicates that the keywords have not yet appeared, the year with dark green indicates that the keywords have less influence, and the year with red indicates that the keywords have more influence). (C) Cluster analysis of high-frequency keywords (frequency ≥ 10) in TCM/GM (different colors represent different clusters, the size of the circle represents the frequency the keywords appear, and the thickness of the line represents the total link strength between keywords). (D) Trends in keywords (frequency ≥ 10) over time base on VOSviewer (the blue dots represent the earliest keywords and the yellow dots represent the latest keywords).



Through keywords with the most bursts detection, we can understand the development and changes of research hotspots, trends, and frontier dynamics within a certain period of time. A total of 20 burst keywords in this study were obtained, as shown in Figure 7B. The result showed that in the early days (before 2016), the effect of GM on the metabolism and biotransformation of TCM ingredients especially panax ginseng compounds K (one of the metabolites of ginsengoside) and flavonoids was the main focus. In the past few years (after 2016), the research focus was mainly on the effects of TCM on the GM of HFD-induced animal models, and the mechanism and clinical research of regulating GM imbalance to prevent and treat HFD-induced glycolipid metabolism diseases and inflammatory bowel disease (IBD). TCM/GM research had gone through the stage from pharmaceutical research to preclinical research, and finally to clinical research.



3.4.2 Cluster and trends analysis of high-frequency keywords

Based on the frequency of two or more keywords appearing at the same time, clustering analysis is carried out. This study treated each clustered keyword as a category, then merged it into the cluster with the highest similarity, finally classified all individuals into a category base on same color. Figure 7C shows the clustering results in TCM/GM, which can be divided into three categories.


Cluster 1 (blue topic)

This category was mainly about the interactions between TCM and GM plays an important role in glycolipid metabolic diseases and explains the mechanism of interplay. (Keywords: inflammation, obesity, berberine, mechanisms, insulin-resistance, diet-induced obesity, high fat diet, fatty liver disease, type 2 diabetes mellitus, metabolic syndrome, polysaccharide).



Cluster 2 (red topic)

This category was mainly about the relationship between GM, TCM and lower gastrointestinal diseases. (Keywords: fecal microbiota, herbal medicine, probiotics, inflammatory-bowel-disease, ulcerative-colitis, irritable-bowel-syndrome, efficacy, association, mechanisms, short-chain fatty acids, pathogenesis, expression, health, disease, bile-acids, barrier function).



Cluster 3 (green theme)

This category is mainly related to metabolism of TCM and GM-mediated metabolite, as well as GM-mediated pharmacokinetics and biotransformation of TCM. (Keywords: oxidative stress, antioxidant, identification, flavonoids, pharmacokinetics, biotransformation, liquid chromatography, mass spectrometry, panax ginseng, apoptosis).

Overlaid visual maps, similar to concurrency graphs, are an effective way to predict future trends and hotspots. VOSviewer uses different colors for each keyword in the images based on the average time they appear in all included publications, as shown in Figure 7D, where the blue circles represent the earliest keywords and the yellow circles represent keywords appear in recent years. From 2016 to 2020, there are relatively unbalanced development dynamics in three clusters, more yellow nodes are in the cluster 1 and 2. This showed that clinical research has become a research hotspot in recent years.






4 Discussion

TCM has been widely used worldwide as a complementary alternative therapy because of its clinical efficacy and reduced side effects for thousands of years, but the mechanisms by which TCM prevents and treats disease remains unclear (Xu et al., 2017). In recent years, with the rapid development of high-throughput sequencing, 16S rRNA detection technology and bioinformatics methodology (Caporaso et al., 2010; Qin et al., 2012), people have gradually realized that GM plays an important role in the TCM treatment of disease (Lin et al., 2019; Zheng et al., 2020). Along with this, how TCM regulates the GM to achieve the effect of curing diseases has also become a hot topic that needs to be solved. To better understand the interactions between GM and TCM, we reviewed and analyzed related research papers and summarized the influence of GM on TCM by means of bibliometric methods, and discussed the mechanism of the interactions between the GM and TCM, and provides information for the development, utilization and modernization of TCM.


4.1 Current status and characteristics of literature

The number of publications in TCM/GM can reflect the development stage it had experienced. From the annual Np, 2004-2010 belonged to the initial stage of TCM/GM research. During this period, the GM research had just started, such as the official launch of the Human Microbiome Project and the China-France human intestinal metagenome research cooperation program in 2007. 2011-2017 was in a steady and slow development stage, which showed a consistent trend with the development of GM research (Yuan et al., 2021). And 2018 to present was in a stage of rapid development, which may be due to the rapid development of GM research and modernization of TCM, as well as the increasing interest of researchers in TCM/GM.

The study showed that the papers related to TCM/GM mainly came from China, followed by the US, South Korea and Japan. The top 10 institutions were all located in China, demonstrating good scientific research capabilities of China in TCM/GM. China had the most publications and was at the core of global cooperation, which can be related to long application history of TCM and the high attention and financial support of the government and community of China on the GM program such as funding and technical support of the National Natural Science Foundation and the Chinese Academy of Sciences Microbiome Program initiated in 2017. Nanjing University of Chinese Medicine and Beijing University of Chinese Medicine, as the top Chinese medicine universities in China, had published the most articles. Moreover, Nanjing University of Chinese Medicine published the most papers and had the highest H-index and most high-yield authors, showing its outstanding contribution to TCM/GM research.

The most productive author was Duan Jin-ao, who had contributed to the field of TCM/GM and was a leading pioneer in the study of the relationship between GM and TCM, especially the research of TCM metabolomics (Xiao et al., 2020; Zhang et al., 2021) and “eighteen incompatible medicaments” (Yu et al., 2018; Yu et al., 2019), and was at the core of the collaborative relationship between authors. Li Xiao-bo from Shanghai Jiao Tong University mainly focused on the GM of spleen deficiency syndrome and the intervention mechanism of Sijunzi decoction (Peng et al., 2020; Ma et al., 2021). Kim, Hojun from Dongguk University was mainly engaged in the research of TCM to improve obesity and metabolic syndrome by regulating GM (Kim et al., 2014; Hussain et al., 2016), while Kim, Dong-hyun from Kyung Hee University was busy studying the role of TCM metabolites in the treatment of diseases such as colitis (Kim et al., 2008; Jang et al., 2019). In terms of the impact of papers, Tong Xiao-lin from China Academy of Chinese Medical Sciences had the highest TC, who has long been engaged in clinical and scientific research on diabetes and its complications. Tong Xiao-lin published many highly cited papers (Xu et al., 2015; Tong et al., 2018) on diabetes, GM and TCM, his papers mainly focused on TCM/GM clinical research. Hsin-Chih Lai from Chang Gung University in Taiwan also had published many highly cited and influential papers (Chang et al., 2015; Wu et al., 2019) as the corresponding author. His papers mainly explored the relationship between GM and TCM such as Ganoderma lucidum and Hirsutella sinensis from the perspective of causality by fecal microbiota transplantation and antibiotic treatment rather than association in ordinary research, which has important inspiration for future research.

The study showed that the Journal of Ethnopharmacology had the most Np, the highest TC and H-index, which mainly focuses on the biological activities of plant and animal medicines used in traditional medicine in the past and present, aiming to promote the development of ethnopharmacology and is a representative journal in the field of complementary medicine. Moreover, Frontiers in Pharmacology, Evidence-Based Complementary and Alternative Medicine, and Biomedicine & Pharmacotherapy also were relatively productive, Pharmacological Research had the highest IF. These journals are internationally renowned and have greater international influence in TCM research, which can provide a reference for the publication of articles in related fields. Meanwhile, we can also see that although most TCM/CM articles were published in China, there was a lack of influential international journals, and it is necessary to improve the international influence of Chinese journals.



4.2 Research hotspots and trends

High-frequency keywords are often used to identify hot topics of a field, while cluster analysis is mainly used to find the distribution of main research contents under the research topics. High-frequency keywords co-occurrence and cluster analysis results showed the hotspots and main research contents in TCM/GM, mainly related to the role of GM in TCM treatment of glucolipid metabolic disease and lower gastrointestinal diseases, the mechanism of interactions between GM and TCM to treat diseases, the links between TCM/GM and metabolism, and the relation between GM and the oral bioavailability of TCM.


4.2.1 The role of GM in the TCM treatment of diseases

Metabolic diseases such as obesity, T2DM and hyperlipidemia are associated with GM dysfunction. TCM such as berberine has shown considerable efficacy in the treatment of metabolic disorders by modulating GM (Yang et al., 2021; Zhang et al., 2021). (1) Obesity and Lipid Metabolism: Human GM associated with obesity has been studied earlier (Ley et al., 2006; Tremaroli and Bäckhed, 2012; Zhao, 2013; Shin et al., 2014). Some studies showed that TCM such as Celastrol (Hua et al., 2021), Ganoderma lucidum (Chang et al., 2015) and Daesiho-Tang (Hussain et al., 2016) can attenuate HFD-induced obesity by remodeling GM to inhibit lipid absorption. Moreover, Liu et al. (2019) showed that Coix seed can be used as a prebiotic preparation to reduce body weight and prevent obesity-related metabolic disorders. Wu et al. (2021) found that Bupleurum radix extract can improve the impaired lipid metabolism in HFD-induced obese mice through regulation of GM-mediated FGF21 signaling pathway. Er-Chen Decoction has a beneficial effect on obesity, especially lipid metabolism disorder, which is related to the regulation of GM (Zhao et al., 2021). A meta-analysis showed that oral TCM preparations could improve lipid metabolism disorders in patients by regulating GM (Gong et al., 2022). (2) T2DM and Insulin Resistance: Many herbal monomers and formulations can pass the “bacteria-mucosal immunity-inflammation-diabetes” axis to improve glucose metabolism and treat diabetes (Gao et al., 2017; Zheng et al., 2020). Cao et al. (2019) found that Jinqi-Jiangtang Tablet may improve the insulin sensitivity of T2DM mice by improving the GM and promoting the production of SCFAs. Zheng et al. (2020) showed that Bu-Zang-Tong-Luo Decoction has a beneficial effect on diabetic hindlimb ischemia by remodeling the structure of GM. Wang et al. (2019) reported that Ophiopogon japonicus tuber polysaccharide can be used as a new type of functional food to prevent diabetes-related GM dysbiosis and metabolic disorder. Berberine can ameliorate liver injury-induced glucose and lipid metabolism disorders by alleviating ER stress in hepatocytes and regulating GM (Yang et al., 2021). A meta-analysis showed that TCM could regulate GM and improve glucose metabolism in T2DM patients (Zheng et al., 2021). (3) NAFLD: GM is an important target for the TCM treatment of NAFLD (Ma et al., 2017). For instance, Ginsenosides can improve NAFLD through the comprehensive regulation of GM, inflammation and energy homeostasis (Liang et al., 2021). Gypenosides can modulate GM to attenuate disease progression in mice with NAFLD (Huang et al., 2019). Sheng-Jiang Powder (Li et al., 2020) and GQD (Guo et al., 2018) can alleviate HFD-induced steatohepatitis and improve NAFLD by regulating GM. A review detailed the significance of GM in the pathogenesis of NAFLD and the current status of TCM treatment of NAFLD by regulating GM (Li and Hu, 2020).

Lower gastrointestinal diseases are also a hotspot in TCM/GM research, TCM can regulate GM to treat IBD (mainly UC), irritable bowel syndrome (IBS) and Colorectal cancer (CRC) (1). UC: GM dysbiosis is closely related to UC, and TCM can alter the composition of GM to treat UC by enriching beneficial bacteria or SCFA-producing bacteria and reducing pathogenic bacteria (Feng et al., 2022). For example, Rhubarb Peony Decoction can restore Th17/Treg balance by regulating GM to improve UC (Luo et al., 2019). Li-Zhong Decoction can improve UC by regulating GM and its metabolites. The combined treatment of probiotics and TCM can inhibit intestinal inflammation and reduce adverse events for UC (Hu et al., 2022). (2) IBS: Li et al. (2018) showed that Tong-Xie-Yao-Fang could reduce colonic serotonin levels and alleviate the symptoms of IBS by beneficially affecting GM. Chen et al. (2017) found that Wu-Ji-Wan may relieve IBS by regulating the GM and stabilizing the intestinal mucosal barrier. (3) CRC: Lv et al. (2019) showed that GQD can enhance the efficacy of PD-1 in CRC by remodeling the GM and tumor microenvironment. A further study (Li et al., 2020) showed that GQD can modulate the GM to enhance the immunity of CRC patients and protect the intestinal barrier function. Sui et al. (2020) found that YYFZBJS ameliorated CRC progression in mice by remodeling GM and inhibiting regulatory T cell generation.



4.2.2 Mechanisms of TCM to treat diseases by regulating GM

GM dysbiosis and altered metabolites can result in the promotion of endotoxin-mediated promotion of metabolic inflammation, destruction of the intestinal mucosal barrier, and decreased host anti-oxidative stress capacity, which are the main reasons for the link between GM and host diseases (Everard et al., 2013). However, excitingly, the interactions between TCM and GM may break this link by intervening in inflammation, metabolism, oxidative stress, and IMB. Many review articles (Xu et al., 2017; Feng et al., 2019; An et al., 2019; Lin et al., 2019; Zhang et al., 2019; Zhang et al., 2020; Gong et al., 2020) had outlined the interactions between TCM and GM (Table 7), including: (a) TCM can regulate the composition of GM and restore the balance of GM, such as increasing anti-inflammatory and SCFAs-producing bacteria and reducing pathogenic bacteria; (b) TCM can regulate the metabolism of GM by increasing the level of SCFAs, regulating bile acid (BA) metabolism, reducing the production of trimethylamine N-oxide (TMAO) and the release of inflammatory factors (Li et al., 2021); (c) GM can transform TCM compounds into metabolites and components with different bioavailability and bioactivity/toxicity and in turn improve the composition of GM; (d) GM can mediate interactions between multiple chemicals in TCM.


Table 7 | The review articles on mechanism of interactions between TCM and GM.



The specific mechanism of TCM regulating GM to treat diseases is complex, specifically, including the following aspects in our current research (Wu et al., 2019): (1) Anti-inflammatory: Inflammation regulation is the key to the efficacy of TCM/GM interaction. TCM can regulate the composition of GM and reduce inflammation caused by GM dysbiosis. For instance, berberine can modulate GM and inhibit the activation of TLR4 signaling pathway and the release of NLRP3 inflammasome and its cytokines (Zhao et al., 2022). GM plays an important role in anti-inflammatory function of berberine and luteolin (Cao et al., 2021; Franza et al., 2021). Kai-Xin-San can suppress the neuronal inflammation by regulating GM (Cao et al., 2020). Bofutsushosan can alter the GM by increasing Akkermansia muciniphila, and help reduce diet-induced inflammation (Fujisaka et al., 2020). Furthermore, the metabolism of GM also plays an important role in the anti-inflammatory effect of TCM (Piwowarski et al., 2014; Jang et al., 2019). (2) Anti-oxidative stress: There is growing evidence that some bacteria, such as Lactobacillus, Bifidobacterium and Akkermansia, and the bacterial metabolite butyrate have potential anti-oxidant properties, and as mentioned above, TCM can promote their increase. In addition, probiotics can reduce the level of intestinal oxidative stress through their own antioxidant enzymes and anti-oxidant metabolites, and some TCM such as mushroom polysaccharides from Ganoderma lucidum and Poria cocos (Khan et al., 2018), Fructooligosaccharides from Morinda officinalis (Chen et al., 2017) and Astragalus polysaccharides (Li et al., 2009) have probiotic-like effects and can play this function. (3) Protecting the intestinal barrier: The intestinal mucosal barrier (IMB) is the first line of defense against the invasion of commensal bacteria and pathogenic microorganisms. Under the influence of HFD, inflammatory stimulation, oxidative stress and other factors, the structure and function of IMB may be damaged, which may lead to intestinal injury (leaky-gut). Defects in IMB function are important factors leading to the development of diseases such as IBD. Some TCM can improve the IMB function by adjusting GM (Cao et al., 2019). For instance, Eugenol may enhance the IMB by increasing the thickness of the inner mucus layer through microbial stimulation, thereby preventing invading pathogens and diseases (Wlodarska et al., 2015). Scutellaria-Coptis (Zhang et al., 2020), Ginsenosides (Liang et al., 2021) and GQD (Li et al., 2020) can alleviate IMB damage by inhibiting inflammation and regulating GM.



4.2.3 The connection between TCM/GM and metabolites

TCM/GM-related metabolites are key factors in the curative effect of herbal medicines (Wang et al., 2019). Metabolomic analysis is an ideal method to identify changes in TCM/GM-related metabolites (Shen et al., 2018). The interactions of TCM and GM can lead to the increase or decrease of certain metabolites and the production of new metabolites or the disappearance of certain metabolites (Feng et al., 2019). The metabolites mainly include three categories (Feng et al., 2018): (a) metabolites that are transformed from TCM by the GM, such as compound K and baicalein; (b) metabolites that are secreted by the host and modified by GM, such as secondary bile acids; (c) metabolites that are synthesized by GM de novo, such as SCFAs and polysaccharide A.

Herbal compounds can be transformed by the GM (type a metabolites) or metabolized into other types of metabolites in a new scaffold (type c metabolites). On the one hand, GM is involved in the metabolism and biotransformation of TCM components such as flavonoids and ginsenosides by producing specific enzymes, such as reductase and hydrolase (Dey, 2019; Zhang et al., 2020; Xie et al., 2020). TCM-related metabolites mediated by GM can have better bioavailability and bioactivity than their parent compounds. For example, human GM can efficiently metabolize baicalin with minor anti-tumor effect to baicalein with potent anti-tumor effect (Wang et al., 2015). Some metabolites of herbal ingredients influenced by GM were demonstrated to be more cytotoxic to tumor cells than non-metabolites (Kim et al., 2008) and have higher anticomplementary and antimicrobial activity (Xing et al., 2014). The GM can convert berberine to a more easily absorbed but inactive metabolite dihydroberberine through enzymatic catalysis, which is then oxidized back to berberine and incorporated into the blood to exert pharmacological activity (Feng et al., 2015). In fact, under fermentation by the GM, TCM can be metabolized into various metabolites with a wide range of bioactivities to affect its efficacy and toxicity (Piwowarski et al., 2014; Lin et al., 2021). On the other hand, GM-related metabolites influenced by TCM can have a wide range of effects on the therapeutic or side effects of TCM. SCFAs are the major de novo metabolites associated with TCM and the most well-studied in TCM/GM over the past decade (Feng et al., 2018). SCFAs can regulate gut hormone production, gut integrity, energy homeostasis, appetite, and immune function (Canfora et al., 2015). The therapeutic effect of TCM can be partially achieved by affecting SCFAs (Zhang et al., 2012; Zhang et al., 2021). For example, after using Scutellariae radix, Coptidis Rhizoma and their combination, SCFAs-producing bacteria were significantly enriched in T2DM rats, while secondary bile acid-producing bacteria were significantly decreased (Xiao et al., 2020). Xiexin Tang (Wei et al., 2018; Zhang et al., 2021) and HLJDD (Chen et al., 2018) can significantly ameliorate the GM of T2DM rats, increasing the abundance of SCFAs-producing and anti-inflammatory bacteria. Moreover, berberine (Wang et al., 2017), Poria cocos (Sun et al., 2019) and Indigo Naturalis (Sun et al., 2020) can increase the abundance of butyrate-producing bacteria and promote the production of butyrate (a SCFA fermented by the GM), which may explain their therapeutic efficacy.



4.2.4 The relationship between GM and oral bioavailability of TCM

Notably, low oral bioavailability and bioactivity are a perplexing problem for some TCM. GM and its metabolism can directly or indirectly affect the biotransformation of TCM and reconcile the oral bioavailability conundrum of TCM (Chen et al., 2016; Xu et al., 2017; Zhang et al., 2020). This biotransformation may help explain the large interindividual variability in responses to TCM, as the composition of GM varies among individuals. Bioavailability is closely related to the blood concentration of TCM, which can directly reflect the efficacy and toxicity of most drugs and is regarded as an important factor in the evaluation of efficacy and safety.

A study (Kim et al., 2008) showed the GM may activate the pharmacological effects of TCM, and is a biocatalytic converter that converts herbal components into bioactive compounds. GM can induce comprehensive metabolism of herbal components and enhance the bioactivity of TCM such as ginsenosides (Wang et al., 2011). TCM is mainly taken orally. After the components of TCM are absorbed into the blood through the gastrointestinal tract, they are mainly metabolized in the liver, and finally generate a variety of metabolites. However, studies have shown that the bioavailability of most compounds in TCM is very low (Zheng et al., 2020). For example, the bioavailability of ginsenosides is typically around 0.1%–0.5% by oral administration (Liu et al., 2009) and the oral bioavailability of berberine is less than 1% (Chen et al., 2011). Flavonoids are key bioactive substances in herbal medicines with pharmacological potential, but their bioavailability is also low (Dey, 2019). Recent studies have shown that TCM ingredients inevitably come into contact with microorganisms in the gastrointestinal tract during oral administration, especially saponins with larger molecular weight, which are usually poorly absorbed in the intestinal tract, have low bioavailability and a relatively long retention time in the intestinal tract. Longer, more susceptible to the influence of GM. Under the action of GM, the components of TCM will undergo a series of structural changes, and the resulting transformation products may have better bioavailability or stronger biological activity than the original components (Kim et al., 2008; Feng et al., 2015; Dey, 2019). Furthermore, the potential of TCM as a therapeutic agent may not only depend on its bioavailability, but its medicinal value may also stem from its positive effects on GM-mediated gastrointestinal health (Lopresti, 2018).




4.3 Related research on specific areas of TCM/GM

Some articles may indicate future research trends, but there may be less chance of being cited. Therefore, we searched for articles and found representative papers among them. The specific studies are as follows:

(1) TCM Syndromes research: GM imbalance is an important part of TCM syndromes characteristic community. For example, GM imbalance and subsequent metabolic changes in patients with qi deficiency affected immunity and energy metabolism, thereby increasing the susceptibility to diseases (Ma et al., 2018). GM in patients with spleen deficiency syndrome (Peng et al., 2020), spleen-yang-deficiency syndrome (Lin et al., 2018), and kidney-yang deficiency syndrome (Chen et al., 2019) had changed, while TCM can help to restore the richness and diversity of GM in specific TCM syndromes (Zheng et al., 2020), which provided insights into the correlation between TCM syndromes and GM imbalance and a new method for further studying the pathogenesis of GM regulating specific TCM syndrome. Two studies have shown that GM can help to distinguish the two TCM syndromes of UC (Zhang et al., 2019) and colorectal cancer (Wang et al., 2020), which can be used as the biological basis for TCM syndrome differentiation and treatment of related diseases. (2) Acupuncture and Moxibustion research: Moxibustion may promote the repair of gastric mucosal injury by increasing the number and types of intestinal beneficial bacteria (He et al., 2019). Acupuncture can effectively alleviate insomnia and change the GM (Huangfu et al., 2019). Acupuncture at specific acupoints can delay the weight loss and tumor development of mice, and change the abundance of specific genera of GM (Xu et al., 2020). Moreover, acupuncture treatment may be an effective method to improve sleep disorders, and the mechanism may be related to the change of GM (Hong et al., 2020). (3) Integrative Chinese and western medicine study: GQD can enhance PD-1 blockade in CRC by remodeling GM (Lv et al., 2019). Berberine has potential benefits in combination with methimazole in modulating GM composition in the treatment of Graves’ disease (Han et al., 2021). In addition, complementary and alternative medicine prevention and treatment strategies such as TCM may help reduce antibiotic use (Baars et al., 2019). Notably, antibiotics disrupt the homeostasis of GM, thereby affecting the efficacy of TCM. Some studies have shown that TCM can reduce its efficacy when combined with antibiotics. For example, Kai-Xin-San can suppress the neuronal inflammation improved the depression-like behavior, while antibiotic treatment attenuated the antidepressant-like effect (Cao et al., 2020). Cassiae Semen had a hepatoprotective effect on NAFLD by modulating GM, and antibiotics can inhibit or eliminate this effect (Luo et al., 2021). Antibiotics can affect the metabolism and pharmacokinetics of the active ingredients of Scutellaria baicalensis, which should not be used in combination with antibiotics in clinical use (Xing et al., 2017). The method of combined application of TCM and western medicine to improve clinical efficacy still needs to be further explored.



4.4 Limitations of the study

This study still has some limitations. First, even though we have found the top cited articles, newly published papers may also have better influence but may be cited less frequently. Second, only the papers included in the SCI-E of WoSCC were searched, and some papers not included in the of WoSCC were not included in the analysis, which may cause some bias in the results. Third, only English literatures-included and the articles/reviews-based search strategy mean that a few articles involving TCM/GM may be ignored. Fourth, this study is only an analysis of research articles at the current stage. With the rapid development of TCM/GM research, more articles will be available for analysis.




5 Conclusion

In summary, with the help of scientometrics and visual analysis methods, this study preliminarily shows the global research status and trends of interactions between GM and TCM. The results show that in recent years, the research attention of TCM/GM has gradually increased. The TCM/GM research mainly focused on the effects of TCM on the GM of HFD-induced animal models, the mechanism of regulating GM imbalance to prevent and treat glucolipid metabolism diseases and lower gastrointestinal diseases, and the links among GM, metabolism, and oral bioavailability of TCM. In the future, TCM/GM research will delve into more diverse disease types, such as cancers, psychiatric and neurological disorders, and so on. Moreover, more in-depth research will work to identify specific bacteria and metabolites that affect the efficacy and toxicity of TCM, so as to better play the role of TCM treatment. All in all, GM provides a new opportunity for elucidating the mechanism of TCM in treating diseases. TCM can be also a treasure trove of potential prebiotics. GM, especially GM-related metabolites, may be key mediators linking TCM to host physiological states. Increasing explorations of TCM-GM interactions would have the opportunity to revolutionize the way we view TCM. GM-centric research could be the next breakthrough in TCM, and targeting the GM may become a new strategy for treating diseases through TCM in the future.
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The trend toward herbal medicine as an alternative treatment for disease medication is increasing worldwide. However, insufficient pharmacologic information is available about the orally taken medicines. Not only herbal medicine, but also Western drugs, when passing through the gastrointestinal tract, interact with trillions of microbes (known as the gut microbiome [GM]) and their enzymes. Gut microbiome enzymes induce massive structural and functional changes to the herbal products and impact the bioavailability and efficacy of the herbal therapeutics. Therefore, traditional Chinese medicine (TCM) researchers extend the horizon of TCM research to the GM to better understand TCM pharmacology and enhance its efficacy and bioavailability. The study investigating the interaction between herbal medicine and gut microbes utilizes the holistic approach, making landmark achievements in the field of disease prognosis and treatment. The effectiveness of TCM is a multipathway modulation, and so is the GM. This review provides an insight into the understanding of a holistic view of TCM and GM interaction. Furthermore, this review briefly describes the mechanism of how the TCM–GM interaction deals with various illnesses.
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1 Introduction

Traditional Chinese medicine (TCM) is a medicinal system that is thousands of years old and has been widely adopted for treating diseases. The precarious therapeutic approach of Western medicine has limited TCM application to the Chinese people only. To make TCM a good competitor with Western medicine, the Chinese government has established 16 TCM centers to modernize TCM application (Feng et al., 2017). Toward the moderation of TCM, OMICS is one of the imperative fields of research that can search for potential targets on which TCM acts and trigger downstream signaling cascades (Joshi et al., 2010).

Unlike Western drugs, TCM holistically improves body physiology against diseases and, therefore, is prescribed for holistic characterization of the patient’s syndrome by following the yin and yang and five elements theory, visceral meridian theory, etiology and pathogenesis theory, diagnosis, and therapy theory (Huang K. et al., 2021). TCM can be available in the form of decoction, powder, pill, and paste. Interestingly, the same ingredients can compose a prescription; however, different dosages can have distinct functions.

A bigger part of TCM is orally taken, which then passes through physiological changes, mainly, through the enzymatic activities that are secreted by trillions of gut-residing microbes (known as gut microbiota [GM]) and host cells. These activities can remodel the functional constituents of TCM. Importantly, GM display a critical role in host health even in the occurrence of disease. It is estimated that GM constitutes about 43% of the human body by cell count and encodes 100 times more genes than our body genes (Knight et al., 2017). According to the latest statistics, the human microbiome encodes 2-20 million genes, surpassing ∼20,000 human genes (Knight et al., 2017). These microbial genes are presented to hosts for various functions, including digestion, metabolism, and immune system maturation (Cani, 2009). The human GM (approximately 99%) is composed of bacteria. And, among the body parts, the gastrointestinal tract is more densely populated. These commensals inhabit the human gut with a magnitude of about 100 billion to 1 trillion bacterial cells in one gram of human stool (Hugon et al., 2015). A balanced GM is key to host health, and any dysbiosis in gut microbial composition could put the host at a risk for obesity, inflammatory bowel disease, diabetes, autism, rheumatoid arthritis, and colorectal cancer (CRC) (Musso et al., 2010; Stefka et al., 2014; Sun and Kato, 2016; Maeda and Takeda, 2017).

Most importantly, TCM–GM research is updating our understanding of disease prognosis and treatment. A growing trend is developing among TCM researchers to define the pharmacology of orally taken TCM by harnessing the potentials of the GM. TCM interacts with trillions of gut-residing microbes and their enzymes that present massive structural and functional changes. These microbes can affect the bioavailability and efficacy of the herbal therapeutics. Not only herbal medicine, but also the efficacy of Western medicines relies on the GM. For instance, the efficacy of cyclophosphamide, an anticancer immune-suppressant drug, is dependent on two intestinal commensals called Enterococcus hirae and Barnesiella intestinihominis (Viaud et al., 2013). This interaction also unmasks the holistic therapeutic approach of TCM and reveals the vital role of GM. With a growing understanding of TCM–GM, various GM-based therapeutic approaches are developing. However, being a new topic, there are questions that still need to be addressed: (a) How does TCM remodel GM diversity and composition? (b) How can the GM remodel TCM constituents and their function? (c) Does TCM function as a growth substrate for the GM? Nevertheless, the study of GM–TCM interaction has opened an exciting avenue for drug discovery and new drug targeting (El Kaoutari et al., 2013) (Chen F. et al., 2016). This review focuses on highlighting key achievements from TCM–GM research.



2 TCM–GM interaction

TCM–GM interaction employs a comprehensive approach and is making groundbreaking achievements in the field of disease prognosis and treatment. Since targeted intervention for remodeling GM composition has shown encouraging results in the field of disease prevention and treatment, in this regard, TCM has become one of the approaches through which GM composition is targeted and remodeled for predetermined therapeutic outcomes. Various TCM components, such as dietary fiber, phenolic compounds, and undigested carbohydrates, are proven to upregulate the growth of beneficial intestinal microbes, improve gut homeostasis, and alleviate disease symptoms (Makki et al., 2018). For example, several studies show GM remodeling effects of saponins, naturally occurring compounds extracted from a Chinese medicinal herb (known as Gynostemma pentaphyllum). Saponins are reported to facilitate the growth of beneficial bacteria and suppress cachexia-like symptoms in mouse models (Chen L. et al., 2016; Huang et al., 2017).

Not only does TCM affect the GM composition and diversity, but TCM therapeutic efficacy is dependent on the presence of certain bacterial species and their enzymes. For instance, PHY906 (derived from four Chinese herbs) is an anticancer medicine that can reduce irinotecan toxicity in advanced-stage CRC patients. However, the efficacy of PHY906 is dependent on β-glucuronidase, an enzyme produced by intestinal bacteria (Lam et al., 2010). Similarly, curcumin supplements to a Il10−/− mouse promote the abundance of Lactobacillales and increase bacterial diversity that is concurrently accompanied by a reduced polyp burden (McFadden et al., 2015). Nonetheless, GM also improves the availability of TCM, which is one of the classic limitations of TCM.

Another classic example of the TCM–GM interaction is the ingestion of indigested polysaccharides. Indigestible polysaccharides undergo biochemical processes in the gastrointestinal tract and are converted into short-chain fatty acids (SCFAs) by gut microbes. SCFAs are indispensable in maintaining our health, especially colon health (Figure 1). Nonetheless, SCFAs are the energy sources for colonocytes to guarantee the activity of the colon (Wong et al., 2006). Besides this, through inhibition of histone deacetylases and activation of G-couple protein receptors (GPRs), SCFAs can regulate the immune system and correct metabolic disorders (Sun et al., 2017). In addition, SCFAs can also contribute to the gut barrier construction via enhancement of the expression of the MUC-2 gene, modulation of oxidative stress, and upregulation of tight junction molecules (Wang et al., 2012; van der Beek et al., 2017). Furthermore, SCFAs also help in alleviating metabolic syndrome in a high-fat-diet mouse model by inhibiting the expression of pro-inflammatory cytokines, such as IL-1β and IL-6 as well as toll like receptor 4 (TLR4) in adipose tissue (Zhai et al., 2019). The nexus of TCM–GM is a relatively new concept, and interests have been developing toward this field since 2015. In the following section of the manuscript, we summarize how TCM and GM influence each other directly and/or indirectly.




Figure 1 | TCM–GM combinatorial therapeutic effect, taking polysaccharides as an example. Dietary and medicinal fibers are converted into SCFAs by the action of the GM. SCFAs are an energy source for colonocytes and possess other health-promoting abilities; a few of these abilities are displayed in the figure.




2.1 Effects of TCM on GM


2.1.1 Direct effects

TCM plays a significant role in promoting the growth of intestinal probiotics and is one of the ways for TCM to exert its curative effect (Table 1). For instance, Pogostemon cablin (Blanco) Benth (PC) is a Chinese medicinal plant, traditionally used for the treatment of gastrointestinal symptoms. Four extractions of PC (i.e., patchouli essential oil, patchouli alcohol, pogostone, and β-patchoulene) were found to promote the abundance of beneficial bacteria, such as Anaerostipes butyraticus, Butytivibrio fibrisolvens, Clostridium jejuense, Eubacterium uniforme, and Lactobacillus lactis (Leong et al., 2019). Other compounds, such as polysaccharide, also have well-known prebiotics. It is reported that the Lycium barbarum polysaccharides reduce the abundance of potential pathogens, such as Allobaculum stercoricanis, Parasutterella excrementihominis, and Tannerella spp., and enhance the abundance of beneficial bacteria, including Clostridium sp., Lachnoclostridium clostridium xylanolyticum, Lachnoclostridium clostridium saccharolyticum, and Lactobacillus reuteri in C57 mice (Xia et al., 2020b). Besides this, mushroom polysaccharides (Ganoderma lucidum and Poria cocos) can also exert beneficial effects by altering GM composition and improving the ratio of beneficial bacteria to potential pathogens (Khan et al., 2018).


Table 1 | Herbal formula effects the GM.



Several studies report promoted growth of beneficial bacteria after feeding a host with the saponin of the Gynostemma pentaphyllum. But it was unknown how saponin could promote the growth of bacteria. In a recent study, Liao et al. found out, in an in vitro setup, that saponin promotes growth of the beneficial bacteria (such as Bifidobacterium animalis and Lactobacillus casei) by upregulating several bacterial key genes involve in biogenesis and metabolic pathways (e.g., gatC, rpmH, ruvA, yajC, and rsfS) (Hugon et al., 2015). For a better understanding, Figure 2 shows how TCM can directly impact the composition of the GM. This can also be taken as a guide to investigate the interaction between TCM and GM.




Figure 2 | Graphic illustration of the TCM effect on GM composition and gene expression and a guide to investigate the TCM–GM interaction. This illustration shows the direct effect of TCM on GM composition. TCM intake promotes growth of certain bacteria; for instance, in the case of saponins, B animalis and L. reuteri become abundant. To check how TCM modulates the genome expression of microbes, target bacteria should be culture in vitro in the presence of TCM, and their growth kinetics and gene expression should be monitored. In the case of saponins, it is observed that saponins promote the expression of genes involved in metabolism and biogenesis that contribute to promoting growth of these bacteria in a habitat.





2.1.2 Indirect effects

Certainly, the TCM therapeutic mechanism has outcomes far beyond simply changing the composition of the GM. As mentioned above, in health maintenance and disease development, the GM exerts its function in multiple ways. In this regard, the immune system has an impactful role in both health and diseases. TCM affects the host’s immune system to secrete materials that possess GM-modulating properties (Ostaff et al., 2013). For instance, the extracts of Codonopsis pilosula, Saussurea lappa, Imperata cylindrical var. major and Melia toosendan increase the secretion of antimicrobial peptides that markedly impact GM composition (Zhou et al., 2016). In addition, TCM can also regulate GM composition and diversity by affecting the structure of the intestinal barrier. For instance, rhubarb enema is a common TCM medicine that can improve intestinal barrier integrity and consequently regulate GM dysbiosis (Ji et al., 2020). This TCM increases the expression of tight junction (TJ) molecules, thereby promoting the proliferation of gut epithelial cells and significantly enhancing the gut intrinsic mucosal defense, which results in the prevention of harmful substances and sequentially helps to restore GM composition (Tian., 2020). Another way that TCM promotes the growth of beneficial bacteria in the gut is stimulating the gut mucosa, which is a source of nutrients for bacteria such as Lactobacillus and Akkermansia (Tian., 2020). These bacteria have a mutual collaboration in repairing the gut barrier by promoting the growth of goblet cells and mucin 2 (Lu et al., 2021). TCM (such as herbal polysaccharides) can also regulate GM composition through the gut–brain axis (Sun et al., 2020). The direct and indirect effects of TCM on GM composition and diversity is displayed in Figure 3.




Figure 3 | A schematic diagram displaying the interaction between TCM and GM.






2.2 Effects of GM on TCM


2.2.1 GM transforms TCM into functional metabolites

In the gastrointestinal tract, TCM exerts a curative effect through a series of complex processes, such as absorption, transformation, and metabolism. During these processes, the GM plays an important role in the modification, absorption, and detoxication of TCM ingredients and consequently improves its efficacy (Wilson and Nicholson, 2017). The GM can also contribute to the bioavailability of TCM biochemical components (Wu and Tan, 2019; Zhang et al., 2021). Below we explain and display in Figure 3 how the GM can transform TCM into functional metabolites by taking polysaccharides, flavonoids, polyphenols, and saponin (Table 2).


Table 2 | Transformation of typical TCM compounds by GM.




2.2.1.1 Polysaccharides

A considerable portion of TCM comprises polysaccharides, and they are reported to possess prebiotic effects (Khan et al., 2018; Xia et al., 2020b). Polysaccharides possess anticancer properties (Zhang et al., 2018), antiobesity effects (Wu et al., 2019), and anti-inflammatory effects (Niu et al., 2021). Due to the limited digestive enzymes encoded in the human genome, polysaccharides remained undigested until they reach the colon (Baumann and Bisping, 1995), where they degrade into fermentable oligosaccharides, such as β-glucans, and are broken down by microbial saccharolytic machinery (Lin et al., 2021; Niu et al., 2021). Polysaccharides are also converted to SCFAs and other secondary metabolites (Niu et al., 2021). SCFAs are a source of energy for colonocytes, regulate the immune system, and correct metabolic disorders (Sun et al., 2017). In addition, SCFAs contribute to the gut barrier construction via enhancement of the expression of MUC 2, modulation of oxidative stress, and upregulation of TJs (Wang et al., 2012; van der Beek et al., 2017).



2.2.1.2 Flavonoids

Flavonoids are important ingredients of TCM, usually combined with carbohydrates to form glycosides. Inside the gastrointestinal tract, flavonoids are converted into various by-products through the action of the GM and, hence, affect flavonoids’ health-related abilities for the host (Chiou et al., 2014). Bacteria that can convert dietary flavonoids include Bacteroides uniformis, Bacteroides ovatus, Bifidobacterium adolescentis, Enterococcus casseliflavus, Enterococcus avium, Flavonifractor plautii, Lactobacillus plantarum IAM, Parabacteroides distasonis, Eubacterium cellulosolvens, E. coli ATCC BAA-97 and several others (Braune and Blaut, 2016). These bacteria convert dietary flavonoids through several enzymatic reactions that include O-Deglycosylation, C-Ring cleavage, Reduction, O-Desmethylangolensin cleavage, and Dehydroxylation. Most of the bacteria are capable of flavonoid conversion through O-deglycosylation (Braune and Blaut, 2016).

Through GM-secreted enzymes, the glycosyl is removed to form aglycon, which can then be absorbed by the body. Bacterial enzymes, such as α-rhamnosidase, exo-β-glucosidase, and endo-β-glucosidase, transform rutin, hesperidin, naringin, and poncirin into their aglycones, which have more of an antiplatelet effect and cytotoxicity than their parental compounds (Kim et al., 1998). Trinh et al. found that the products of baicalin (a flavone glycoside) when undergoing physiological changes exerted by the GM result in deglycosylated baicalein, methylated aglycon, and oroxylin-A. It is noticed that baicalin and oroxylin-A are more potent than the parental compound (Trinh et al., 2010). Another flavanol, named kaempferol, is reported to lower the tumor burden in the host by promoting the abundance of beneficial bacterial that were involved in secondary bile acid synthesis. These changes were concurrently accompanied with improved expression of the farnesoid X receptor (FXR), a main regulator in bile acid signaling (Li et al., 2022).



2.2.1.3 Polyphenol

Polyphenol, one of the most important secondary metabolites of plants, has received increasing awareness in recent years. Since most polyphenols have lower bioavailability and they reach the colon, a densely inhabited part of the gastrointestinal tract, thus, a bidirectional interaction between the GM and polyphenols commences. GM convert polyphenols to aglycones by removing organic acids, glucuronides, and glycosides (Makarewicz et al., 2021). The GM can convert polyphenols through several enzymatic processes to various metabolites. For instance, enterolactones are produced from lignans, equol is produced from daidzin, and urolithins from ellagitannins (Espín et al., 2017). Contrarily, polyphenols can also affect GM composition by promoting the growth of beneficial bacteria, such as Akkermansia muciniphila, Lactobacillus reuteri, Lactobacillus acidophilus, and Faecalibacterium prausnitzii (Cueva et al., 2017; Espín et al., 2017; Gowd et al., 2019; Liu et al., 2020). In addition to the growth-promoting abilities of polyphenols, these compounds are also antimicrobial in nature and can inhibit the growth of bacteria, mostly potential pathogens (Rodríguez-Daza et al., 2021).

Besides this, microbes also produce phenolic metabolites that possess antioxidant, anti-inflammatory, and antiproliferative activities (Saha et al., 2016). This metabolite production is dependent on the (poly)phenol-associated enzymes produce by the GM. Interindividual differences of the GM are connected to different metabotypes, which are related to different health outcomes in people after taking polyphenol (Cortés-Martín, 2020). In short, among the gut-dwelling bacteria, it is beneficial for the host to inhabit (poly)phenol-degrading bacteria in the gut that could ensure the bioconversion of polyphenols and enhance the host’s health.



2.2.1.4 Saponin

Saponins are markedly studied and practiced in TCM for various therapeutic purposes. More recently, it has been observed that the therapeutic ability of saponin, at least partly, is through improving GM composition (Chen L. et al., 2016; Huang et al., 2017; Khan et al., 2019; Xu et al., 2020). As with several other TCM constituents, the absorption rate of saponin in the human body is exceedingly low, and therefore, the bioconversion of saponins through microbes (such as Aspergillus sp., Bacillus sp., and lactic acid–producing bacteria) is gaining popularity. Microbes mainly hydrolyze the glycosyl group of the saponin. For instance, protopanaxatriol ginsenosides are hydrolyzed into G-Rh1 and G-F1 when interacting with the GM in the gut (Tawab et al., 2003).

The gut-residing microbes harbor a variety of enzymes that metabolize saponin into by-products. For instance, Bifidobacterium, Bacteroides, and Prevotella species encode α-arabinopyranosidase, β-glucosdiase, and α-arabinofuranosidase enzymes that can cleave the sugar moiety and hydrolyze Protopanaxadiol-type ginsenoside into monoglucosylated ginsenoside compound K (Karikura, 1992; Hasegawa et al., 1996; Park et al., 2000; Eun-Ah Bae, 2002). In addition, B. adolescentis and L. rhamnosus are also reported for the bioconversion of saponin in the host gut (Wang et al., 2021). A pharmacokinetic study through an oral treatment with a ginseng saponin fraction confirmed that ginsenosides Rh1, F1, and compound K are the metabolites for parental ginsenosides by GM (Tawab et al., 2003). The metabolites, such as compound K, ginsenoside Rh2, and protopanaxatriol, have potent cytotoxicity against tumor cells, which may suggest the GM has a crucial role in exploiting the advantage of the bioactive compounds of ginsengs in full (Kim, 2018).

Importantly, the differences in GM composition among individuals is related to different metabolite outcomes. For instance, in a control setup, individuals who consume a fat- and protein-rich diet carry different microbes in the gut and, thus, higher concentrations of GF1 and GC-K metabolites were noticed after taking Panax notoginseng saponins. However, people who ate a fibrous diet had more GRh2, PPT, and PPD metabolites after taking Panax notoginseng saponins (Wang et al., 2021).




2.2.2 GM can detoxify lower grade TCM

In “Sheng Nong’s herbal classic,” TCM is divided into three grades. Among them, the lower grade is more toxic, and it is often used after concocting to reduce its toxicity. It is recently reported that the GM can contribute to the detoxification of TCM. For instance, the GM lowers the toxicity of diester diterpene alkaloids by partly converting them to mono-ester aconitum alkaloids and lipo-alkaloids. Diester diterpene alkaloids are the main components of the radix aconiti, Kusnezoff monkshood, and Aconitum carmichali debx (Zhao et al., 2007; Wang et al., 2015; Yang et al., 2018). Another typical case is Baicalin, a glycoside present in Scutellaria baicalensis Georgi, which is converted to baicalein, a flavone with lower cytotoxic side effects (Khanal et al., 2012). However, the GM should be taken carefully in the context of reducing the toxicity of lower grade TCM. A host could inhabit certain bugs that could worsen the toxicity of a compound. The GM role has been suspected in elevating the toxicity of amygdalin that is extracted from Armeniacae Amarae Semen (Carter et al., 1980).





3 A complex interaction and collaboration between TCM–GM and Western medicine

In TCM classic theories, once TCM is combined, some will increase toxicity and some will reduce others’ efficacy (Zhou et al., 2017), which are the so-called 18 incompatible medicaments (ShiBaFan) and 19 medicaments of mutual restraint (ShiJiuWei) principles. To achieve a better curative effect and avoid side effects, combined TCM should be under the guidance of compatibility theories. Modern pharmacology reveals the rationality of the compatibility of TCM, besides this, from another angle, and GM modulation also explains the compatibility theory.

Even in the case of Western drugs, not all of them work for every patient, and a considerable number of patients are nonresponsive; this observation is known as nonresponse bias. And it is a growing consensus that the nonresponders are missing some important bacterial species in their gut. For instance, the efficacy of cyclophosphamide, an anticancer drug, is dependent on the presence of Barnesiella intestinihominis and Enterococcus hirae in the gut of a patient (Daillère et al., 2016). Not only GM but TCM has also been taken for consideration of enhancing the effectiveness of Western medicine. In one such case, a group of researchers found improved efficacy of the antiprogrammed cell death 1/programmed cell death ligand 1 (anti-PD-1/PD-L1) in the presence of ginseng polysaccharides. It was further confirmed that Parabacteroides distasonis and Bacteroides vulgatus were dominating the gut of the treated patient. Those patients who did not respond to the combinatorial treatment of the anti-PD-1/PD-L1 and ginseng polysaccharides had a depleted abundance of the Parabacteroides distasonis and Bacteroides vulgatus (Huang J. et al., 2021).



4 GM-based investigation of medicine’s efficacy – an exciting prospect for TCM–GM research

Nowadays, with the continuous development of culture, multi-omics combination and gene sequencing technologies, the exploration of TCM and microbiota is making exciting discoveries. The mechanism behind TCM theory about Qi, Xue, Ying, Yang, four properties and five flavors have received much attention. TCM regulates the composition and metabolites of intestinal flora, which can be regarded as one of the mechanisms for expounding the efficacy of TCM. We predict that one of the emerging research areas in TCM–GM research will be the investigation of the GM’s role in TCM’s efficacy. Particularly for those therapeutics that are taken orally. By taking the studies carried out on Western drugs as an example, here we try to explain how much the GM could contribute to the efficacy of the medicine. This could help TCM researchers to orient their research.

(1) As an example, we discuss a therapeutic approach that is based upon the development of antibodies to block CTLA-4, known as the cluster of differentiation 152 (a protein receptor working as an immune checkpoint), for the treatment of cancer. This technique is a current hot topic and has shown promising results in clinical trials. During this process, the body’s T cells are recruited against tumors that pose limited damage to the normal cells (Sivan et al., 2015). Preclinical studies have shown that the efficacy of anti-CTLA-4 therapy is dependent upon the composition of the GM. For instance, it has been discovered that anti-PD-L1 (an antibody that blocks CTLA-4) efficacy improves in the presence of Bifidobacterium. Oral administration of anti-PD-1 and Bifidobacterium has been observed with augmented dendritic cell function and improved CD8+ T cell priming in the tumor microenvironment (Sivan et al., 2015). Besides this, anti-CTLA-4 therapies have also shown dependence on the presence of Bacteroides thetaiotaomicron or Bacteroides fragilis. Nonetheless, the anti-CTLA-4 therapy has failed in germ-free mice and those treated with antibiotics (Vétizou et al., 2015). More recently, these preclinical experiments were reproduced in melanoma patients and it was found that patients who responded effectively to anti-CTLA-4 treatments were harboring enriched bacterial diversity belonging to the family Ruminococcaceae (Gopalakrishnan et al., 2018).

(2) As a second example, we discuss the efficacy of cyclophosphamide, an anticancer immune suppressant chemotherapeutic that also remodels the gut microbial composition. During cyclophosphamide treatment, the gram-positive bacteria translocate into the lymphoid organ and mimic the production of pathogenic T helper 17 cells and memory Th1 immune responses C. Especially, cyclophosphamide efficacy is dependent on two intestinal commensals known as Barnesiella intestinihominis and Enterococcus hirae. During cyclophosphamide therapy, Barnesiella intestinihominis accumulates in the colon and infiltrates γδT cells in the cancer lesion, whereas Enterococcus hirae translocates to secondary lymphoid organs and stimulates intratumoral CD8/Treg ratio (Daillère et al., 2016). Similarly, another study reports the interconversion of fluoropyrimidines (the first-line anticancer drug) by gut microbial vitamin B6, B9, and ribonucleotide metabolism (Scott et al., 2017). Microbial influences on the efficacy of chemotherapeutic drugs, 5-fluoro-2′-deoxyuridine, and 5-fluorouracil are also reported (García-González et al., 2017).

It is important to mention that microbiome-based therapies should be tailored to disease types and affected body sites. For example, men with metastatic prostate tumors who responded to checkpoint inhibition have been found to have lower levels of a microbe called Akkermansia muciniphila in their stool than men who did not respond. But the opposite is true of people with lung and kidney cancers: Those with more A. muciniphila in their guts tended to fare better on the therapy (Dolgin, 2020).



5 TCM–GM in mental disease

TCM has been used in treating neuropsychiatric diseases for thousands of years. Synopsis of Golden Chamber (a classic Chinese medicine book written by Zhang Zhongjing in the Han Dynasty) recorded a disease, Zang Zao, in which the main symptoms are depression of spirit, emotional disturbance, weeping and laughing hysterically. Although this kind of disease cannot be solved thoroughly, it can be alleviated effectively by the TCM formula Ganmai Dazao Decoction. Nowadays, lots of evidence uncovers TCM exerting alteration and restoration function of GM. In addition, the altered microbiome, through repairing the gut barrier, regulates the gut permeability, alleviating the inflammation and other potential mechanisms to cure or relieve the symptoms and disease. A gradual but strong link is establishing the connection of TCM, GM, and mental disease. For instance, it is demonstrated that TCM treatment of chronic unpredictable mild stress (CUMS) rats altered the abundance of Ruminococcus and Roseburia and potentially increased the expression of cysteine [83]. Meanwhile, N-acetylcysteine is considered beneficial for brain disorders [84].

In addition, it is reported that GM diversity has a strong association with insular resting state functional connectivity. A higher fecal bacterial microbiota diversity is linked to a higher resting state insular functional connectivity [78]. Interestingly, the fecal microbiota-derived indole metabolites are found to associate with functional and anatomical connectivity of the amygdala and anterior insular nucleus [79]. For example, Bacteroides, Parabacteroides and Escherichia species can promote production of the γ-aminobutyric acid (GABA). Particularly, a lower abundance of Bacteroides was found in depression patients [80]. A series of human mental diseases (such as posttraumatic stress disorder, bipolar disorder, anxiety, and stress, and so on) are associated with altered GM diversity [81].

Recent research shows that gut bacteria are directly sensed by hypothalamic neurons through bacteria muropeptides to regulate host feeding behavior. In this process, muropeptides are recognized by cytosolic Nod-like receptors, which are expressed by a subset of hypothalamic neurons. This subset also responds to muramyl dipeptide from the intestine, thus regulating food intake and associated behaviors [82]. It is revealed that Nod 2 mutation has a strong association with bipolar disorder, schizophrenia, and Parkinson’s disease [82].



6 Conclusion

TCM–GM interaction is a fertile research field for identifying the faulted signaling pathways during disease and finding a treatment for them by manipulating GM, and this could provide a modern framework for evaluation and validation of TCM. It is well-known that TCM exerts therapeutic abilities that are holistic in nature, which could be impractical to comprehend with conventional research tools. Therefore, we propose that the integration of TCM with GM research can target the wholeness of a biological system. In a few cases, the integration of GM with TCM and other natural products have already made landmark achievements in the field of diseases prognosis and treatment.
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Introduction

Pseudomonas aeruginosa is a major nosocomial pathogen that frequently causes ventilator-associated pneumonia in specific populations. Sodium houttuyfonate (SH) has shown mild antibacterial activity against P. aeruginosa in vitro, but the mechanism of potent antimicrobial activity of SH against P. aeruginosa infection in vivo remains unclear.



Methods

Here, using the mouse pneumonia model induced by P. aeruginosa nasal drip to explore the therapeutic effects of SH.



Results

We found that SH exhibits dose-dependent therapeutic effects of reducing P. aeruginosa burden and systemic inflammation in pneumonia mice. SH ameliorates inflammatory gene expression and production of inflammatory proteins, such as interleukin-6 (IL-6), nuclear factor kappa-B (NF-κB) and toll-like receptor 4 (TLR4), associated with the TLR4/NF-κB pathway in mice with P. aeruginosa pneumonia. Furthermore, we analyzed the intestinal flora of mice and found that compared with the model group, the abundance and diversity of beneficial bacterial flora of SH treatment groups increased significantly, suggesting that SH can improve the intestinal flora disorder caused by inflammation. In addition, SH improves alpha and beta diversity index and reduces species abundance differences of intestinal flora in pneumonia mice.



Discussion

Taken together, our presented results indicate that SH may effectively alleviate the acute pulmonary infection induced by P. aeruginosa by reducing the disturbance of regulating immunity and intestinal flora in mice.





Keywords: Sodium houttuyfonate, Pseudomonas aeruginosa, inflammatory factor, TLR4/NF-κB pathway, intestinal flora



Introduction

P. aeruginosa is a common conditional pathogen in clinic, which is easy to cause respiratory tract infection and a series of severe suppurative conditions in immunodeficiency patients (Pang et al., 2019). Due to the high level of intrinsic and acquired drug resistance of P. aeruginosa, the infection caused by it usually cannot get targeted treatment (Morton et al., 2014). Thus, it is imperative to find new therapeutic drugs and their targets.

Houttuynia cordata Thunb has long been applied as an antipyretic and detoxifying traditional Chinese herbal drug and is widely used to treat infection because of its superior protective and antibacterial effects in East and Southeast Asia (Liu et al., 2021). There are several medicinal reactive chemical components of Houttuynia cordata, mainly composed of alkaloids, organic acids, volatile oil, polysaccharides, etc. Houttuynin is the key component in the volatile oil of the main extract of Houttuynia cordata. The dutasteride of houttuynin is decanoyl acetaldehyde, but is instability. Sodium houttuyfonate (SH), which is an addition compound of sodium bisulfite and houttuynin, can overcome the chemical instability of houttuynin. SH is extensively applied in antimicrobial clinic areas in China as an alternative drug, which has the same pharmacological effects but is more stable and soluble compared with houttuynin (Wang et al., 2017). Now, there are numerous scientific evidences supporting that SH appears to exhibit selectivity for lung tissues, such as alleviating pneumonia (Wu et al., 2017), lung injury (Liu et al., 2021), pulmonary fibrosis (Shen et al., 2021). Previously, we found that SH can inhibit biofilm formation and alginate production in P. aeruginosa (Wu et al., 2015; Wang et al., 2019), and effectively suppress the production of virulence factors regulated by motility and Las quorum sensing systems associated with its pathogenicity (Wu et al., 2014). Additionally, results from in vivo studies showed that the combination of SH and EDTA-Na2 extended the lifespan of animals infected with P. aeruginosa (Huang et al., 2015; Wu et al., 2015). These results imply that SH can affect the growth and physiological functions of P. aeruginosa through a variety of mechanisms, but the mechanisms by which it exerts its therapeutic effects in vivo need to be further investigated.

Inflammation and repair in the human body are usually accompanied by an increase in chemokines, cytokines, and growth factors (Shen et al., 2021). Variations in inflammatory cytokine levels have been considered to play a crucial role in the inflammatory response caused by a bacterial infection (Tran et al., 2019). Furthermore, in recent years, there is increasing evidence that the TLR4/NF-κB signaling pathway can be involved in the immune response to various diseases by regulating the expression of inflammatory factors such as interleukin-6 (IL-6), interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) (Chen et al., 2018; Su et al., 2018). Therefore, TLR4/NF-κB signaling pathway is likely to be an important strategy for the treatment of P. aeruginosa infection. In addition, the intestinal flora is also closely related to the immune response in vivo, especially changes in the composition and function of microorganisms in the respiratory and intestinal tracts that can influence the immune response and lung diseases (Ratner et al., 2005; Bernasconi et al., 2016). In a previous study, we found that high doses of SH and sodium new houttuyfonate (SNH) can affect the composition of the intestinal flora and the production of inflammatory factors in healthy KM mice (Yan et al., 2020). However, the mechanism of action of SH to improve lung inflammation and intestinal flora in mice’s acute pulmonary infection is unclear and worth to investigate.

Therefore, in this study, we utilized a mouse model of acute lung infection induced by drug-resistant P. aeruginosa by nasal drip (Allewelt et al., 2000; Koh et al., 2009; Wu et al., 2012) and investigated how SH affects lung pathology, bacteriology, serum inflammatory factors, expression of relevant immune pathways, and changes in intestinal flora. Our presented results will provide a new perspective and experimental insight to guide clinical utilization.



Materials and methods


Chemicals, animals and bacterial strains

Sodium houttuyfonate (SH) was purchased from Xi’an Kai Lai Biological Engineering Co., Ltd (Xi’an, China, code No. K196584), with the purity≥ 98%. Azithromycin (AZM) was acquired from the Northeast Pharmaceutical Group Shenyang No. 1 Pharmaceutical Co., Ltd. (Shenyang, China). Ninety specific pathogen-free (SPF) BALB/c mice (male, 6 – 8 weeks, 20 ± 5 g) provided by (Hefei, China, license No. SCXK Anhui 2017-001) were housed at 18 – 25°C and 50 – 70% relative humidity, under a 12h light-dark cycle. The animal ethics committee of Anhui University of Traditional Chinese Medicine approved the animal experiments and provided ethical proof documents. P. aeruginosa strain ATCC 27853 (Gao et al., 2011), which was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (NICPBP, Beijing, China).



Animal model establishment and drug treatment

After seven days of adaptive feeding, 90 mice were randomly and averagely divided into control, model, high dosage (SH 100 mg/Kg), moderate dosage (SH 50 mg/Kg), low dosage (SH 25 mg/Kg) and azithromycin (AZM 12 mg/Kg) groups based on our previous research, and 15 mice per group.

Based on mouse model established by Allewelt and colleagues (Allewelt et al., 2000), weighing mice were anesthetized with 1% pentobarbital sodium (dosage of 40mg/kg). While the mice were in an upright position, a micro sampler was used to inject 10μl (a total of 20μl) of fresh bacterial liquid (1.5 × 108 CFU/ml) into each nostril to maintain an upright position of about 1min to ensure that the bacterial liquid entered the airway and distributed as evenly as possible in both lungs. According to the above method, the control group was given nasal drops with the same amount of normal saline once a day, and repeated for seven days. Seven days later, the mice in each group were given intragastric administration according to each dose, and the control group was assigned normal saline once a day, and repeated for seven days. The eating behavior, hair, mental state and survival state of mice in each group were observed every day, and the bodyweight changes were recorded. At fourteenth day, anesthesia was performed with 3% pentobarbital sodium and humanitarian execution according to animal ethics requirement of the Animal Ethics of Committee of our university.



Hematoxylin-eosin staining

The right lungs of three mice from each group were isolated in a sterile environment, and the lungs were immediately flushed with 4% paraformaldehyde. After flushing, the lungs were fixed in 5 times the volume of 4% paraformaldehyde buffer for at least 72 hours. After dehydration and paraffin embedding, 5mm lung tissue sections were taken for Hematoxylin-eosin (H & E) staining. The pathological changes of lung tissue were observed under an upright microscope (OLYMPUS BX51, Tokyo, Japan). The pathological change degree scoring method is based on the literature (Liu et al., 2004).



P. aeruginosa burden assessment

Left lung tissue from nine mice in each group was isolated in a sterile environment, and the plate counting method was used to detect the number of P. aeruginosa in the lung tissue. The lung tissue samples were weighed and 2ml phosphate buffered saline (PBS) per gram of lung tissue was added to prepare the lung tissue homogenate in an ice bath at 4 °C. The tissue homogenate was diluted to 103 with a gradient of 10 times concentration (if the colony was too dense, it would continue to be diluted). 50μL of homogenate diluent of each concentration was smeared evenly on 9 cm Luria-Bertani (LB) agar plate with a glass rod and repeated 3 times at each concentration. The plates were cultured in 37°C incubator for 24 hours, and the colonies were counted to calculate CFU/g lung tissue.



Spleen index

The spleen tissue of each mouse was isolated in an aseptic environment. The body weight and spleen weight of each group was measured, and the spleen index was calculated by the equation of “spleen index = spleen mass (mg)/mouse weight (g)”.



ELISA analysis

The peripheral blood samples were collected by the eyeball blood collection method and centrifuged at the speed of 5000 r/min for 10 minutes, and the serum was separated. Cytokines in serum, including IL-6 (Jianglai, Shanghai, China, #JL20268), C-X-C motif chemokine ligand 1 (CXCL1) (Jianglai, Shanghai, China, #JL20271), and interleukin-17 (IL-17) (Jianglai, Shanghai, China, #JL20250), IFN-γ (Jianglai, Shanghai, China, #JL10967), IL-25 (Jianglai, Shanghai, China, #JL31907) were measured separately with ELISA kits according to the instructions provided by the manufacturer.



qRT-PCR

The right lungs of six mice from each group were isolated in a sterile environment. Total RNA was extracted from lung tissue using Trizol reagent (Ambion, USA). FastQuant RT Kit reverse transcription kit (TIANGEN, Beijing, China) was used to reverse RNA into complementary DNA (cDNA), and the genomic DNA were removed by the DNAase in the kit. IL-1β, IL-6, interleukin-10 (IL-10), Nuclear Factor kappa B (NF-κB), TNF-α, Interferon-γ (IFN-γ) and Toll−like receptor 4 (TLR4) genes were quantitatively amplified by qRT-PCR using primers listed in Table 1. The primers were designed by Primer Premier 5.0 and synthesized by Sangon Biotech (Shanghai, China). SYBR Green real-time PCR Master Mix (TOYOBO, Tokyo, Japan) was performed in the ABI7000 fluorescence quantitative PCR system (Thermo Fisher, USA). The fold change of expression of each gene was quantitatively calculated by the 2-ΔΔCT method with β-actin as the reference gene.


Table 1 | Primers for qRT-PCR.





Western blotting

The right lungs of six mice from each group were isolated in sterile environment and used to extract total protein. The total protein was extracted with radioimmunoprecipitation assay (RIPA) (SparkJade, Shandong, China) cleavage buffer containing phenylmethanesulfonyl fluoride (PMSF) (SparkJade, Shandong, China) and phosphatase inhibitor cocktail A (Beyotime, Shanghai, China). Bicinchoninic acid (BCA) protein analysis kit (SparkJade, Shandong, China) was used to determine the protein concentration of each group. The 20μg total protein was subjected to SDS-PAGE gel electrophoresis, then transferred to the polyvinylidene difluoride (PVDF) membrane (Immobilon-P, USA), and sealed in 5% skimmed dried milk, then incubated overnight with the first antibody at 4°C: NF-κB p65 Rabbit mAb (1:1000; ZENBIO, Chengdu, China, #310126); Phospho-NF-κB p65 Ab (1:1000; Affinity, Jiangsu, China, #AF2006); IκB alpha Ab (1:1000; Affinity, Jiangsu, China, #AF5002); Phospho-IκB alpha Ab (1:1000; Affinity, Jiangsu, China, #AF2002); Toll-Like Receptor 4 Rabbit pAb (1:1000; ZENBIO, Chengdu, China, #505258); IL-1 beta Rabbit pAb (1:1000; ZENBIO, Chengdu, China, #511369); TNF alpha Rabbit pAb (1:1000; ZENBIO, Chengdu, China, #346654); Interferon gamma Rabbit pAb (1:1000; ZENBIO, Chengdu, China, #381656); beta Actin Mouse mAb (1:10000; ZENBIO, Chengdu, China, #200068-8F10). The membrane was washed with Tween-20/Tris buffered saline (TBS) 3 times, each 10 minutes, and then incubated with the second antibody (1:2000; Elabscience, Wuhan, China, #E-AB-1003) at room temperature for 1 hours. After washing with Tween 20/TBS 3 times, the developer treated the membrane (SparkJade, Shandong, China) and observed and photographed it by an ECL imaging system (LAS4000, GE, Pittsburgh, PA, USA). Image J (National Institutes of Health, Bethesda, Maryland, USA) was used to measure the density of the data, and the density measurement data were normalized by internal reference protein β-actin.



Illumina MiSeq sequencing

To evaluate the structure of intestinal flora in mice, fecal samples were collected in a sterile environment after the completion of treatment. To reduce the difference within the group, 12 fecal samples from each group were randomly selected and merged into 6 samples in sterile microcentrifuge tubes, which were quickly placed in dry ice and immediately sent to Majorbio Biopharmaceutical Technology Co., Ltd. (Shanghai, China) for microbial DNA extraction.

Equimolar and peer-to-peer sequencing (2 × 300 bp) was performed on the Illumina MiSeq PE300 platform (Illumina, San Diego, USA) according to the standard protocol of Majorbio Bio-Pharm Technology (Shanghai, China). The original sequencing data were stored in the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA781056). The original 16s rRNA gene sequencing reads was filtered by fastp and merged by FLASH. The criteria are as follows (Di Segni et al., 2018): (1) in a sliding window of 50 bp, In a sliding window of 50 bp, reads with an average mass fraction of less than 20 were intercepted and overlapping sequences smaller than 50 bp and containing ambiguous characters were merged with the reads; (2) greater than 10bp are discarded. The maximum mismatch rate of the overlapping region is 0.2. (3) distinguish the samples according to the perfectly matched bar code and primers (allowing 2 nucleotides mismatch) and adjust the sequence direction.

The operational taxon (OTUs) with 97% similar truncation was clustered using UPARSE version 7.1, and the 16s rRNA database (Silva v138) was analyzed with RDP Classifier version 2.2. The confidence threshold is 0.7. The online platform of Majorbio i-Sanger Cloud platform (www.i-sanger.com) was used to analyze the 16S rRNA sequencing data.

Venn diagrams were used to count the number of species shared and unique in multiple groups of samples, which can show the similarity and overlap of species composition in the intestine of different groups of mice in a more visual way (Lu et al., 2016). Community barplot analysis was applied to quantify the abundance of species in the intestine of different groups of mice at different levels of taxonomy and the community composition to be studied visually. Hierarchical clustering of the distance matrix can clearly show the distance of different groups of sample branches, and according to different distance thresholds these samples can be divided into cohesive groups, thus mapping samples distances heatmap on Genus level. ANOSIM analysis, or Analysis of similarities (ANS) is a nonparametric test to test whether the differences in species composition in the intestine of different groups of mice are significantly greater than the within-group differences, and thus whether the grouping is meaningful. The Distance box plot was plotted with this result (Li et al., 2017). PLS-DA analysis, or Partial Least Squares Discriminant Analysis, is a multivariate statistical analysis method for discriminant analysis. It is a multivariate statistical analysis method used in discriminant analysis to determine how different samples are classified based on the observed or measured values of several variables (Wang et al., 2016). The test of significance of differences between groups was based on the community abundance data in the samples, and a strict Kruskal-Wallis rank sum was applied to detect species exhibiting differences in abundance in microbial communities in the gut of different groups of mice, and a hypothesis test was performed to assess the significance of the observed differences (Song et al., 2017). LEfSe firstly used the non-parametric factorial Kruskal-Wallis (KW) sum-rank test to detect features with significant abundance differences and to find taxa that differed significantly from abundance. Finally, linear discriminant analysis (LDA) was used to estimate the magnitude of the effect of abundance on the difference effect for each species (Guerrero-Preston et al., 2016).



Statistical analysis

All experiments were repeated at least 3 times. All the data were analyzed and processed by GraphPad Prism 6.02 and SPSS 23.0 statistical software. Based on normality test and homogeneity of variance, Student-t test was used when two groups of data were compared (Welch’s t-test was used when the variance was not homogeneous). And one-way ANOVA analysis of variance was used when multiple groups of data were compared (Kruskal-Wallis test was used when the variance was not homogeneous).




Results


SH ameliorates histopathological changes in the lungs of mice induced by P. aeruginosa

Based on mouse model established by Allewelt and colleagues (Allewelt et al., 2000), we applied the pneumonia model in mice to investigate whether SH has an ameliorating effect on pneumonia in mice infected with P. aeruginosa (Figure 1A). Compared with the control group, the mice in the model group showed perinasal bleeding, weight loss caused by loss of appetite (Figure 1B), amount of inflammatory cell infiltration in lung tissue, destruction of alveolar wall structure, increased histological score (Figure 1C), and exfoliation of epithelial cells, diffuse red blood cells (Figure 1D) in the alveolar wall and alveolar cavity. After drug treatment, the appetite of mice in each drug-treated group increased and their body weight gradually recovered, while the model group did not improve. The weight gain of mice in AZM group was higher than that in SH groups, and there was no significant difference among SH groups (Figure 1B). After each drug treatment, the lung tissue structure of mice was relatively clear, and the infiltration of inflammatory cells around bronchioles and blood vessels decreased. There was no prominent lumen secretion in AZM group and SH 100 mg/kg group, and the histological score dropped significantly. A one-way ANOVA comparison result showed that there was a significant difference between the SH-treated group and the model group, that is, SH treatment could significantly improve lung inflammation in mice (Figure 1C). The above results suggest that SH can reduce the inflammatory damage in the lungs of mice caused by P. aeruginosa, namely, improve the pathological changes in the lungs of mice with pneumonia.




Figure 1 | SH ameliorates histopathological changes in the lungs of mice induced by P. aeruginosa. (A) Experimental design of P. aeruginosa administration in pneumonia mice and SH treatment. (B) comparison of body weight of different treatment groups. (C) Histological scores. (D) Observe the pathological changes in the lung tissues of the mice by HE staining (×40 magnification). Scale bar, 20 µm. Arrows indicate reduced alveolar air space and infiltration of inflammatory cells. Data are represented as mean ± SD (n=3). ***P<0.001 mean significance of model group compared with control group. #P<0.05, ##P<0.01 and ###P<0.001 mean significance of drug treatments compared with the model group.





SH reduces P. aeruginosa burden and systemic inflammation in pneumonia mice

After seven days of infection, the amount of P. aeruginosa in the lung tissue homogenate was higher than 106 colony forming units CFU/g in all groups except the control group. After seven days of drug treatment, the amount of P. aeruginosa in the lung tissue homogenate was higher than 105 CFU/g in all treatment groups, except for the control group, where no P. aeruginosa colonies grew (Figure 2A). The results showed that the number of bacterial colonies in the SH treatment groups were significantly less than that in the model group in a dose-dependent manner (Figure 2B).




Figure 2 | SH reduces P. aeruginosa burden and systemic inflammation in pneumonia mice. (A) The homogenized culture of mice lung tissue at different treatment after P. aeruginosa infection. (B) The number of viable P. aeruginosa isolated from the lung of mice. (C) Spleen index. (D) Serum IL-6, (E) CXCL1 and (F) IL-17 amounts were assessed by ELISA. Data are represented as mean ± SD (n=9). ***P<0.001 mean significance of model group compared with control group. #P<0.05, ##P<0.01 and ###P<0.001 mean significance of drug treatments compared with the model group.



The spleen is an important immune organ in humans and animals (Zhang et al., 2019). Changes in spleen weight may be due to increased splenic function, congestion or infiltration and are therefore closely related to the immune response (Su et al., 2007; Ondee et al., 2017). Mice in the model group showed a significant increase in spleen index, suggesting that P. aeruginosa caused an inflammatory response in vivo, resulting in a significant increase in spleen mass. Compared with the model group, the spleen index of mice treated with each concentration of SH decreased significantly but did not reach the normal level. In contrast, that of the AZM group decreased significantly and reached the normal level (Figure 2C). Consistent with the above results, the pro-inflammatory cytokines IL-6, CXCL1 and IL-17 were significantly higher in the model group than in the control group. The levels of IL-6, CXCL1 and IL-17 at all concentrations were substantially lower in the SH and AZM groups than in the model group (Figures 2D–F). In addition, the pro-inflammatory cytokines IFN-γ and IL-25 were significantly higher in the model group than in the control group. The levels of IFN-γ and IL-25 were significantly lower in both the SH and AZM groups than in the model group, but were not dose-dependent, with the most significant effect of SH 50 mg/kg (Figures S1A, B).

Thus, these above results suggest that SH reduces the load of P. aeruginosa in the lungs of pneumonia mice, thus effectively interfering with acute pulmonary infection in mice. Meanwhile, SH can also reduce the inflammatory response of mice by inhibiting pro-inflammatory factors.



SH ameliorates the expression of inflammatory genes and the production of inflammatory proteins in P. aeruginosa pneumonia mice

Pneumonia is characterized by the production of inflammation-related cytokines and chemokines throughout the body, especially in the lungs, including TNF- α, IFN- γ, IL-6 and IL-1β which are controlled by TLR4/NF-κB signaling pathway (Gaspar et al., 2013). Since detecting inflammatory factors directly in tissue samples is challenging, we used qRT-PCR to determine which relevant inflammatory factors were changed after SH treatment. And to clarify the function of SH on the TLR4/NF−κB signaling pathway, we detected the expression of p65, the phosphorylation of p65 (p-p65), inhibitor of NF-κB Alpha (IκB-α) and the phosphorylation of IκB-α (p-IκB-α) protein in tissues by western blotting.

QRT-PCR analysis (Figures 3A–F) showed that the expressions of TLR4, NF-κB, TNF-α, IL-1β and IFN-γ in the model group were significantly higher than those in the control group. In comparison, the expressions of TLR4, NF-κB, TNF-α, IL-1β and IFN-γ in the SH treatment groups were significantly lower than those in the model group. SH 100 mg/kg group had the best therapeutic effect but did not totally restore it to normal level. Compared with the control group, the expression of anti-inflammatory factor IL-10 gene in the model group was significantly decreased. The expression of anti-inflammatory factor genes in each treatment group was dose-dependent and significantly higher than that in the model group. The results of western blotting (Figures 4A–F) revealed that the expressions of p65 (Figure 4A), p-p65 (Figure 4B), p-IκB-α (Figure 4D) and TLR4 (Figure 4E), in the model group were significantly higher than those in the control group. In the case of the SH treatment group, the relevant expression was significantly lower than that of the model group, especially in the SH 100 mg/kg group. The expression of IκB-α (Figure 4C) in the model group, was significantly lower than that in the control group, while the expression of IκB-α in the SH 100 mg/kg group was significantly higher than that in the control group. In addition, the expression of TNF-α (Figure S1C), IFN-γ (Figure S1D) and IL-1β (Figure S1F) in the model group was significantly higher than that in the control group. The expressions in the SH treatment group were significantly lower than those in the model group, especially in the SH 100 mg/kg group.




Figure 3 | The expression of inflammatory genes in pneumonia mice after SH treatment. (A) TLR4. (B) TNF-α. (C) NF-κB. (D) IL-1β. (E) IFN-γ. (F) IL-10. Data are represented as mean ± SD (n=6). **P<0.01 and ***P<0.001 mean significance of model group compared with control group. #P<0.05, ##P<0.01 and ###P<0.001 mean significance of drug treatments compared with the model group.






Figure 4 | The expression of inflammatory proteins in pneumonia mice after SH treatment. (A) p65. (B) p-p65. (C) IκB-α. (D) p-IκB-α. (E) TLR4. (F) The expression of proteins. Staining intensity was assessed with Image J. Data are represented as mean ± SD (n=3). **P<0.01 and ***P<0.001 mean significance of model group compared with control group. #P<0.05, ##P<0.01 and ###P<0.001 mean significance of drug treatments compared with the model group.



Taken together, these results suggest that SH treatment ameliorates P. aeruginosa-induced lung infection in mice by inhibiting the TLR4/NF-κB signaling pathway and suppressing pathway-related release of associated inflammatory factors.



SH improves species composition of gut microbiota in pneumonia mice

Recently, increasing number of studies have revealed that intestinal flora is an effective target of drugs and regulates immunity to play the pharmacological role of anti-infection (Shao et al., 2020; Zhou et al., 2020). Therefore, we used high-throughput 16S rRNA sequencing technology to analyze the microbial diversity in the feces of each group of mice treated by SH.

Firstly, we analyzed the gut microbial species composition of the samples. In the Venn map (Figure 5A), 56 genera in 6 groups of samples overlapped with each other at Genus level, while 98 species, 91 species, 105 species, 98 species, 106 species and 89 species were differentially expressed in control, model, SH 25 mg/kg, SH 50 mg/kg, SH 100 mg/kg and AZM groups, respectively.




Figure 5 | Analysis of species composition of gut microbiota. (A) Venn diagram: Different colors represent different populations (or samples), overlapping portions represent species common to multiple populations (or samples), non-overlapping portions represent species-specific to that population (or sample), and numbers indicate the corresponding number of species. (B) Community barplot histogram at genus level. Control group represents the control group without any treatment, Model, P. aeruginosa without any drug treatment. SH25, SH50 and SH100 mean SH 25 mg/kg, SH 50 mg/kg and SH 100 mg/kg.



At the genus level, community barplot (Figure 5B) of the sample species relationship shows that the first 9 dominant bacteria in the 6 sample communities are Bacteroides, Lactobacillus, Staphylococcus, Lachnospiraceae_NK4A136_group, unclassified_f_Lachnospiraceae, Rikenellaceae_RC9_gut_group, Candidatus_Saccharimonas, Alistipes respectively. The proportion of dominant bacteria Bacteroidtes in control group was the highest, but the ratio of Norank_f_Bacoidales in model group was the highest. After drug treatment, SH 50 mg/kg and SH 100 mg/kg groups recovered the proportion of dominant bacteria. In addition, the three SH treatment groups differentially increased the number of Lactobacillus, Rikenellaceae_RC9_gut_group and Alistipes and decreased the number of Bacteroides compared to the model group.

Thus, the results shows that the dominant flora in the intestine of mice in the model group is altered and the number of beneficial bacteria is reduced compared to the control group, and the SH intervention can improve this phenomenon.



SH improves alpha and beta diversity index in pneumonia mice

We compared and analyzed the alpha diversity index of the microbiota samples (Figure 6). The results showed that at genus level, the OTU richness (Chao index) of samples in the model group was significantly lower than that in the control group, and the OTU richness of samples in the SH treatment group was significantly restored, indicating that the intestinal microbial diversity of mice after SH treatment was higher than that of the model group. The heatmap diagram (Figure 7A) of sample hierarchical cluster analysis showed significant differences in the richness and diversity of microflora between the control group and the model group at the genus level, and these differences were reduced by SH treatment.




Figure 6 | Alpha diversity analysis of gut microbiota. (A) Chao diversity index histogram. (B) Chao diversity test group t-test histogram. The X axe represents the group name, and The Y axe represents the exponential average of each group. *0.001<P ≤ 0.05, **0.001<P ≤ 0.01, ***P ≤ 0.001. SH25, SH50 and SH100 mean SH 25 mg/kg, SH 50 mg/kg and SH 100 mg/kg.






Figure 7 | Analysis of comparison of gut microflora samples. (A) Sample distances heatmap on Genus level: The X and Y axes are samples, and the distance between samples is represented by different color gradients (the right side of the figure is the value represented by the color gradient). (B) Bray_Curtis analysis of similarities: The X axe represents the distance value within or Between groups, The Y axe represents the distance value, the box corresponding to Between represents the distance value Between groups, and the other boxes represent the distance value within the group, to analyze the explanation degree of different grouping factors for sample differences. (C) Partial least-squares discriminant analysis: Dots of different colors or shapes represent sample populations in different environments or conditions. The scale of the X and Y axes is relative distance and has no practical significance. Comp1 and Comp2 represent the suspected influencing factors of microbial composition bias of the two groups of samples, respectively. Kruskal-Wallis H-test bar plot analysis of differences in the abundance of intestinal flora species. (D) The vertical axis represents the species names at a taxonomic level. The column lengths corresponding to species indicate the average relative abundance of species in each sample group, and the different colors indicate the different groupings. **0.001<P ≤ 0.01. SH25, SH50 and SH100 mean SH 25 mg/kg, SH 50 mg/kg and SH 100 mg/kg.



As shown by ANOSIM (Figure 7B), the Between value was more significant than the distance value of the other groups, and Bray_Curtis ANOSIM= 0.308318 score 0.001, indicating that the difference between the sample groups was more significant than that within the group, and the grouping was meaningful. In addition, the results showed (Figure 7C) that at the level of component 1 (9.98%) and component 2 (12.42%), the samples of the control group were closely arranged with those of the AZM group, and there were several overlaps. Compared with the AZM group, the distribution of the samples in the SH 25, SH 50 and SH 100 mg/kg groups was slightly farther from the control group but arranged closely with each other, and was significantly different from the model group. However, the PCA results showed that the sample locations of different groups were not distinct (Figure S2A). The results of flora typing analysis (Figure S2B) showed that the dominant flora of the control group was diversified, while the dominant flora of the model group was dominated by g_norank_f_Muribaculaceae. However, it is noteworthy that although the drug-treated group improved the dominant flora homogeneity of the model group, it did not return to the level of the control group.

According to the difference analysis of Chao index between groups, SH can improve the reduction of intestinal microbiota diversity in mice with pneumonia. And the results of the β-diversity PLS-DA analysis suggest that the overall composition of the intestinal flora is different in each group of mice, with the AZM group being the closest to the control group and the SH-treated group the next closest.



SH reduces species abundance differences in pneumonia mice

Next, we conducted a species difference analysis to determine which species of bacteria in the intestinal tract had changed after drug treatment. Kruskal-Wallis H test bar plot (Figure 7D) showed that Staphylococcus aureus and Erysipelato clostridium in the model group were significantly lower than those in the control group. The former almost returned to the normal level after SH 50 mg/kg treatment, while the latter’s abundance was comparable to that of the normal group after AZM treatment. Moreover, Helicobacter in the model group was significantly lower than in the control group.

Similar to the results shown by Kruskal-Wallis H bars, LefSe analysis (Figure 8) showed that the control group had the highest number of nodes for abundance differences and the SH 100 mg/kg treatment group had the closest number of nodes to the control group. In contrast, the model group had the lowest number of nodes. This suggests that pneumonia can significantly reduce the abundance of intestinal microbiota in mice and that SH treatment can effectively increase the abundance of the flora to levels close to those of the control group, which is similar to the AZM group.




Figure 8 | Multilevel species hierarchy tree diagram for LEfSe analysis. Different color nodes represent the microbial groups that are significantly enriched in the corresponding groups and significantly influence the differences between groups. The pale yellow nodes indicate the microbial groups that have no significant difference among different groups or have no significant effect on the difference between groups. SH25, SH50 and SH100 mean SH 25 mg/kg, SH 50 mg/kg and SH 100 mg/kg.



Combining the above results, we can conclude that P. aeruginosa-induced pneumonia in mice can reduce the diversity of intestinal flora and substantially reduce its abundance (Figure 9). In addition, the presented results indicate that the ratio and abundance of various bacteria in the flora can be significantly restored by SH treatment.




Figure 9 | Schematic diagram of the possible mechanism of sodium hottuyfonate against acute pulmonary infection by P. aeruginosa. SH can regulate the immune and intestinal flora disorders of mice through TLR4/NF-κB signaling pathway, and effectively alleviate acute lung infection caused by P. aeruginosa.






Discussion

Houttuynia cordata is a traditional Chinese herb that has been shown to possess potent activity to treat infectious diseases (Gao et al., 2010; Shingnaisui et al., 2018; Wu et al., 2021). SH is the most crucial active component of Houttuynia cordata, widely used in anti-infection. In previous studies, we found that although SH was effective in inhibiting the growth of P. aeruginosa biofilm and eliminating its adhesion, SH could only inhibit the growth of bacteria and could not kill them directly (Wu et al., 2014). Thus, SH in vivo may achieve anti-infective effects by enhancing the immune response and altering gut microbes, rather than directly antimicrobial killing microbes as antibiotics do. Since the mechanism of action of SH against infection in vivo is not clear, we evaluated the protective effect of SH in vivo in a mouse acute pneumonia model.

After homogenization of lung tissues, the number of bacteria in the model group was higher than 106 CFU/g, thus successfully establishing a mouse pneumonia model induced by P. aeruginosa nasal drip. The results of this study show that SH improves the general status of mice with increased body weight and also improves the histological score of lung tissue in mice with P. aeruginosa-induced pneumonia. The spleen index is a preliminary observation characterizing the immune function of the organism and can be used to evaluate the effect of drugs on the immune organs (Li and Guan, 2011). Therefore, the results of the measurement of the splenic index of the immune organs of mice indicate that SH treatment can effectively control the deterioration of P. aeruginosa infection.

Inflammatory factors play an essential role in the occurrence and development of pneumonia. When the organism is attacked by P. aeruginosa, the expression of multiple inflammatory factors is increased or decreased to varying degrees (Zuercher et al., 2006; Alipour et al., 2013; Chen et al., 2018). Lipopolysaccharide (LPS), a major component of the outer membrane of P. aeruginosa, stimulates TLR4, and the TLR4 pathway activates NF-κB (Liu et al., 2015). Usually, in unstimulated cells, NF-κB is located in the cytoplasm and binds to its IκB-α receptor (Zhu et al., 2016). Once the cells are treated with an inducer, inhibitor of NF-κB (IκB) is degraded and phosphorylated NF-κB p65 is transferred to the nucleus (Lawrence, 2009). Finally, it triggers the release of various pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6 and CXCL1 (Lawrence et al., 2005). In the study by Wang et al. (Wang et al., 2017), LPS caused phosphorylation of NF-κB p65 and phosphorylation of IκB, whereas SH treatment significantly inhibited LPS-induced activation of NF-κB, thereby regulating the expression of related inflammatory cytokines. In this study, our results showed that SH significantly inhibited TLR4 expression in the lungs of P. aeruginosa-infected mice while causing phosphorylation of NF-κB p65 and phosphorylation of IκB-α, while SH suppressed the related expression thereby inhibiting the TLR4/NF-κB signaling pathway. Under normal conditions, a dynamic balance of pro-inflammatory and anti-inflammatory cytokines is maintained, and infection can lead to an alteration of this balance, which may be crucial for the pathogenesis of inflammatory diseases. Zhang and colleagues (Zhang et al., 2020) found that SH reduced the inflammatory response induced by Salmonella typhimurium through the NF-κB pathway. Expression of IL-6 and CXCL1 in serum and NF-κB, TLR4 and IL-1β in lung tissue were significantly higher in their model group than in the control group and decreased significantly in a dose-dependent manner after SH treatment. Similar results were found in our study, where multiple inflammatory cytokines in P. aeruginosa-induced pneumonia mice produced significant differences after SH treatment, that is, SH intervention reduced the release of each of these pro-inflammatory cytokines. Moderate inflammation is beneficial and protective, while both excessive and insufficient inflammation is detrimental to the body (Chen et al., 2022). Compared to the model group, SH reduces the inflammatory response in the body and maintains it at an appropriate level, which may ensure that the body is functioning properly in draining pathogenic bacteria and toxins, controlling the inflammatory response, and avoiding the waterfall effect and severe self-injury. Notably, our previous study indicate that long term and high dose of SH (usage of three week and 400 mg/kg) can increase the production of NF-κB and IFN-γ, indicating the overuse of SH can affects the composition of gut microbiota and production of inflammatory factors to induce pathological damage potentially in mice (Yan et al., 2020). Thus, based on the previous research, we set the concentration of SH of the high dosage, moderate dosage, low dosage as 100 mg/Kg, 50 mg/Kg and 25 mg/Kg and drug use of time as 1 week in the present research to avoid the potential pathological damage effect. In addition, instead of KM mice which have a complex genetic background, we select specific pathogen-free (SPF) BALB/c mice which have a clear genetic background and widely used in the pharmacological research (Wang et al., 2016; Yu et al., 2016). Combine these, our present research may obtain reliable results on the effect and possible mechanism of SH against the pneumonia induced by P. aeruginosa in mice.

In recent years, intestinal flora has been recognized as an important indicator of the pharmacological effects of traditional Chinese medicine (Feng et al., 2019). The intestinal flora can modulate the immune response of the mucosal immune system under normal physiological and infectious states (Hills et al., 2019). Due to the ability of the flora and its metabolites to mediate mucosal immunity, when the abundance and number of bacteria fluctuate, they inevitably affect the secretion of cytokines and immunoglobulins, thus exacerbating the inflammatory process (Fagundes et al., 2012). However, the mechanisms by which intestinal flora are associated with pulmonary immunity have not been elucidated, and current studies suggest that they may be related to the activation of Toll-like receptors (TLRs) (Lowe et al., 2010; Jiminez et al., 2016). Tang and colleagues (Tang et al., 2021) found that dysbiosis of the gut microflora could exacerbate endotoxin-induced acute lung injury by activating the TLR4/NF-κB signaling pathway in the lung and antagonize LPS-induced acute lung injury by restoring the intestinal flora and improving the diversity of the intestinal flora through fecal transplantation. The results of this study are consistent to our study, in which we found that SH significantly ameliorated P. aeruginosa lung inflammation through activation of the TLR4/NF-κB signaling pathway and improved intestinal flora dysbiosis. Here, we found that SH intervention restored the dominant species and increased the proportion of beneficial flora, and the three SH treatment groups increased the number of Lactobacillus, Rikenellaceae_RC9_gut_group and Alistipes to different degrees. Lactobacillus can improve ventilator-associated pneumonia (Johnstone et al., 2021), and Rikenellaceae_RC9_gut_group are positively correlated with Butyric and valeric acids (Qing et al., 2019), and Alistipes may have a protective effect against certain diseases (Parker et al., 2020). Although the exact mechanism of their rise in numbers is not clear, it is possible that SH increases intestinal flora by stimulating intestinal protective mechanisms, the mechanism of which needs further investigation. In addition, the results of β-diversity analysis showed that the overall composition of the intestinal flora in each group of mice was closest to that of the control group in the AZM group, followed by SH 50 mg/kg. The results of LefSe analysis also showed that the abundance of intestinal flora was significantly lower in the model group compared with the control group, while the abundance of various bacteria in the flora could be significantly restored after SH treatment. Thus, our results imply that SH could improve intestinal flora dysbiosis and potentially modulate the immune system in mice model of pneumonia induced by P. aeruginosa.



Conclusion

Collectively, our presented results suggest that SH may effectively treat P. aeruginosa-induced pneumonia in mice through the TLR4/NF-κB signaling pathway modulating immunity and affecting intestinal flora. However, there are some limitations of the current study. Such as the detail mechanism of how the intestinal flora and its bacterial metabolites regulate the inflammatory response in the lung has not been investigated in depth. Therefore, more experiments are needed to validate the above questions in our further research.
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Background and aims

Nonalcoholic fatty liver disease (NAFLD) is the most common type of chronic liver disease with a high incidence, and the situation is not optimistic. Intestinal flora imbalance is strongly correlated with NAFLD pathogenesis. Zhishi Daozhi Decoction (ZDD) is a water decoction of the herbs used in the classical Chinese medicine prescription Zhishi Daozhi Pills. Zhishi Daozhi Pills has shown promising hepatoprotective and hypolipidemic properties, but its specific mechanism remains unclear.



Methods

Mice were fed on a high fat-rich diet (HFD) for ten weeks, and then the animals were administrated ZDD through oral gavage for four weeks. The serum liver function and blood lipid indexes of the mice were then tested using an automatic biochemical analyzer. H&E and Oil Red O staining were used to observe the pathological conditions of mice liver tissue, and 16S rRNA sequencing technology was used to analyze the changes in intestinal flora of mice. The concentration of short-chain fatty acids (SCFAs) in the gut of mice was analyzed by gas chromatography-mass spectrometry (GC-MS). The expression of tight junction (TJ) proteins between ileal mucosal epithelial cells was analyzed using the immunofluorescence technique.



Results

ZDD was found to reduce the bodyweight of NAFLD mice, reduce serum TG, CHO, ALT, and AST levels, reduce fat accumulation in liver tissue, make the structure of intestinal flora comparable to the control group, and increase the concentration of intestinal SCFAs. It was also found to increase the expression of TJ proteins such as occludin and ZO-1, making them comparable to the control group.



Conclusions

ZDD has a therapeutic effect on NAFLD mice induced by HFD, which may act by optimizing the intestinal flora structure.
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  1 Introduction

The prevalence of nonalcoholic fatty liver disease (NAFLD) is on the rise, impacting an increasing number of individuals globally. As the most common type of chronic liver disease, it frequently co-occurs with obesity, hypertension, and type 2 diabetes developing metabolic syndrome and is also considered a hepatic manifestation of metabolic syndrome (Loomba et al., 2021). In recent years, the number of people with dyslipidemia has reached 40.4%, whereas the number of people with NAFLD accounts for 25.2%, with a higher incidence in the young population (Gao, 2018). According to the current research, the mainstream pathogenesis of NAFLD includes the “second hit” theory, the lipotoxicity theory, iron elements, genetic factors, bile acids, intestinal microbes, and other mainstream theories. However, there is increasing evidence that an imbalance in intestinal flora substantially correlates with NAFLD (Milosevic et al., 2019; Makri et al., 2020). Furthermore, the theory of the liver-gut axis has been gradually connected and confirmed by studies on the intestinal flora, intestinal short-chain fatty acids (SCFAs), and intestinal mucosal mechanical barrier (Albillos et al., 2020).

The intestinal microbiota comprises bacteria, viruses, fungi, and other microorganisms in the gut, where the bacteria account for 95% of the total microbial flora. Intestinal flora imbalance occurs when the stability and diversity of the intestinal bacterial community are destroyed (Yılmaz and Eren, 2017) and can affect the number and function of intestinal SCFAs (Carter and Karpen, 2007; Blaut, 2014). SCFAs being the major metabolite of intestinal flora, can promote intestinal epithelial proliferation and minimize the intestinal epithelial cells’ apoptosis, thereby increasing the expression of tight junction (TJ) proteins to reduce intestinal mucosa permeability (Gui and Shen, 2016; Zhao et al., 2018). Consequently, when the number and function of SCFAs are damaged, the intestinal mucosal barrier is destroyed, increasing its permeability and allowing a large number of bacteria, their metabolites, cytokines, and other substances to enter the liver through the portal vein, bypassing the processing of the intrahepatic mononuclear macrophage system. This triggers a cascade of cytokines, resulting in an uncontrolled immune response and releasing many inflammatory mediators, aggravating liver damage and disease progression (Compare et al., 2012). This series of immune-inflammatory reactions ultimately lead to NAFLD’s occurrence and progression. This mechanism is also supported by the concept of the “gut-liver axis” proposed by Marshall (Marshall, 1998) in 1998. Furthermore, a study also reported that the transplantation of intestinal bacterial feces from obese mice to pseudo-germ-free mice could increase their weight and liver fat content, indicating that intestinal flora imbalance is an essential factor leading to NAFLD (Delaune et al., 2018).

NAFLD pathogenesis results from multiple factors; thus, treatment methods for this disease are numerous, including removing the cause, adjusting the diet structure and lifestyle, drug treatment, etc., yet no specific drug is available having an ideal curative effect on this disease. Zhishi Daozhi Pill comes from Differentiation on Endogenous and Exogenous Diseases, written by Dong-yuan Li in 1247. It is composed of eight different types of Chinese herbal medicine, including Zhishi (Citrus aurantium), Dahuang (Rheum palmatum), Huanglian (Coptis chinensis), Huangqin (Scutellaria baicalensis), Shenqu (Massa Medicata Fermentata), Baizhu (Atractylodes macrocephala), Fuling (Poria cocos), and Zexie (Alisma orientate). This Traditional Chinese medicine (TCM) prescription has the function of “eliminating stagnation, clearing dampness and heat”, which means it can act as a laxative and removes excess energy from the body. According to TCM theory, NAFLD is caused by “damp heat and food accumulation”, so there is sufficient evidence to use this prescription. Zhishi Daozhi Decoction (ZDD) is a water decoction of the herbs in the classical Chinese medicine prescription Zhishi Daozhi Pills, which shows satisfactory hepato-protecting and lipid-lowering effects (Liu, 2006; Zhou, 2010). However, the exact mechanism remains unknown. Therefore, this study aimed to investigate the impact and mechanism of ZDD on the NAFLD mice model through serological testing, pathological examination, and effects on the intestinal flora, intestinal SCFAs, and TJ proteins between ileal mucosal epithelial cells of NAFLD to verify its efficacy.


 2 Materials and methods

 2.1 Zhishi Daozhi Decoction preparation

The ZDD Chinese herbal medicines required for this experiment for four weeks include 12.8 g of Citrus aurantium (Qingjiang County, Jiangxi Province), 6.4 g of Rheum palmatum (Pingwu County, Sichuan Province), 19.2 g of Coptis chinensis (Dayi County, Sichuan Province), 12.8 g of Scutellaria baicalensis (Ba County, Sichuan Province), 19.2 g of Massa Medicata Fermentata (Dehua County, Fujian Province), 19.2 g of Atractylodes macrocephala (Xinchang County, Zhejiang Province), 19.2 g of Poria cocos (Shuangbai County, Yunnan Province), and 12.8 g of Alisma orientate (Pucheng County, Fujian Province), and were purchased from the Decoction Pieces Pharmacy of the Third Affiliated Clinical Hospital of the Changchun University of Chinese Medicine. Herbs were obtained from qualified suppliers on the basis of standards specified in the Chinese Pharmacopoeia (2020 Edition). Put the above Chinese herbal medicines into a porcelain jar, add 300 mL of distilled water, boil for 30 min, fifilter, collect the first fifiltrate, add 200 mL of distilled water and continue to boil for 30 min, fifilter, combine the two fifiltrates, concentrate into a raw drug concentration of 1.45 g/mL of ZDD, store at -4°C for backup. Similarly, polyene phosphatidylcholine (PPC) was purchased (National Medicine Permit No. H20059010, Sanofi-Aventis, Beijing) and was dissolved in distilled water to prepare a solution with a concentration of 12 mg/mL.


 2.2 Animals and treatment

A total of 46 7-week-old male C57BL/6 mice (20g ± 2 g) were provided by Jilin Qianhe Model Biotechnology Limited Company (Experimental Animal License No. SYXK (Ji) 2019-0012). The study was approved by the Animal Experiment Ethics Committee of the First Hospital of Jilin University (Approval Number 20210627). The mice were raised in the National Local Joint Engineering Laboratories of Animal Models for Human Diseases. After one week of adaptive feeding, 46 mice were randomly divided into two groups: The Control group (n=13) and HFD group (n=33). The control group (C group) mice were fed 10% energy fat-supplied purified feed (Product ID XTCON50J). HFD group was fed 60% energy fat-supplied purified feed (Product ID XTHF60). The above-mentioned feeds were purchased from Jiangsu Xietong Pharmaceutical Bioengineering Limited Company. After the 10th week of feeding, three mice from each group were randomly selected for serological and pathological tests to confirm the successful disease model. Mice in the HFD group were randomly divided into Model group (M group) (n=10), PPC group (P group) (n=10), and ZDD group (Z group) (n=10). C and M groups were given distilled water 0.1ml/10g/d by gavage; the P group was given PPC 120 mg/kg/d, and the Z group was given ZDD 14.5g/kg/d. The gavage volume of each group was 0.1 mL/10 g, and the treatment period of each group was four weeks.

The body weight of the mice was observed once a week during the experiment. Before the end of treatment, mice feces were collected for three consecutive days, placed in sterile EP tubes, and kept in a -80 °C refrigerator for detecting intestinal flora and SCFAs by 16S rRNA sequencing and gas chromatography-mass spectrometry (GC-MS). Following the last dose administration, all animals in all groups were put on fasting for 12 hours with free access to water only. The next day, all animals were anesthetized with an intraperitoneal injection of 10% chloral hydrate solution (0.35 mL/100 g) and administered at the dosage of 0.8 mL. Blood samples from each group was collected from the eyeballs for serological testing. Similarly, fresh samples from the same part of the left lobe of mice liver were taken from each group and placed in 4% paraformaldehyde fixative solution and OCT embedding solution for the pathological testing. Fresh ileal tissues of mice from each group were taken, contents removed, and placed in a 4% paraformaldehyde fixative solution for immunofluorescence detection.


 2.3 Reagents and instruments

The reagents of triglyceride (TG), cholesterol (CHO), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and glutamyl transpeptidase (GGT) were provided by Shenzhen Rayto Life Technology Company. Harrel’s hematoxylin staining solution, hematoxylin and eosin (H&E) staining differentiation solution, and water-soluble eosin (Y) staining solution were provided by Thermo Scientific. Oil Red O staining solution (BBI, 1320-06-5), Gel extraction kit (Qiagen, Germany), TruSeq® DNA PCR-Free Sample Prep Kit (Illumina, USA), The chromatographic purity of acetic acid (AA), propionic acid (PA), isobutyric acid (IBA), butyric acid (BA), valeric acid (VA), caproic acid (CA), 2-methylvaleric acid, and methyl tert-butyl ether are CNW; the chromatographic purity of isovaleric acid (IVA) is Aladdin; occludin (Proteintech-66378-1-Ig); ZO-1 (Proteintech-21773-1-AP); FITC-labeled goat anti-mouse IgG (Abcam-b6785); Alexa Fluor 555-labeled goat anti-rabbit IgG (Invitrogen-A27039); Goat serum (Solarbio-SL038); DAPI (Solarbio-D8200); Anti-fluorescence decay mountant (Solarbio-S2100).

The equipment used was a low-temperature high-speed centrifuge (JOAN LAB-LC-12S), -80°C refrigerator (Thermo Scientific), fully automatic biochemical analyzer (Shenzhen Rayto Life Technology-Chemray 240/800), automatic tissue dehydrator (Thermo-ExcelsiorES), tissue embedding machine (Thermo-HistoStar), Semi-automatic rotary microtome (Thermo-HM340E), Cryostat (Thermo-HM550), Qubit@2.0 Fluorometer (Thermo Fisher Scientific, USA), Bioanalyzer (Agilent-2100, USA), GC-MS/MS (Agilent-7890B-7000D), Ball mill (Retsch-MM400), Electronic Balance (RADWAG-AS 60/220. R2), Multi-tube vortex shaker (Shanghai Jingxin-MIX-200, Electric heating constant temperature incubator (Tianjin Test-DH36001B), Ultrapure water system (HealForce-NW10LVF), and microscope (OLYMPUS-BX43).


 2.4 Serological test

Whole blood serum separation was carried out at 6°C, 3000 rpm for 15 min TG, CHO, ALT, AST, and GGT indexes were tested by an automatic biochemical analyzer.


 2.5 Pathological test

H&E staining: The liver tissue samples were embedded in wax blocks, cut into thin slices, and dewaxed. The sections were nuclear stained with hematoxylin solution, cytoplasm stained with eosin solution, followed by dehydration and sealing.

Oil red O staining: The liver tissues were frozen into blocks, cut into thin slices, and dried. The slices were immersed in isopropanol, dipped in oil red O staining solution, counterstained with hematoxylin staining solution, and sealed. All slides were then observed under an optical microscope.


 2.6 16S rRNA sequencing

DNA samples were extracted by the CTAB method. The V3-V4 region in the extracted DNA was amplified by PCR using the forward primer 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and the reverse primer 806R (5’-GGACTACHVGGGTWTCTAAT-3’). The mixed PCR products were purified using Qiagen Gel Extraction Kit.

Sequencing libraries were generated using the TruSeq® DNA PCR-No Sample Prep Kit. Library quality assessment was performed using Qubit@2.0 Fluorometer and an Agilent Bioanalyzer 2100 system. The library was sequenced on the Illumina NovaSeq platform.

Data quality control and analysis: Before bioinformatics operations, high quality target sequences have been obtained in advance. The specific steps involve splitting (FLASH V1.2.7: http://ccb.jhu.edu/software/FLASH/) (Magoč and Salzberg, 2011), filtering (QIME V1.9.1: https://qiime.org/scripts/splitlibrariesfastq.html) (Caporaso et al., 2010; Bokulich et al., 2012) and chimera removing (Silva database: https://www.arb-silva.de/and UCHIME Algorithm: http://www.drive5.com/usearch/manual/uchimealgo.html) (Edgar et al., 2011).


 2.7 GC-MS

The acquisition conditions of chromatography and mass spectrometry are as follows: the injection volume is 2 μL; the Front Inlet Mode was 1:1, and the carrier gas was Helium. The column used was DB-FFAP (30 m x 0.25 mm x 0.25 µm); the column flow was 1.2 mL/min. The oven temperature ramp was held at 90°C for one min, then raised to 100°C at a rate of 25°C/min, then raised to 150°C at a rate of 20°C/min, held for 0.6 min, and raised to 200°C at a rate of 25°C/min, held for 0.5 min, after running for 3 min. The front injection temperature was 200°C, the transfer line temperature was 230°C, the ion source temperature was 230°C, and the quad temperature was 150°C.


 2.8 Immunofluorescent detection

The ileum tissue was made into a wax block, cut into thin slices, and dewaxed. The antigen was recovered at a high temperature with antigen retrieval solution, and goat serum was added dropwise. Primary antibody and fluorescent secondary antibody were added dropwise; the dilution ratio of primary antibody occludin was 1:500, and the secondary antibody was FITC-labeled goat anti-mouse IgG (green light). Another primary antibody, ZO-1, was diluted at a ratio of 1:500, and the secondary antibody was Alexa Fluor 555-labeled goat anti-rabbit IgG (red light). For nuclear staining, DAPI was added dropwise. Anti-fluorescence quencher was added dropwise. The slides were covered and observed under a fluorescence microscope. Image-ProPlus 6.0 software was used for analysis.


 2.9 Statistical analysis

SPSS 26.0 statistical software was used for data analysis. The T-test was used to compare measurement data between two groups. The data were expressed as mean ± standard deviation (SD) if they conformed to the normal distribution. The Mann-Whitney U rank-sum test was used if they did not conform to the normal distribution, and it was expressed as the median. If the measurement data compared between multiple groups conformed to the normal distribution, it was analyzed by one-way ANOVA. The Kruskal Wallis H test was used if they did not conform to the normal distribution. Graph Pad Prime 8 was used for drawing, and P<0.05 indicates a statistical difference.



 3 Results

 3.1 Therapeutic effect of ZDD on NAFLD model mice

There was a significant difference in body weight between the HFD group and the C group before the decoction intervention, indicating that the modeling was successful. After four weeks of treatment, both P and Z groups could effectively prevent weight gain, with the Z group showing a better effect ( Figure 1A ). In terms of blood lipids ( Figures 1B, C ), there is a significant difference between the C and M groups. Although both the P and Z groups can reduce blood lipid, the Z group performs better in CHO index. In terms of serum liver function ( Figures 1D, E ), there is a significant difference between the C and M groups. Although both the P and Z groups can reduce liver function, the P group performs better in ALT and AST indexes. In addition, there is no significant difference among the groups in the GGT index of liver function ( Figure 1F ).

 

Figure 1 | Comparison of Body Weight and Biochemical Assays in each group. (A) Body Weight. (B) Serum TG. (C) Serum CHO. (D) Serum ALT. (E) Serum AST. (F) Serum GGT. The above data are expressed as mean ±SD. * is P<0.05 compared with C group; ** is P<0.01 compared with C group; # is P<0.05 compared with M group; ## is P<0.01 compared with M group; ^ is P<0.05 compared with P group; ^^ is P<0.01 compared with P group. 



Furthermore, in terms of H&E staining, the structure of hepatic lobules of mice in the M group was disordered, as was the arrangement of hepatocytes, which were swollen, filled with fat vacuoles of varying sizes, and the nuclei were marginalized. However, the condition of the P and Z groups was significantly better than that of the M group ( Figure 2A ). Oil Red O staining revealed several red lipid droplets of different sizes in the hepatocytes of mice in the M group. The cells were irregular in shape with unclear borders and fused into sheets, and the nuclei were marginalized. However, the condition of the P and Z groups was significantly better than that of the M group ( Figure 2B ). The PPC and ZDD both produced therapeutic effects on the NAFLD mice model, with each exerting differently emphasizing effects.

 

Figure 2 | Comparison of Histopathological Examination in each group. (A) H&E staining of mice liver tissue (light microscope 200 ×). (B) Oil red O staining of mice liver tissue (light microscope 200 ×). 




 3.2 The effect of ZDD on the intestinal flora of NAFLD model mice

 3.2.1 Analysis of the intestinal flora diversity

The rarefaction curve indicated that the sequencing quality of this sample was satisfactory for subsequent analysis ( Figure 3A ). Both P and Z groups showed a decreasing trend in community richness, whereas both C and M groups were significantly different from the Z group ( Figure 3C ). Furthermore, the Z group showed a decreasing trend in terms of community diversity. The Z group was significantly different from the M group, while there was no significant difference between the Z and C groups ( Figure 3D ).

 

Figure 3 | Intestinal flora diversity analysis. (A) Rarefaction Curve. The abscissa is the number of sequencing strips randomly selected from a sample, and the ordinate is the number of OTUs that can be constructed based on the number of sequencing strips used to reflect the sequencing depth. Curves with different colors represent different samples. (B) PCOA chart. The abscissa and ordinate axes are the two selected principal axes. The percentages indicate the degree of interpretation of the differences in the composition of samples by the principal coordinates. The scales on the two principal axes are relative distances, which have no practical significance: samples in different groups are distinguished by their respective colors, and the closer the point-to-point distance between samples is, the more similar the flora composition between samples is. (C) Chao 1 Index indicates community richness. (D) Shannon Index shows community diversity. Data in histograms are expressed as Mean+SD. * is P<0.05 compared with C group: ** is P<0.01 compared with C group: # is P<0.05 compared with M group: ## is P<0.01 compared with M group: ^ is P<0.05 compared with P group: ^^is P<0.01 compared with P group. 



Principal Component Analysis (PCoA) was used to investigate the similarity or difference in sample composition to determine differences in the composition of the intestinal flora of mice in each group. The results showed that each group of samples had better intra-group aggregation but differed from other sample groups ( Figure 3B ). The differences between the samples in each group were further evaluated using the Amova algorithm, and the results indicated samples in groups Z and C had no difference. Both C and Z groups can form a significant difference from the M group, but P group cannot form a significant difference from the M group. ( Table 1 ). This demonstrates that the NAFLD model created by HFD can change the intestinal flora of mice, while ZDD can alter the intestinal flora of the mice to be more similar to that of healthy mice in the control group.

 Table 1 | Significant differences in the structure of the intestinal community of mice in each group (Amova). 




 3.2.2 Analysis of the intestinal flora composition

At the phylum level, Firmicutes and Bacteroidota dominated the flora composition ( Figures 4A, B ). The former accounted for a relatively small proportion in the Z group, while the latter accounted for a rather large proportion. Some studies have described that the intestinal flora of obese animals and humans exhibits a higher Firmicutes/Bacteroidetes ratio compared with normal-weight individuals, proposing this ratio as an eventual biomarker (Zou et al., 2020; De Bandt et al., 2011). Considering the importance of Firmicutes and Bacteroidetes in metabolic diseases, the Firmicutes/Bacteroidetes (F/B) ratio of each group was analyzed. The F/B ratio of the P group was higher than that of the C group. However, the Z group decreased significantly compared with the P group ( Figure 4C ). The above results suggest that ZDD can decrease Firmicutes, increase Bacteroidetes, and reduce the F/B ratio. In the case of PPC, the opposite effects were found.

 

Figure 4 | Analysis of the intestinal flora composition. (A) Percent of community abundance among sample on phylum level. (B) Percent of community abundance among groups on phylum level. (C) Histogram of differences in intestinal flora abundance on phylum level. (D) Percent of community abundance among sample on genus level. (E) Percent of community abundance among groups on genus level. (F) Histogram of differences in intestinal flora abundance on genus level. Data in histograms are expressed as mean+SD. * is P<0.05 compared with C group; ** is P<0.01 compared with C group: # is P<0.05 compared with M group; ## is P<0.01 compared with M group: ^ is P<0.05 compared with P group: ^^ is P<0.01 compared with P group. 



At the genus level, Faecalibaculum, Bacteroides, Blautia, and Colidextribacter dominated the flora composition ( Figures 4D, E ). The Faecalibacterium and Bacteroidetes accounted for a large proportion in the C group, while Brautia and Colidextribacter accounted for a small proportion. Interestingly, the Z group had a similar proportion of the above four genera as the C group, and there was no statistical difference between the two groups ( Figure 4F ). The above results suggested that ZDD can make the intestinal flora of mice more inclined to those of healthy mice in the control group at the genus level.


 3.2.3. LEfSe differential analysis of intestinal flora.

The LEfSe analysis with LDA=4 was used to examine differences in species composition. The results indicated that the M group differed from the C group due to the up-regulation of (Firmicutes - Clostridia - Lachnospirales - Lachnospiraceae - Blautia) and (Firmicutes - Clostridia - Oscillospirales - Oscillospiraceae - Colidextribacter) ( Figures 5A, D ). Interestingly, the difference between the M and Z groups is similar to the difference between the M and C groups ( Figures 5C, F ). The difference between the M and P groups was due to the up-regulation of Bacteroidota - Bacteroidia - Bacteroidales) ( Figures 5B, E ). The above results suggested that in LEfSe differential analysis, ZDD can make the intestinal flora of mice more similar to that of healthy mice in the control group.

 

Figure 5 | LEfSe differential analysis of intestinal flora. (A) Cladogram between C and M groups. (B) Cladogram between M and P groups. (C) Cladogram between M and Z groups. The order of the circles radiating from the inside to the outside in the cladogram is for each level (kingdom, phylum, class, order, family, genus, and species). The size of the diameter represents the size of the relative abundance. If the color in the small circle is yellow, it means that there is no significant difference in the level of bacteria; if the color is the color of the group, it means the bacteria with a significant difference in the group, and the corresponding flora name is displayed on the right side. The letter number corresponds to the figure. (D) LDA value histogram between C and M groups. (E) LDA value histogram between M and P groups. (F) LDA value histogram between M and Z groups. The color of the histogram in the LDA value histogram represents the group. The length represents the LDA score, i.e., the degree of influence of bacteria (groups) with significant differences between groups. 





 3.3 The effect of ZDD on the intestinal SCFAs of NAFLD model mice

The linear equation and determination coefficient of the standard curve of the substances tested in this project are shown in  Table 2 . The sample quality control analysis results showed that the total ion chromatograms had high overlap, suggesting that the retention time and peak intensity were consistent, indicating that the instrument was stable during the detection of this project ( Figures 6A, B ). And these quantitative results which can indicate the stability of the instrument have been provided in the additional materials (Table file named Total Ion Chromatogram). The results showed that AA, PA, and BA dominated the composition of SCFAs. Interestingly, AA, PA, BA, and SCFA content in the Z and C groups maintained high levels ( Figure 6C  and  Supplementary Table 1 ). This also indicates that ZDD can make the content and internal ratio of SCFAs in the gut more similar to that of healthy mice in the control group.

 Table 2 | Linear equations. 



 

Figure 6 | Intestinal short-chain fatty acids. (A) Total Ion Chromatogram. (B) TIC Overlay. (C) Content of various types of short-chain fatty acids. Data in histograms are expressed as mean ±SD. * is P < 0.05 compared with C group; ** is P < 0.01 compared with C group; # is P < 0.05 compared with M group; ## is P < 0.01 compared with M group; ^ is P < 0.05 compared with P group; ^^ is P < 0.01 compared with P group. TIC, total ion chromatogram; AA, acetic acid; PA, propionic acid; IBA, isobutyric acid; BA, butyric acid; IVA, isovaleric acid; VA, valeric acid; CA, caproic acid; SCFAs, short-chain fatty acids. 




 3.4 The effect of ZDD on the ileal occludin and ZO-1 proteins of NAFLD model mice

In terms of occludin, the M and P groups’ protein expression was significantly lower than the C group, with discontinuous aggregation and disordered arrangement ( Figure 7A ). Interestingly, the protein expression levels of the Z and C groups remained high, with no difference between them ( Figure 7B ). The situation of ZO-1 was similar to occludin. The above results indicated that ZDD could make the expression of TJ proteins occludin and ZO-1 between ileal mucosal epithelial cells more similar to that of healthy mice in the control group.

 

Figure 7 | Intestinal short-chain fatty acids. (A) Expression and distribution of occludin and ZO-1 in ileal tissue (400x). (B) IOD/Area expression of occludin and ZO-1 in ileal tissue (Analyzed using Image-ProPlus 6.0 software). Data in histograms are expressed as mean+SD. * is P < 0.05 compared with C group; ** is P< 0.01 compared with C group; # is P< 0.05 compared with M group; ## is P < 0.01 compared with M group; ^ is P < 0.05 compared with P group; ^^is P < 0.01 compared with P group. IOD, Integrated Optical Density. 





 4 Discussion

 4.1 Interpretations

We successfully established a NAFLD model with a 10-week HFD, characterized by increased body weight, disturbing serum liver function and lipid values, and abnormal liver pathology. Furthermore, we also found differences in the expression of intestinal flora, SCFAs, and TJ proteins in ileal mucosal epithelial cells between the M and C groups, which is a good hint for our study to investigate mechanisms in these areas. Furthermore, it was also confirmed that ZDD and PPC have different effects on NAFLD efficacy after four weeks of treatment. Despite having a different emphasis, the therapeutic mechanism of PPC does not seem to be related to the liver-gut axis as compared to ZDD. Because PPC did not alter intestinal flora, SCFAs, and TJ proteins between ileal mucosal epithelial cells. However, the role of ZDD in these aspects was prominent.


 4.2 Intestinal flora

We analyzed the intestinal flora to explore further how ZDD exerts a therapeutic effect on NAFLD. Intestinal flora diversity analysis showed that ZDD could make the general composition of the intestinal flora more similar to that of healthy mice in the control group. Although there is no significant difference between Group M and Group C on the Chao 1 index and Shannon index expressing the community richness and diversity. After PCoA statistics, it was found that each group of samples had better intra-group aggregation. Though, there were differences with other groups of samples, indicating the pathogenesis of the disease and the treatment mechanism of intervention measures were closely related to the intestinal flora. The results obtained by the Amova algorithm also showed that the intestinal flora structure of the M group was significantly different from that of the C group. However, after ZDD intervention, the intestinal flora structure of the Z group was more similar to that of healthy mice in the control group. There was no statistical difference between C and Z groups. So far, we are more convinced of the need for further research based on the direction of intestinal flora.

 4.2.1 Intestinal flora at the phylum level

To further explore the internal changes of the flora structure, we conducted research at the phylum level, namely the similarity of the flora structure between Z and C groups and their difference with the M group. The results showed that ZDD could decrease Firmicutes, increase Bacteroidetes, and decrease the F/B ratio. Previous studies have shown that Firmicutes have a positive correlation with metabolic diseases. In contrast, Bacteroidetes have a negative correlation with it, and the decrease in their F/B ratio can reduce the body’s calorie intake from food, thereby avoiding obesity (Plovier et al., 2017; Ruiz et al., 2017; Sharpton et al., 2018).


 4.2.2 Intestinal flora at the genus level

To explore the changes in the flora below the phylum level, genus-level investigations were carried out. The results showed that ZDD could increase the proportion of Faecalibacterium and Bacteroidetes while decreasing the ratio of Brautia and Colidextribacter. The results were similar to that of the C group but opposite in the case of the M group. It is suggested that ZDD can alter the intestinal flora of mice to be more similar to that of healthy mice in the control group at the genus level. Previous studies have shown that Faecalibacterium can produce BA to improve mucosal barrier function, but its proportion in the gut of NASH and NAFLD patients is low (Wong et al., 2013; Da Silva et al., 2018). Furthermore, studies have revealed that Faecalibacterium can induce regulatory T cells to improve mucosal barrier function to treat NASH (Kessoku et al., 2018). In terms of Bacteroides, previous studies have shown that obesity indicators are negatively correlated with Bacteroides (Zeng et al., 2019). An increase in the proportion of Bacteroides is beneficial for optimizing serum liver function and blood lipids (Lang et al., 2020) and reducing hepatic fat fraction (Orabi et al., 2021). Furthermore, animal studies have also shown that Bacteroidetes have anti-obesity effects (Gauffin Cano et al., 2012; Fernández-Murga and Sanz, 2016). In terms of Blautia, existing studies have shown contradictory results, where Blautia has been reported to be positively correlated with BMI (Ottosson et al., 2018). Another study found that Blautia was negatively correlated with the visceral fat area and even helped reduce blood lipids and resist inflammation (Tong et al., 2018; Ozato et al., 2019). Since NAFLD is an intrahepatic inflammation, we speculate that the emergence of Blautia is more likely a result of inflammation. In terms of Colidextribacter, studies have reported that it is positively correlated with the degree of fibrosis in NAFLD (Hoyles et al., 2018; Aron-Wisnewsky et al., 2020). Colidextribacter can convert macrophage polarization to M1 phenotype and induce hepatocyte lipolysis, and the continuous occurrence of this process will accelerate the process of liver fibrosis (Zhang et al., 2020). Furthermore, Colidextribacter is the dominant bacteria of Gram-negative bacteria, and lipopolysaccharide (LPS), also known as endotoxin, which is the main component of the outer membrane of Gram-positive bacteria, is a major cause of endotoxemia (Cani et al., 2008). Chronic low-grade inflammation due to metabolic endotoxemia is considered an important marker of metabolic diseases such as obesity (Cani et al., 2007). So, the emergence of the above-discussed four genera and the pathogenesis incurred as a result are interrelated and are proven to be mutually supportive and consistent.


 4.2.3 Intestinal flora at LEfSe analysis level

Next, we used the LEfSe analysis method to determine which flora cause community differences, i.e., the core flora. We found that the reason why the M group differs from the Z group is quite similar to the reason the M group differs from the C group, which is up-regulation of (Firmicutes - Clostridia - Lachnospirales - Lachnospiraceae - Blautia) and (Firmicutes - Clostridia - Oscillospirales - Oscillospiraceae - Colidextribacter). Two conclusions can be drawn from this: First, the core flora in the NAFLD model is dominated by a high proportion of Firmicutes. Second, this phenomenon shows that ZDD can make the intestinal flora more similar to that of healthy mice in the control group.



 4.3 SCFAs

As per the findings of many studies (Yu et al., 2016; Ji et al., 2019), changes in the intestinal flora will affect the expression of SCFAs, which can ultimately affect the permeability of the intestinal mucosa. Higher permeability will bring harmful substances such as pathogenic bacteria and their metabolites, like LPS, into the liver through the enterohepatic circulation, causing NAFLD. Next, we will detect intestinal SCFAs and TJ proteins between ileal mucosal epithelial cells to determine whether this mechanism is unobstructed and whether ZDD plays a role in treating diseases by participating in this mechanism.

The results of SCFAs revealed that AA, PA, and BA dominated SCFAs composition. Interestingly, AA, PA, BA, and SCFA contents in the Z and C groups were consistent with higher levels. SCFAs are organic compounds produced by the fermentation of carbohydrates by intestinal microbes. They are mainly composed of AA, PA, and BA, which account for 90% to 95% of the total SCFAs (Canfora et al., 2019). The AA and PA, in particular, can reduce excessive energy and fat deposition in the body by enhancing the release of glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) to reduce appetite and increase satiety (Tolhurst et al., 2011; Larraufie et al., 2018). As BA can supply energy to intestinal epithelial cells, sufficient BA synthesis is the key to ensuring the full expression of intestinal transepithelial electrical resistance and TJ proteins, thereby reducing intestinal mucosa permeability (Barcenilla et al., 2000; Zhou and Fan, 2019; Ho Do et al., 2020). Moreover, BA is mainly produced by Bacteroides (Stumpff, 2018), and 16S rRNA sequencing showed that the Bacteroides contents in the C and Z groups were higher, which translated into higher BA contents in groups C and Z. However, there was no significant difference in the content of various SCFAs between the P and the M groups, suggesting that PPC had little effect on the intestinal SCFAs content. We were not surprised because the P group did not differ significantly from the M group in 16S rRNA sequencing.

Therefore, the detection of SCFAs played a linking role in the whole experiment. In 16S rRNA sequencing, ZDD was found to maintain the Z group’s intestinal flora structure similar to that of the C group. The upstream of the link was that detection of SCFAs verifies that similar intestinal flora can maintain a high similarity in the composition and content of SCFAs; for example, higher Bacteroides can produce higher BA. The downstream of the link is to observe whether the C and Z groups with high content of SCFAs and a high proportion of BA can reduce the passage of the intestinal mucosal mechanical barrier in the following Immunofluorescent detection.


 4.4 Occluding and ZO-1 in intestinal mucosal mechanical barrier

Under normal physiological conditions, intestinal mucosal barrier function can prevent pathogenic bacteria and related metabolites in intestinal cavity from transferring out of intestinal cavity. The intestinal mucosal mechanical barrier is composed of intestinal epithelial cells, TJ, and the mucus layer covering the surface of the epithelial cells. As an important part of the intestinal mucosal mechanical barrier, TJ is located at the top of epithelial cells, surrounds the cells in a hoop shape, and tightly connects adjacent epithelial cells. And, TJ can strengthen the intestinal mucosal barrier function by reducing the permeability to prevent the translocation of pathogenic microorganisms and their metabolites from the intestinal tract into the portal venous system, causing chronic liver inflammation and eventually NAFLD. Therefore, the down-regulation and abnormal distribution of TJ protein are the main molecular mechanism of intestinal mucosal barrier dysfunction associated with NAFLD. As occludin and ZO-1 are important constituent TJ proteins, we performed immunofluorescence detection on occludin and ZO-1. The results showed that both the Z and C groups maintained good morphological expression and high expression of occludin and ZO-1. However, the situation in the M and P groups is not optimistic. This suggests that ZDD is responsible for maintaining the complete expression of occludin and ZO-1. Their full presentation is conducive to the normal functioning of the intestinal mucosal mechanical barrier, preventing pathogenic bacteria and their metabolites LPS from entering the liver through the portal vein and thereby preventing and treating NAFLD (Thanabalasuriar et al., 2013; Giorgio et al., 2014).



 5 Conclusion

In conclusion, we confirmed the therapeutic effect of ZDD on NAFLD through animal experiments. We explored the mechanism of this effect in terms of intestinal flora, SCFAs, and intestinal mucosal mechanical barrier. Finally, we conclude that the therapeutic mechanism of ZDD may be the result of the synergy of the aspects mentioned above. However, fecal bacteria transplantation technology has gradually emerged in recent years. Unfortunately, the fecal bacteria transplantation, inflammatory markers and related pathways experiment was not performed in the current study to prove the above conclusions in reverse. As the technology matures, it will be supplemented in future experiments.

Experimental design diagram ( Figure 8 ); The mechanism of the ZDD’s therapeutic effect for NAFLD based on intestinal flora ( Figure 9 ).

 

Figure 8 | Experimental design diagram. 



 

Figure 9 | The mechanism of the ZDD's therapeutic effect for NAFLD based on intestinal flora. 
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Objectives

This study aimed to investigate the protective effect of ginsenoside Rg3 (GRg3) against acute radiation proctitis (ARP) in rats.



Methods

Wistar rats were randomly divided into control, model, dexamethasone-positive, GRg3 low-dose, GRg3 medium-dose, and GRg3 high-dose groups. The ARP rat model was established by a single 22-Gy irradiation of 6 MV) X-rays. The distribution and function of intestinal flora were detected using 16S rRNA high-throughput sequencing, rectal tissue was observed by hematoxylin and eosin (H&E) staining, the expression of interleukin 1β (IL-1β) and IL-10 inflammatory factors was detected by ELISA, and mRNA and protein expression of toll-like receptor 4 (TLR4), myeloid differentiation primary response 88 (MyD88), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) were detected by RT-qPCR and Western blotting, respectively.



Results

GRg3 improved the symptoms of ARP in rats in a dose-dependent manner. The species distribution of intestinal flora in GRg3 rats was significantly different from that in ARP rats. These differences were more significant in the high-dose group, where the numbers of Ruminococcus, Lactobacillus, and other beneficial bacteria were significantly increased, whereas those of Escherichia, Alloprevotella, and other harmful bacteria were decreased. In addition, GRg3 was closely related to amino acid metabolism. After GRg3 treatment, the mRNA and protein expression of TLR4, MyD88, and NF-κB in rectal tissue was significantly down-regulated, and the level of downstream inflammatory factor IL-1β decreased, whereas that of IL-10 increased.



Conclusion

Our study indicated GRg3 as a new compound for the treatment of ARP by inhibiting the TLR4/MyD88/NF-κB pathway, down-regulating the expression of proinflammatory factors, thus effectively regulating intestinal flora and reducing inflammatory reactions.





Keywords: TLR4/MyD88/NF-κB signal pathway, ginsenoside Rg3, acute radiation proctitis, intestinal microflora, mechanism



1 Introduction

Radiotherapy is an effective treatment for malignant abdominal, retroperitoneal, and pelvic tumors. In recent years, with the continuous progress in radiotherapy technology, ionizing radiation (IR) can be used to accurately identify targeted tumors; however, it can also damage normal intestinal tissue, resulting in radiation enteritis (RE) (Wang et al., 2021). Owing to the anatomic position of the rectum and the dose-dependent toxicity of IR, rectal tissue is easily damaged. After IR, approximately 50%–75% of patients develop acute radiation proctitis (ARP) within 3 months, with 20% of them gradually developing chronic radiation proctitis (CRP) (Grodsky and Sidani, 2015). At present, the molecular mechanisms underlying the development of ARP are not well understood.

As a pattern recognition receptor, toll-like receptor 4 (TLR4) triggers acute inflammation responses immediately following the recognition of invading bacteria, fungi, viruses, and other microorganisms. The mechanism by which the TLR4 pathway promotes the inflammatory response against pathogens involves the combined action of bacterial lipopolysaccharides and binding proteins that directly activate TLR4 under the transport of CD14 in immune cells. This triggers the signal cascade of toll/interleukin-1 receptor domain-containing adapter protein (TIRAP) and myeloid differentiation primary response 88 (MyD88) binding proteins located on the plasma membrane, further activating the nuclear translocation of NF-κB transcription factors, thus promoting the expression of inflammatory factors (Liu et al., 2021). Some studies have found that TLR4 promotes RE by recognizing high-mobility group box 1 protein (HMGB1) and NF-κB and activating inflammatory factors, such as interleukin 1β (IL-1β), tumor necrosis factor alpha (TNF-α), and IL-6 (Zhao et al., 2020; Zhang et al., 2020). The TLR4 pathway participates in the inflammatory response in many diseases; however, its effect on ARP has not been documented.

The intestinal flora maintains a dynamic balance in the body and plays a key role in metabolism, nutrition, physiology, and immunity (McKenzie et al., 2017). Changes in the internal and external environment disrupt this balance and alter the proportion, number, species, and metabolites of intestinal flora, resulting in intestinal flora imbalance. Tight junction proteins are the most important guardians of the intestinal barrier. Studies have shown that intestinal flora imbalance is mediated by down-regulating the expression of tight junction proteins, destroying the function of the intestinal epithelial barrier, promoting the expression of inflammatory factors, and hence aggravating radiation enteritis (Stringer, 2013; Zihni et al., 2016; Jian et al., 2021). The abundance and function of intestinal flora species are also changed in patients with CRP (Liu et al., 2021). Therefore, intestinal flora imbalance might serve as a biomarker for the diagnosis and prognosis prediction of ARP.

Ginsenoside Rg3 (GRg3), which is the main active component of Panax ginseng, has anti-inflammatory, antitumor, antiangiogenic, and immune-enhancing effects. Some studies have shown that GRg3 significantly reduces the expression of the IL-6, TNF-α, and cyclooxygenase-2 (COX-2) proinflammatory factors in airway epithelial cells of asthmatic mice, thereby reducing airway inflammation (Huang et al., 2021). In addition, GRg3 has been reported to be involved in the regulation of the activation of the phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB, also known as AKT)/mammalian target of rapamycin (mTOR) and inhibition of the NF-κB signaling pathways and has, therefore, been widely used in the treatment of acute lung injury (Cheng and Li, 2016; Lee et al., 2016; Yang et al., 2018). However, despite being a good anti-inflammatory drug, the effect of GRg3 on the IR-induced inflammatory response has not been studied yet. We previously demonstrated that GRg3 exhibits a good anti-inflammatory effect in ARP rats (Hu and Cai, 2019). In this study, we investigate the related underlying mechanism of GRg3 in the treatment of ARP.



2 Materials and methods


2.1 Experimental animals and reagents

Forty-eight male Wistar rats of SPF grade, weighing 180–200 g, were purchased from Beijing Spelford Biological Company (license number: SCXK (Beijing) 2019-0010; Beijing, China). Rats were raised in the SPF laboratory of the Experimental Animal Center of Lanzhou University under steady conditions of temperature at 20–26°C, 45–55% humidity, and a 12/12 h light and dark cycle, with free access to food and water. This study strictly complied with the care and use of laboratory animals in the People’s Republic of China (revised in 2006) and was approved by the Medical Ethics Committee of Gansu Provincial People’s Hospital (approval number: 2021-287). Related reagents’ information was shown in supplementary materials.



2.2 Establishment of animal model

Forty-eight rats were fed adaptively for 1 week and then randomly divided into six groups, with eight rats in each group: control check (CK), model (MG), dexamethasone-positive (Dexa), GRg3 low-dose (GL), GRg3 medium-dose (GM), and GRg3 high-dose (GH). Rats in all groups except for the CK group, were fasted and were not allowed water for 12 h before irradiation. Rats were anesthetized with pentobarbital sodium (30 mg/kg, intraperitoneal injection). After anesthesia, the local area of each rat was irradiated with 22 Gy using a 6-MV X-ray beam. The irradiation range covered the area from the pubic symphysis to the anus, which was surrounded by a lead plate. The radiation field area was 3.5 cm × 5 cm, the source skin distance was 100 cm, and the dose rate was 300 cGy/min. Changes in the fecal morphology (diarrhea, mucinous or loose stools) of rats within 1–7 days after irradiation were considered indicative of the establishment of a successful model. Rats were subjected to continuous intragastric administration of the experimental compounds for 14 days, starting from the eighth day. The CK and MG groups were given the same amount of saline and the Dexa group was treated with 1.425 mg/kg dexamethasone sodium phosphate, while the GL, GM, and GH groups were perfused with 20, 40, and 80 mg/kg GRg3, respectively.



2.3 Disease activity index

The mental state and food and water intake of rats were observed, their body weight and stool morphology were recorded, and disease activity was evaluated daily. The disease activity index (DAI) was scored according to the percentage of weight loss, fecal characteristics, and fecal bleeding, and the total score of the three combined results was divided by 3. Scoring criteria are presented in Supplementary Table 1.



2.4 16s rDNA sequencing and data analysis

Fresh rat feces were collected, and DNA was extracted. A small fragment library was constructed based on the amplified 16s region (V3–V4 region), and double-terminal sequencing was performed using the Illumina NovaSeq sequencing platform. The sequenced data were spliced and subjected to quality control, chimera filtering, and operational taxonomic unit (OTU) clustering. Based on the above data, the species distribution of intestinal flora was analyzed, differences in species composition and community structure among samples were revealed, and the function of related genes was predicted.



2.5 Hematoxylin–eosin staining

Following fixation with 4% paraformaldehyde, rat rectal tissues were pruned, dehydrated, embedded, sliced, and stained with H&E. Finally, sections were observed under a microscope.



2.6 Enzyme-linked immunosorbent assay

Blood was collected from the abdominal aorta, centrifuged at 3,000 rpm for 20 min, and the supernatant was collected. The levels of the proinflammatory factor IL-1β and anti-inflammatory factor IL-10 in the sera of rats in each group were detected using the appropriate ELISA kits and in accordance with the manufacturer’s instructions.



2.7 Real-time quantitative PCR

Total tissue RNA was extracted using the TRIzol reagent and reverse transcribed into cDNA using the reverse transcription kit. SYBR Green Master Mix was used for PCR amplification to detect the relative expression of TLR4, MyD88, and NF-κB mRNAs in rectal tissues. PCR conditions were as follows: predenaturation at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 55°C for 20 s, and extension at 72°C for 20 s. Primer sequences are listed in Supplementary Table 2.



2.8 Western blotting

Rectal tissue was added to 1 ml of radioimmunoprecipitation assay (RIPA) lysate and 10 μl of phenylmethylsulfonyl fluoride (PMSF) at ratios of 1:10 and 1:100, respectively. The NF-κB p65 protein was cleaved by the addition of 10 μl of phosphorylated protease inhibitor A and B solution. Protein concentration was determined using the bicinchoninic acid assay (BCA) method. Equal amounts of protein were separated by SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were then incubated with primary antibodies at 4°C overnight, followed by an incubation with secondary antibodies (1:5,000) for 1 h at 25°C, and finally developed using an enhanced chemiluminescence (ECL) chemiluminescent solution. The dilution ratio of TLR4, MyD88, and NF-κB P65 antibodies was 1:1,000, whereas that of the β-actin antibody (internal control) was 1:2,000.



2.9 Statistical analysis

SPSS 25.0 and GraphPad Prism 9 were used for statistical analysis and mapping. Measurement data were expressed as the mean ± standard error ( ± s). The Student’s t-test was used for comparisons between the two groups. One-way analysis of variance (ANOVA) was used for comparisons between multiple groups, and the Bonferroni test was used for post hoc analysis. A p-value of < 0.05 was considered statistically significant.




3 Results


3.1 GRg3 effectively improved the general condition of ARP rats

We observed that ARP rats gradually showed signs of listlessness, slow activity, reduced water intake, loss of lower abdominal or perianal hair, diarrhea, and blood in the stool on the second day after irradiation. From the eighth day after irradiation, we started to detect differences in the body weight and DAI of rats among treatment groups. On day 9, we found that the DAI was significantly decreased in the Dexa and GH groups (p < 0.0001), whereas we did not observe any significant differences in the DAI of the GL and GM groups (p > 0.05), compared with that in the MG group. On day 13, we found that the DAI was lower in all treatment groups than in the MG group (p < 0.05). On day 21, the body mass of rats in the treatment groups was significantly higher than that in the MG group (p < 0.05). Interestingly, we noticed that the DAI in the GM, GH, and Dexa groups was 0. These results suggest that dexamethasone and high-dose ginsenoside Rg3 significantly improved the symptoms of diarrhea and hematochezia in ARP rats in a short time, whereas medium-dose ginsenoside Rg3 gradually alleviated the symptoms of ARP with an extension of treatment time; however, the therapeutic effect of low-dose ginsenoside Rg3 was minimal (Figures 1A, B).




Figure 1 | The general condition of rats in each group (rats received continuous intragastric treatment for 14 days after irradiation, i.e., from day 8 to day 21). (A) Change in rat body weight compared with the CK group (*p < 0.05) and the MG group (#p<0.05). (B) Rat DAI. A letter common to two groups indicates a significant difference (p>0.05). The absence of a common letter between two groups indicates a p-value of <0.05.





3.2 GRg3 regulated the composition of intestinal flora in ARP rats


3.2.1 Flora identification and species distribution

We found that, at the phylum level, the abundance of Firmicutes and the Firmicutes to Bacteroidota were lower in the MG group than in the CK group, whereas the abundance of Proteobacteria was higher in the MG than in the CK group. We also found that, compared with the MG group, the abundance of Firmicutes was higher, whereas that of Proteobacteria was lower, in the Dexa and GH groups.

At the family level, we identified that, compared with the CK group, the abundances of Clostridiaceae and Enterobacteriaceae were increased, whereas those of Lachnospiraceae and Peptostreptococcaceae were decreased in the MG group. In addition, we found that the abundances of Prevotellaceae and Enterobacteriaceae were decreased, whereas those of Peptostreptococcaceae and Lactobacillaceae were increased, in the GH group compared with the MG group.

Finally, we found that, at the genus level, the abundances of Escherichia and Shigella were increased, whereas those of Romboutsia, Bacteroides, Ruminococcus, Lachnospiraceae NK4A136, and Blautia were decreased in the MG group compared with the CK group. Interestingly, we further identified that, compared with the MG group, the abundances of Escherichia, Shigella, and Alloprevotella were decreased in the Dexa and GH groups, whereas the abundances of Romboutsia, Blautia, Lachnospiraceae NK4A136, and Ruminococcus were increased in the GM and GH groups (Figures 2A–C).




Figure 2 | Relative abundance bar chart of species. The species abundance maps of (A) phyla, (B) families, and (C) genera are shown.





3.2.2 Alpha and beta diversity indices

We selected seven different alpha diversity indices and used the Wilcoxon test to assess the diversity, evenness, sequencing depth, and richness of species distribution between two groups. Our results on alpha diversity revealed that the number, richness, diversity, homogeneity, and genetic relationship of species were significantly lower in the MG group than in the CK group (p < 0.05). However, we did not observe any significant differences in species number and richness between the MG and GH groups (p < 0.05). We also noticed that species richness was higher in the GH group than in the GM group (p < 0.05). Finally, we did not detect any statistically significant differences in the sequencing depth among all groups (p > 0.05) (Supplementary Figure 1A–G).

Using the principal coordinate analysis (PCoA) beta diversity index, we identified significant differences in the characteristics of intestinal flora between the CK and GH groups and between the MG and GH groups (p < 0.05). Interestingly, we found that the characteristics of intestinal flora were similar among the other groups. This finding indicates that IR affected the distribution of intestinal flora in ARP rats, and only a high dose of GRg3 could alter the intestinal flora (Supplementary Figure 1H).



3.2.3 Analysis of microflora differences among groups

We then used the linear discriminant analysis effect size (LEfSe) to screen for differential bacteria between two groups. When comparing the CK and MG groups, we detected the presence of an iron-reducing bacterial culture clone, termed hn70, at the family level, which was highly abundant in the MG group. In our comparison between the GL and MG groups, we found that Flavobacteriales, Aeromonadaceae, and Aeromonas hydrophila were enriched in the MG group, whereas Klebsiella and Quasipneumoniae were the dominant flora in GL group. Comparison between the GM and MG groups revealed that Coprobacillus and Faecalibaculum rodentium were the predominant bacteria in the GM group. When comparing the GH and MG groups, we found that Clostridia, Ruminococcaceae, and Lactobacillus murinus were enriched in the GH group, while in the comparison of the Dexa and MG groups, we observed that Clostridia and Prevotella were the predominant bacteria in the Dexa group (Figures 3A–E).




Figure 3 | Left: histogram of linear discriminant analysis (LDA) value distribution (LDA>2); right: the evolutionary cladogram of LEfSe. Differential flora between two groups: CK and MG groups (A), GL and MG groups (B), GM and MG groups (C), GH and MG groups (D), Dexa and MG groups (E).





3.2.4 Species correlation network diagram at the genus level

We obtained the species symbiosis network diagram of GH by calculating the Spearman’s correlation coefficient of all samples. We found that there was a positive correlation between Turicibacter and Romboutsia, whereas a negative correlation was found between Turicibacter and Lachnospiraceae NK4A136. We also detected that Lactobacillus was positively correlated with Romboutsia, but was negatively correlated with Prevotella, Parabacteroides, Alloprevotella, and Lachnospiraceae NK4A136. Finally, we observed a negative correlation between Ruminococcus and Prevotella and between Clostridium and Bacteroides (Supplementary Figure 2).



3.2.5 Predictive analysis of gene function

We then used the KEGG (Kyoto Encyclopedia of Genes and Genomes) database to annotate the functional information of the whole genome of prokaryotes. Our principal coordinate analysis (PCoA) analysis revealed differences in the function of microbiota between the MG group and each treatment group. Interestingly, we observed that microbial functions were similar among different GRg3 dose groups but differed from those in the CK group. The functional relative abundance clustering heat map showed enrichment in cysteine and methionine metabolism in the GH group, whereas transporters were enriched in the MG group. We then analyzed the functions of differential genes in the MG and GH groups using the t-test. Thus, we identified significant differences in transporters, exosomes, quorum sensing, alanine aspartate, and glutamate metabolism, among others, between the MG and GH groups (p < 0.01) (Supplementary Figure 3A–C).




3.3 GRg3 altered the pathological manifestations of ARP rats

We observed that the intestinal glands were arranged neatly and loosely in the rectal tissue, and the space was slightly widened in rats in the CK groups. However, in the MG group, we detected large-area ulcers in the rectal tissue, invading the serosa and accompanied by a large infiltration of lymphocytes, numerous dilated intestinal glands, necrotic cell fragments in the lumen, severe edema of the submucosa, and uneven thickness of the muscle layer. The rectal glandular lumens of the GL and GM groups had necrotic cell fragments accompanied by a reduced infiltration of inflammatory cells. In the Dexa and GH groups, we detected extensive mucosal edema, loose arrangement of the intestinal glands, widening space, and a slight infiltration of inflammatory cells. Overall, we concluded that GRg3, especially at a high dose, significantly altered the pathological characteristics in MG rats (Figure 4).




Figure 4 | Pathological changes in rectal tissue in each group after 14 days of GRg3 intragastric treatment.





3.3 GRg3 reduced inflammation

We found that the concentration of IL-1β in sera was significantly higher (p < 0.0001), and the content of IL-10 in sera significantly lower (p < 0.001), in rats in the MG group than in those in the CK group. Interestingly, the level of IL-1β decreased (p < 0.01), whereas that of IL-10 significantly increased (p < 0.0001) in all treatment groups compared with levels in the MG group. These results showed that even low doses of GRg3 were effective in suppressing inflammation (Figures 5A, B).




Figure 5 | The expression level of inflammatory factors as detected by ELISA. (A) IL-1β content. (B) IL-10 content. (C–E) RT-qPCR was used to detect the relative mRNA expression of the genes encoding TLR4, MyD88, and NF-κB. (F–H) WB was used to detect the relative expression of the proteins TLR4, MyD88, and NF- κB. A letter common to two groups indicates a significant difference (p > 0.05). The absence of a common letter between two groups indicates a p-value of <0.05).





3.5 GRg3 down-regulated the mRNA and protein expression of TLR4, MyD88, and NF-κB

We evaluated the mRNA expression of the genes encoding TLR4, MyD88, and NF-κB using RT-qPCR. We found that the levels of expression of these three genes were significantly higher in the MG group than in the CK group (p < 0.0001).Conversely, the expression of these genes was reduced in all treatment groups compared with those in the MG group (p < 0.05), especially in the GH and Dexa groups, which exhibited the most significant down-regulation (p < 0.0001) (Figure 5C–E).

We then measured expression of TLR4, MyD88, and NF-κB p65 proteins by Western blotting. We observed that, compared with the CK group, the expression of all proteins was increased in the MG group (p < 0.001). Of note, compared with the MG group, we did not detect any significant differences in the expression of these three proteins in the GL group (p < 0.05), whereas we found that expression of these proteins was decreased in the other treatment groups (p < 0.05). The greatest reduction in the levels of these proteins occurred in the GH and Dexa groups (p < 0.001) (Figures 5F–H).

The above results show that GRg3 significantly restrained the expression of factors involved in the TLR4 pathway in a dose-dependent manner, especially in rats treated with high-dose GRg3.




4 Discussion

According to statistics, approximately 1.5–2 million patients with cancer suffer from radiotherapy-induced intestinal damage, which greatly affects their quality of life (Hauer-Jensen et al., 2007). ARP is one such common complication. The mechanisms of development of ARP include IR-induced DNA double-strand breaks, early intestinal crypt stem cell depression, mucous layer and lamina propria damage, and acute inflammation from infiltrating T lymphocytes, macrophages, and neutrophils following the invasion of pathogens and exposure of the site (Grodsky and Sidani, 2015). Subsequently, a large number of inflammatory metabolites continue to damage submucosal tissues and aggravate intestinal wall injury (Shadad et al., 2013). At present, ARP is mainly treated by the administration of dexamethasone, montmorillonite powder, antibiotics, and aminosalicylic acid; however, these therapies are often associated with the occurrence of adverse reactions, such as rash, muscle and joint pain, and abdominal distension (Hale, 2020). Recently, the administration of widely recognized probiotic preparations was shown to have a certain curative effect, but long-term use will lead to regimen dependence, which is not conducive to the self-reproduction of intestinal flora. Therefore, there is an urgent need for drugs that can target and cure ARP with or without the occurrence of minor side effects. In this study, we investigated the mechanism by which GRg3 reduces inflammation and regulates intestinal flora in ARP rats (Figure 6).




Figure 6 | GRg3 mechanism diagram.




4.1 The mechanism of the anti-inflammatory effect of GRg3

TLR4 is a member of the toll-like receptor family and is mainly expressed in monocytes, macrophages, dendritic cells, and endothelial cells (Vaure and Liu, 2014). TLR4 phosphorylates the inactive NF-κB in the cytoplasm via an MyD88-dependent pathway, thus leading to the production of a large number of inflammatory factors (Lawrence and Fong, 2010; Vajjhala et al., 2017; Tang et al., 2021). NF-κB plays an important role in the occurrence and development of inflammatory bowel disease by inducing the expression of proinflammatory factors (Chen et al., 2019). Some studies have shown that the anti-inflammatory mechanism of GRg3 is related to the induction of M1 and M2 polarized macrophages and microglia (Im, 2020). However, our results provide another explanation for the anti-inflammatory mechanism of GRg3. In particular, administration of GRg3 significantly down-regulated the levels of mRNA and protein expression of TLR4, MyD88, and NF-κB p65. In addition, the levels of the inflammatory factor IL-1β decreased, whereas those of the downstream target, IL-10, increased. This finding suggests that GRg3 exerts an anti-inflammatory effect by restraining the TLR4 pathway. Importantly, the anti-inflammatory effect of GRg3 was shown to occur in a dose-dependent manner, with the highest dose exhibiting the strongest effect in regulating inflammation.



4.2 GRg3 effectively regulates intestinal flora

The intestinal flora interacts with intestinal epithelial cells to maintain stability of function of the intestinal barrier (Zaki et al., 2010; Brown et al., 2015; Li et al., 2020). Saponins (the main component of ginsenosides) inhibit intestinal inflammation, promote the repair of the intestinal barrier, maintain the diversity of the intestinal flora, and repair damaged colon tissues (Dong et al., 2019). Imbalances in the composition of the intestinal flora have been shown to be closely related to many inflammatory diseases, such as chronic colitis and Crohn’s disease (Mottawea et al., 2016; Gevers et al., 2017; Li et al., 2020). The intestinal tract is highly sensitive to IR (Gonzalez-Mercado et al., 2021). Oxygen, nitrogen, and other free radicals produced by IR further invade the intestinal mucosal epithelium (Sokol and Adolph, 2018). Concomitantly, IR can also disrupt the balance of the intestinal flora, significantly reducing its abundance and diversity, destroying tight junction proteins, and hence affecting the function of the intestinal barrier (Gerassy-Vainberg et al., 2018; Wang et al., 2019; Zhao et al., 2020; Li et al., 2020; Gonzalez-Mercado et al., 2021). Therefore, an imbalance in intestinal flora can aggravate RE (Darwich et al., 2014). Our results further confirmed that the number, richness, and diversity of intestinal microflora in ARP rats were significantly lower than those in normal rats, indicating a strong correlation between intestinal flora imbalance and ARP. After GRg3 treatment, the composition and distribution of intestinal flora significantly changed; the numbers of Ruminococcus, Lactobacillus, Dubosiella, Blautia, and Romboutsia organisms, as well as those of other beneficial bacteria, significantly increased. The distribution of these bacterial genera, except for Ruminococcus, was reduced in rats treated with dexamethasone. This indicates that, although dexamethasone maintained the diversity of intestinal flora, it restored the distribution only of Ruminococcus and did not significantly affect the numbers of other beneficial bacteria. In contrast, GRg3 regulated most of the beneficial bacteria in the gut, restoring the distribution of bacteria in the gut of ARP rats to levels closer to those found in normal rats. Therefore, we believe that GRg3 has more advantages than hormonal drugs in reshaping the intestinal flora and might replace other traditional drugs in the treatment of ARP in the future. Further analysis of the effects of different doses of GRg3 on different flora revealed that the numbers of beneficial bacteria were more significantly enriched in rats treated with high-dose GRg3, and Ruminococcus, Lactobacillus, and other beneficial bacteria might be used as biomarkers for the treatment of ARP. The intestinal flora can be regarded as an endocrine organ, with its metabolites being involved in the physiological function of the body. Imbalances in the composition of the intestinal flora lead to changes in the levels of a variety of metabolites, thus aggravating inflammatory damage and affecting intestinal function. Our functional gene analysis indicated that the administration of GRg3 was closely associated with enhanced cysteine and methionine metabolism. Therefore, further studies on GRg3 and amino acid metabolism are needed in the future.

In addition, we found that different doses of GRg3 resulted in different degrees of inflammatory relief, with high-dose GRg3 exhibiting the most significant effect. Although the final curative effect of the medium-dose GRg3 was similar to that of the high-dose GRg3, it took longer to have an effect, whereas low-dose GRg3 could not completely alleviate the inflammatory reaction in ARP rats. This finding is consistent with the results of our previous study, which showed that high-dose GRg3 has a significant curative effect in ARP rats (Hu and Cai, 2019).




5 Conclusion

This study demonstrated that GRg3 can regulate the TLR4/MyD88/NF-κB pathway, inhibit proinflammatory factors, effectively regulate intestinal flora, significantly increase the abundance of beneficial bacteria (such as Ruminococcus and Lactobacillus), and reduce inflammatory reactions. In addition to existing traditional treatments, Grg3 could be used as a new target for the treatment of ARP. However, the appropriate dosage regimen and side effects of GRg3 in the treatment of ARP were not covered in this study and need to be explored in future studies.
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Terminalia bellirica (Gaertn.) Roxb. (TB) is a traditional herbal combination used in Chinese medicine for the treatment of a broad range of diseases. In this study, thirty KM mice were randomly divided into control (N), infection group (NS), and the TB protection group (HS). Based on its digestive feature, intestinal physical barrier, immunological barrier and gut microbiota effects in vivo on challenged with S.typhimurium mice were investigated after oral administration of 600 mg/kg b.wt of TB for 13 days. The results show that the extract could improve the level of serum immunoglobulins (IgA and IgG), decrease the intestinal cytokine secretion to relieve intestinal cytokine storm, reinforce the intestinal biochemical barrier function by elevating the sIgA expression, and strengthen the intestinal physical barrier function. Simultaneously, based on the V3–V4 region of the 16S rRNA analyzed, the results of the taxonomic structure of the intestinal microbiota demonstrated that the TB prevention effect transformed the key phylotypes of the gut microbiota in S. Typhimurium-challenged mice and promoted the multiplication of beneficial bacteria. Furthermore, the abundance of Firmicutes and Deferribacteres increased, while that of Bacteroidetes and Actinobacteria decreased. At the genus level, the abundance of Ruminococcus and Oscillospira was substantially enhanced, while the other dominant genera showed no significant change between the vehicle control groups and the TB prevention groups. In summary, these results provide evidence that the administration of TB extract can prevent S. Typhimurium infection by alleviating the intestinal physical and immunological barriers and normalizing the gut microbiota, highlighting a promising application in clinical treatment. Thus, our results provide new insights into the biological functions of TB for the preventive effect of intestinal inflammation.




Keywords: Terminalia bellirica (Gaertn.) Roxb. extract, mice, Salmonella Typhimurium, preventive effect, traditional herbal medicine



1. Introduction

Since the first antimicrobials (1911) were developed, the use of antibiotics has dramatically changed human development. Unfortunately, their abuse resulted in serious negative effects, such as drug residue, bacterial resistance, and other problems that challenge food safety and human health. Furthermore, human self-awareness of health has improved, and the addition of antibiotics to feed is banned in the European Union and China (Landers et al., 2012). Therefore, the ongoing search for new veterinary drugs that are antibiotic alternatives is extremely urgent. Notably, traditional Chinese medicines have become dominant in the market, with no drug resistance in animal husbandry (Xia et al., 2022). Traditional Chinese medicine herbs have been prescribed for many conditions, e.g., improving animal growth performance, immunity, and regulating gut microbiota (Abarike et al., 2019; Wang et al., 2020; Gao et al., 2022). Recent studies indicate that these inhibit the growth of Staphylococcus aureus, Salmonella cholerae suis, Escherichia coli, Streptococcus agalactiae (Zou et al., 2022a), Trichosporon (Zhang et al., 2020), Candida glabrata (Zhang et al., 2021), Aspergillus flavus, and Aspergillus fumigatus (Xue et al., 2022). Meanwhile, they play a vital role in livestock and poultry farming by enhancing humoral and cellular immune responses (Ma et al., 2013), nutrient digestion and absorption (Kong et al., 2009), and modulating the gut microbiota composition (Waititu et al., 2017). Furthermore, traditional Chinese medicine has the advantages of costing less and being easily prepared.

Terminalia bellirica (Gaertn.) Roxb. (TB) is obtained from the fruit of T. bellirica tree, which belongs to the Combretaceae family and Terminalia Lainn. genus. It is mainly distributed throughout Southeast Asia. A small population, distributed in the Tibet and Yunnan regions of China, use it as folk medicine for diabetes, rheumatism, and hypertension (Tanaka et al., 2018; Chang et al., 2021). In their various extract forms, the fruits elicit multifarious pharmacological properties such as antioxidant, antidiabetic, analgesic, hepatoprotective (Kuriakose et al., 2017), anti-inflammatory (Tanaka et al., 2018), and anti-diarrheal effects (Nigam et al., 2020). Moreover, no signs of toxicity have been observed at concentrations of up to 2,000 mg/kg (Sireeratawong et al., 2013; Jayesh et al, 2017a). Consequently, the current study focuses on evaluating the curative effect of the TB extract against Salmonella Typhimurium-induced infection in mice models.



2. Materials and methods


2.1. Preparation of T. bellirica (Gaertn.) Roxb. extract

A total of 100 g of T. bellirica (Gaertn.) Roxb. fruits (originating from Yunnan, China) was immersed in 500 ml of deionized water for half an hour. Subsequently, the fruit sample was boiled thrice for 1 h each and filtered. Then, the filtrate was mixed, and the concentration was enriched to 100 ml (final concentration: 1 g/ml). After autoclaving (120°C, 103.4 kPa for 20 min), the water-extracted medicine was stored at −20°C and used up within 30 days. The extraction method was carried out as described by Sireeratawong et al. with minor changes (Sireeratawong et al., 2013). The quality of the extract was confirmed by Lhasa Chinese Lanbaoshi Herbal Medicine Co., Ltd. (Lhasa, China).



2.2. Experimental design

The study protocol was approved by the Committee for Animal Research of Tibet Agricultural and Animal Husbandry University, China (unified social credit code: 12540000MB0P013721). Healthy KM (Kunming) female mice (20 ± 2 g) were obtained from the Lhasa Biopharmaceutical Factory (Lhasa, China) and raised in a standard environment (12 h light–dark cycle, 20 ± 2°C, relative humidity: 50 ± 2%) for 1 week. Briefly, the mice were randomly divided into three groups (n = 10 per group), i.e., the vehicle control group (N group), the infection group (NS group), and the TB protection group (HS group). The mice in the N and NS groups were gavaged with deionized water, while the HS group animals received TB at 600 mg/kg b.wt (Sireeratawong et al., 2013; Jayesh et al, 2017a) for 13 consecutive days. Moreover, the NS and HS groups were administered with S. Typhimurium (CMCC 50115, 1 × 108 CFU/day) for 3 days. Food was withheld for 3 h after administering the extracts. Throughout the experiment, the mice were monitored for clinical signs of activity, behavior, hair luster, body weight (weighed every 3 days), and general health status. On the 17th day, five mice in each group were sacrificed randomly by cervical dislocation. Then, blood (serum was obtained for serum immunoglobulins), feces, and small intestine were collected under sterile conditions and immediately stored at −80°C. The organs were cleaned with normal saline and weighed to calculate the organ-to-body weight ratio. Fresh small intestinal segments with a length of 1 cm were preserved in 10% (w/v) paraformaldehyde (pH 7.0) for further analysis.



2.3. Determination of serum immunoglobulins, intestinal sIgA, and intestinal cytokine secretion

Blood was collected and centrifuged at 2,000 rpm for 10 min. Then, serum was retrieved by collecting the supernatants, the serum immunoglobulin levels (IgA, IgG, and IgM) were determined, and the intestinal secretion of sIgA, TGF-β, IFN-γ, TNF-α, IL-6, and IL-18 was measured by using the ELISA kit (Meimian, China) according to the corresponding instructions.



2.4. Histological examination

Small intestine tissues (jejunum, duodenum, and ileum) were fixed in 4% paraformaldehyde for 24 h, rinsed in running tap water for 30 min, dehydrated, and embedded in paraffin. The resulting blocks were sliced into 5-μm-thick sections by using a microtome (RM2235, Leica Biosystems, Germany). Finally, the slices were subjected to hematoxylin–eosin (H&E) staining (Xie et al., 2019). The morphological structure of the small intestine segments, including intestinal mucosal thickness, villus height, and crypt depth, was evaluated by observing at least 10 different regions in each section using a Leica DM500 microscope (Leica Microsystem, Germany). The images were analyzed using a quantitative digital image analysis system (Image-Pro Plus 6.0).



2.5. 16S rRNA high-throughput sequencing and bioinformatics analysis

Microbial DNA was extracted from 12 fecal samples of mice by using QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) as per the manufacturer’s recommendations. The concentration and the quality of DNA were detected using a nucleic acid detector (Nanodrop, Thermo Scientific NC2000, USA) and 1.2% agarose gel electrophoresis, respectively. Standard bacteria V3–V4 hypervariable region gene PCR primers (forward primer: ACT CCT ACG GGA GGC AGCA; reverse primer: GGA CTA CHV GGG TWT CTA AT) were used. After PCR amplification, the products were subjected to agarose gel electrophoresis, and target gene fragments were recovered by using the AxyPrep DNA Gel Extraction Kit (Axygen, CA, USA). Moreover, TruSeq Nano DNA Low Throughput Library Prep Kit (Illumina, CA, USA) was employed for sequence library construction. The quality of the prepared libraries was checked using the Agilent Bioanalyzer 2100 (Agilent) with Agilent High Sensitivity DNA Kit (Agilent Technologies). The libraries were quantified using Quant-iT PicoGreen dsDNA Assay Kit on the Promega QuantiFluor fluorescence quantification system. The qualified library was sequenced using the MiSeq Reagent Kit V3 (600 cycles) for 2 × 300-bp paired-end reads on an Illumina MiSeq Sequencer.

Sequence analysis was established as operational taxonomic units (OTUs) via Uclust with over 97% similarity (Bokulich et al., 2013), and the highest abundance sequence in each OTU was selected as the representative sequence (Caporaso et al., 2010). Then, OTUs were taxonomically classiffed and grouped by comparing with those in the Unite database (Kõljalg et al., 2013). Six metrics were used to analyze the alpha diversity, including Chao, Good’s coverage, Shannon, Simpson, Pielou’s_e, and Observed species. Beta diversity on the weighted unifrac was calculated by using the QIIME software (version 1.7.0), while cluster analysis was preceded by principal coordinate analysis (PCoA) (Ramette, 2007). LEfSe was used to analyze the discrepancy in microbial communities between groups. Statistical analysis was created via R software (v3.0.3), and all the data were evaluated statistically by one-way analysis of variance using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). The original sequence data can be obtained at National Center for Biotechnology Information with accession number PRJNA880707.



2.6. Statistical analysis

Statistical analysis of the data for multiple comparisons was performed by one-way analysis of variance followed by Duncan’s test. A level of P <0.05 was considered statistically significant.




3. Results


3.1. Effect of TB on clinical signs and organ-to-body-weight ratio

In the first 13 days, no significant changes were observed in the clinical signs and behavioral patterns of all mice. At 3 days after the S. Typhimurium challenge, the NS group had tremors, reduced activity, shaggy hair, and closed eyes and huddled together compared with the N and HS groups; the body weight significantly decreased in the NS group as well (P < 0.01). It is worth noting that non-significant clinical signs and body weight were observed between the N and HS groups (Figure 1A). Additionally, the liver/body weight ratio in the NS group was significantly higher than that of the N and HS groups at a probability value of 0.01, while the spleen/body weight ratio was also significantly higher than that in the HS group (P < 0.01) (Figure 1B).




Figure 1 | Effect of T. bellirica (Gaertn.) Roxb. extract administration on body weight and organ-to-body-weight ratio after Salmonella Typhimurium challenge in mice. (A) Body weight. (B) Organ-to-body-weight ratio. The results were evaluated through one-way ANOVA. All of the data represent means ± SD. Unmarked data indicate no significant difference (P > 0.05); **P < 0.01.





3.2. Effect of TB on serum immunoglobulins, intestinal sIgA, and intestinal cytokine secretion

The serum immunoglobulins showed that the IgA, IgG, and IgM levels in the HS group were not significant compared with those in the N group (P > 0.05), while the IgA and IgG levels were remarkably lower than those in the NS group (P < 0.05) (Figure 2). In the duodenum, the levels of five cytokines were downregulated in the HS group compared with those in the NS group, in which IL-18 (P < 0.01) and IL-6 (P < 0.05) had more significant differences. In the jejunum, IL-18 (P < 0.01) and IL-6 (P < 0.05) in the HS group were significantly lower than those in the NS group, while sIgA in the HS group was higher than that in the NS group (P < 0.05). Moreover, the level of IL-18 (P < 0.01), IL-6 (P < 0.05), TNF-α (P < 0.01), and TGF-β (P < 0.01) in the NS group was significantly higher than that in the N and HS groups in the ileum. Interestingly, the levels of IFN-γ in the HS group had downward trends. Nevertheless, no statistical correlation was observed compared with the NS group. Therefore, the HS group increased the expression of sIgA in the duodenum, jejunum, and ileum (Figure 3).




Figure 2 | Effect of Terminalia bellirica (Gaertn.) Roxb. on serum immunoglobulins in Salmonella Typhimurium-infected mice. The results were evaluated through one-way ANOVA. All the data represent means ± SD. Unmarked data indicate no significant difference (P > 0.05); *P < 0.05.






Figure 3 | Effect of Terminalia bellirica (Gaertn.) Roxb. on intestinal cytokine secretion and intestinal sIgA in Salmonella Typhimurium-infected mice. (A) TNF-α, (B) IL-18, (C) IL-6, (D) TGF-β, (E) IFN-r, and (F) sIgA. The results were evaluated through one-way ANOVA. All the data represent means ± SD. Unmarked data indicate no significant difference (P > 0.05); *P < 0.05; **P < 0.01.





3.3. Effect of TB on intestinal physical barrier function

H&E staining showed a relatively great change in the morphological structures of the intestinal mucosa that occurred in different groups. The intestinal damage was mainly characterized by the loosening of the lamina propria, erosion of the villi, and loss of goblet cells. This study’s results show that the intestines of the NS group were more damaged than those in the other groups (Figures 4A–C). Furthermore, the mucosal thickness in the HS group was higher than that in the NS group. However, no obvious difference was observed between the two groups (P > 0.05) (Figure 4D). In addition, the HS group exhibited tidily and tightly arranged columnar epithelial cells with a significant increase in villus height/crypt depth ratio (V/C ratio) when compared with the NS group (P < 0.05) (Figure 4E).




Figure 4 | Effect of Terminalia bellirica (Gaertn.) Roxb. on intestinal physical barrier function in Salmonella Typhimurium-infected mice. (A–C) Histological examination of the duodenum, jejunum, and ileum stained with H&E on a 100-μm scale bar. (D) Mucosal thickness of intestinal segments. (E) Ratio of small intestinal villus height to crypt depth. The results were evaluated through one-way ANOVA. All the data represent means ± SD. Unmarked data indicate no significant difference (P > 0.05); *P < 0.05; **P < 0.01.





3.4. Effect of TB on the intestinal microbiota composition

The current study subjected 12 fecal samples collected from mice to high-throughput sequencing analysis. After optimizing the preliminary data, 214,626, 212,107, and 254,684 high-quality valid sequences were obtained from the N, NS, and HS groups, respectively. Subsequently, the high-quality sequences were merged, and OTU was partitioned based on 97% nucleotide sequence similarity. Moreover, the Veen map/diagram analysis demonstrated that 662 bacterial species were shared among the three groups. The HS group showed 5,372 common bacteria species, which were not found in the other groups (Figure 5A). In terms of the alpha diversity of intestinal microbiota, no obvious difference was observed in the Goods_coverage, Shannon, Simpson, Pielou’s_e, and Observed_species among different groups. The statistical analysis showed that both the NS and HS groups exhibited the Chao1 significant differences (P < 0.05), indicating that S. typhimurium and TB changed the richness and evenness of intestinal flora. It is exceptionally notable that significant differences were found in the microbial community structure by PCoA in different groups, especially in the HS group, compared with the two other groups (Figures 5B, C).




Figure 5 | Effect of Terminalia bellirica (Gaertn.) Roxb. on intestinal microbiota composition in Salmonella Typhimurium-challenged mice. (A) Fecal microflora of mice analyzed by a Veen diagram. Relative abundance of gut bacterial taxa among different groups. (B) Principal component analysis (PCA) of the fecal microbiota; PCA map based on Euclidean distance. Each point indicates one sample; the distance of the two points indicates the difference in fecal microbiota. (C) Diversity indices of the fecal microbiota in different groups; Chao1, Goods_Coverage, Shannon, Simpson, Pielou’s_e, and Observed indices were used to evaluate the alpha diversity of the fecal microbiota. (D) Phylum level. (E) Genus level. The results were evaluated through one-way ANOVA. All the data represent means ± SD. *P < 0.05.



According to the taxonomic composition analysis, it was determined that Bacteroidetes (71.2 ± 11.43% in the N group, 60.34 ± 7.22% in the NS group, and 17.58 ± 7.66% in the HS group) and Firmicutes (26.27 ± 10.58% in the N group, 37.77 ± 7.30% in the NS group, and 78.16 ± 8.23% in the HS group) were dominant in all samples at the phylum level (Figure 5D). Other phyla, including Proteobacteria, Actinobacteria, and Deferribacteres, presented a lower abundance (<5% of all samples) (Figure 5D). Lactobacillus, Bacteroides, Prevotella, Oscillospira, CF231, and Ruminococcus were likewise predominant bacterial genera (Figure 5E).

We performed LEfSe analysis among the N, NS, and HS groups to identify the key phylotypes of gut microbiota in different groups. An evolutionary clustering analysis diagram was delivered to identify major microflora by taxonomy (Figure 6A). In the cladogram, Firmicutes, Proteobacteria, and Clostridia had the highest flora abundance in the green parts. Rickettsiales was the richest in the red area, and Bacteroidetes was the richest in the blue area, representing the HS, NS, and N groups. Then, the linear discriminant analysis (LDA) results showed 22, 12, and 14 discriminative features in the N, NS, and HS groups, respectively (LDA = 2, P < 0.05) (Figure 6B). Overall, these results indicated that TB prevention altered the key phylotypes of the gut microbiota and promoted the multiplication of specific bacteria in S. Typhimurium-challenged mice.




Figure 6 | (A) LEfSe taxonomic cladogram. The colored nodes from the inner circle to the outer circle represented the hierarchical relationship of all taxa from the phylum to the genus level. Taxa enriched in HS, NS, and N group are shown in green, red, and blue, respectively. The non-significant changes were colored white. The diameter of each small circle represents the taxa abundance. (B) Enriched taxa with a linear discriminant analysis score = 2 are shown in the histogram. The longer bars of the histogram represent the more significant phylotype microbiota upon comparison. (C) Species with significant differences at the genus level. Unmarked data indicate no significant difference (P > 0.05); *P < 0.05; n = 4.



The abundance of dominant fecal bacteria was analyzed among the three groups. The relative abundance of Ruminococcus and Oscillospira in the HS group was significantly enhanced compared with those of the other groups (P < 0.05) at the genus level. Similarly, the abundance of Lactobacillus and Bacteroides was not significant compared with those in the N and HS groups (P > 0.05) (Figure 6C).




4. Discussion

At present, the treatment of Salmonella is mainly based on antibiotics (Sengupta et al., 2013). Conversely, antibiotic treatment can promote cooperative virulence within host evolution by increasing the duration of transmissibility. Thereby, it enhances the spread of an infectious disease (Diard et al., 2014; Stapels et al., 2018). Alternatively, antimicrobial resistance poses a worldwide threat to human health and biosecurity (Yu et al., 2021). Thus, a substance that could attenuate the virulence and pathogenicity of bacteria could more effectively remove the bacteria without a breakthrough in the fight against bacterial resistance (Lupien et al., 2015; Sun et al., 2019). Traditional Chinese medicine has been proven effective in the treatment of diseases (Chu et al., 2020). These plant-derived bioactive compounds improve growth performance, immunity, and intestinal health in animal husbandry (Wu, 2018; Long et al., 2021). However, the effect on growth performance, immunity, intestinal mucosal barrier, and intestinal microbiota remains to be determined in S. Typhimurium-infected mice. Our results suggest a general principle in which TB can regulate immunity in many ways.

In previous studies, some herbs have been used for their anti-inflammatory activity in different disease conditions, e.g., diabetes and tumor with enhanced growth performance (Chuengsamarn et al., 2012; He et al., 2018; Wang et al., 2020; Li et al., 2021c). The fruits of TB elicit various pharmacological properties, such as antioxidant, antidiabetic, analgesic, antidiarrheal, and anti-inflammatory effects (Jayesh et al., 2019). The vessels’ permeability might increase in Salmonella-infected mice, causing dissemination to the liver and spleen (Langer et al., 2019) and, subsequently, an increase in proliferative tissue lesions (Larson and Bell, 1915). Interestingly, our results showed that no significant difference was observed in the organ-to-body-weight ratio of TB and vehicle control groups. These results are similar to those of a previously reported compound with antimicrobial properties (Kwon et al., 2008). Unfortunately, this paper does not investigate the bacterial load in the organs or feces of the different experimental groups after the S. Typhimurium challenge. This is a shortcoming of the present study, which warrants further investigation.

The intestine is a location where nutrients are digested and absorbed in animals as well as the first protective barrier involved in dealing with harmful or toxic substances that enter the body. We consistently quantified intestinal epithelial renewal and structural integrity in terms of villus height, crypt depth, and cell number, thereby indirectly affecting health and body functions (Ma et al., 2020). Our results suggested that the V/C ratio of TB extract significantly increased. The gavage remarkably decelerated the pathological damage, and normal crypt depth was maintained to avoid crypt hyperplasia in mice. Thus, our results conveyed important information that TB may strengthen the intestinal physical barrier function and enhance the ability to defend against pathogenic microorganisms, which was similar to the findings of the study by Xie et al. (2019) and Li et al. (2021b).

Immunoglobulins are proteins of the same category, with their activity and chemical structure being similar to those of antibodies. The IgG, IgA, and IgM levels can reflect the strength of humoral immunity in serum (Patel et al., 2010). Serum immunoglobulin levels were slightly increased with Salmonella infection (Campos-Rodríguez et al., 2006). The supplementation of traditional Chinese medicine can improve both cellular immunity and humoral immunity. The results of the present study showed that the IgA and IgG levels of mice supplemented with TB were lower than those of the NS group, possibly because of the involvement of TB in defense against S. Typhimurium infection. Immunoglobulin A (IgA) is a major class of antibodies that is secreted by the intestinal mucosa. It contributes to intestinal barrier function (Planer et al., 2016) and passive immunization of sIgA for combating enteric diseases (Richards et al., 2021). Remarkably, polysaccharides could promote sIgA from many traditional medicines (Zou et al., 2022b). TB can likewise increase intestinal sIgA secretion to a certain extent. These results were uniformly consistent with the results of a previous study that expounded on cranberry proanthocyanins (Pierre et al., 2014) and taxifolin (Hou et al., 2020) as supplements. They have an increasing effect on the sIgA level to alleviate intestinal inflammation. Moreover, considering that inflammation is a balance between the pro-inflammatory and anti-inflammatory cytokines, this balance tends to shift towards the pro-inflammatory cytokines during inflammation, and subsequently the exuberant local cytokine levels further result in a systemic cytokine storm and inflammation (Dalmasso et al., 2008). Usually, the intestinal mucosa is damaged by pathogenic microorganisms that trigger submucosal lamina propria macrophages and T lymphocytes with the secretion of large amounts of cytokines, including IL-1, IL-6, IL-17, IL-23, and TNF-α (Su et al., 2009). Several studies have linked traditional medicines to the downregulation of inflammatory factors such as TNF-α, IL-1B, IL-18, and IL-6 (Zheng et al., 2012; Ha et al., 2021; Dai et al., 2021). We observed that TB therapy reduced the intestinal inflammatory factors TGF-ß, IFN-γ, TNF-α, IL-6, and IL-18 in Salmonella-infected mice. Furthermore, it effectively regulates immunity to decrease the cytokine storm, which is consistent with the results of previous studies (Jayesh et al, 2017b). The gut barrier disruption may elicit persistent immune activation in the host (Costa et al., 2019). Thus, up to now, we hypothesize that a role in the oral administration of TB may strengthen the association between the physical barrier and immunological barrier to regulate intestinal barrier function.

The intestinal microbiota constitutes a complex microbial ecosystem, each of which may have distinct functional roles, thus affecting the development, immunological responses, and nutritional status of the host (Li et al., 2019a). The imbalance of gut flora may especially result in the disruption of the gut barrier which will cause multiple diseases (Citi, 2018). S. Typhimurium, a gram-negative pathogen, induces impairment in intestinal microbiota dysbiosis and metabolism disorder (Stecher et al., 2007). Admittedly, several studies have proven that the gut microbiota is significantly regulated after taking a certain dose of Chinese medicine, which greatly increased the relative abundance of Lactobacillus for the treatment of constipation (Li et al., 2020), and siwu-yin may improve the composition of the intestinal flora to inhibit the occurrence of precancerous esophageal lesions (Shi et al., 2022). Dextran sulfate sodium-induced changes in colon microbiota composition and microbial functions are regulated by taxifolin (Hou et al., 2020). Moreover, 16S rRNA sequencing revealed that S. Typhimurium and TB change the gut microbial community composition and diversity. Our results indicated that Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria were the most predominant phyla in three groups of mice. Interestingly, the Firmicutes level in the HS group had a sharply increasing trend compared with the other groups, which was consistent with previous observations (Chen et al., 2021). Generally, Firmicutes is among the largest phyla, and the dietary fiber–Firmicutes–host axis has manifested the beneficial effects of dietary fiber-induced Firmicutes and their metabolites on health (Sun et al, 2022) Notably, Deferribacteres was gradually enhanced in the H group compared with the other groups. Remarkably, Deferribacteres could gain energy through obligate or facultative anaerobic metabolism, thus altering the expression of iron-metabolizing proteins that further increase iron intake (Li et al., 2019b). On the other hand, iron absorption was reduced during enteritis (Naveh et al., 2000). However, the supplement lactoferrin has prevented intestinal inflammation (Fan et al., 2022), emphasizing a role for Deferribacteres. In comparison with the N group, Bacteroidetes and Actinobacteria proportions were lower in the intestinal microbiota in the mice of the TB group, which was consistent with the results of a previous study (Yan et al., 2020). Research has shown that Bacteroidetes is typical of most gram-negative bacilli; for example, B. fragilis secretes an unusually complex mixture of neurotoxins, including the extremely pro-inflammatory lipopolysaccharide BF-LPS (Zhao and Lukiw, 2018). Actinobacteria produce most of the clinically used antibiotics and many other natural products with medical or agricultural applications (van Bergeijk et al., 2020). However, many bacteria are potentially pathogenic (Zalar et al., 2022), which can easily translate into pathogenic interactions with the host (Miao and Davies, 2010). Therefore, our results conveyed the important information that the structure of the gut microbiota may change and increase the abundance of beneficial bacteria at the phyla level by TB. Compared with the N and NS groups, the HS group had higher Ruminococcus and Oscillospira levels at the genus level. Remarkably, Ruminococcus forms a multi-enzyme cellulosome complex that could play an integral role in the ability of this bacterium to degrade plant cell wall polysaccharides (Berg Miller et al., 2009). In particular, Oscillospira exhibits positive regulatory effects in areas related to obesity and chronic inflammation and can be developed as the next generation of probiotics (Yang et al., 2021). The other dominant genera had no significant change between the N and HS groups. A phenomenon may be proposed such that the normal gut flora was maintained by TB and guarded and increased the abundance of beneficial bacteria. Furthermore, the intestinal microbiota forms a biofilm and promotes the differentiation of intestinal epithelial cells against pathogenic microorganisms (Li et al., 2021a), which is perhaps the main mechanism in protecting mice from invasive S. Typhimurium infections.

In summary, these results support the hypothesis that the administration of TB can protect against S. Typhimurium by alleviating the immunological barriers and normalizing the gut microbiota. Our findings highlight a promising application of TB in the prevention of S. Typhimurium infections. Thus, our results provide new insights into the biological functions of TB for the preventive effect of intestinal inflammation.
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Previous studies have demonstrated that patients with type 2 diabetes mellitus (T2DM) often had the problems of fecal microbiota dysbiosis, and were usually accompanied with psychiatric comorbidities (such as depression and anxiety). Here, we conducted a randomized clinical study to analyze the changes in gut microbiota, serum metabolism and emotional mood of patients with T2DM after consumption of a high-fiber diet. The glucose homeostasis of participants with T2DM was improved by the high-fiber diet, and the serum metabolome, systemic inflammation and psychiatric comorbidities were also altered. The increased abundances of Lactobacillus, Bifidobacterium and Akkermansias revealed that the proportions of beneficial gut microbes were enriched by the high-fiber diet, while the abundances of Desulfovibrio, Klebsiella and other opportunistic pathogens were decreased. Therefore, the current study demonstrated that the intestinal microbiota alterations which were influenced by the high-fiber diet could improve the serum metabolism and emotional mood of patients with T2DM.
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Introduction

Accumulating studies have demonstrated that there were intimate correlations between type 2 diabetes mellitus (T2DM) and gut microbiota. By modulating the structure of gut microbiota, a specially designed high-fiber diet was proved to be able to provide obvious beneficial effects for patients with T2DM (Zhao et al., 2018). In fact, the modulation of gut microbiota could not only increase the relative abundances of Lactobacillus, Bifidobacterium and other beneficial microbes, and could also improve the plasma and the fecal bile acid metabolism of patients with T2DM (Gu et al., 2017). Metagenome-wide association study in a cohort of young Chinese individuals identified an obesity-associated gut microbial species (Bacteroides thetaiotaomicron), which could alleviate diet-induced body-weight gain and adiposity by reducing plasma glutamate concentrations (Liu et al., 2017). These findings indicated that the intestinal microbiota might play a critical role in treating obesity and T2DM. Several genera of beneficial bacteria (such as Allobaculum, Bacteroides, Blautia, Butyricoccus, and Phascolarctobacterium) with short-chain fatty acid (SCFA)-producing properties were proved to be associated with the prevention of obesity and insulin resistance in high-fat diet (HFD) fed rats (Zhang et al., 2012; Zhang et al., 2015). A large structural survey of fecal microbiota in 314 healthy Chinese young adults revealed that nine genera of bacteria (including Phascolarctobacterium, Roseburia, Blautia, Faecalibacterium, Clostridium, Subdoligranulum, Ruminococcus, Coprococcus and Bacteroides) with SCFA-producing properties were certified to be necessary for maintaining the host’s health (Zhang et al., 2015). Therefore, many novel strategies (such as prebiotic, probiotic and fecal microbiota transplantation) targeting the gut microbiota could be developed for type 2 diabetes interventions.

The clinical symptoms of anxiety and depression were often observed in patients with T2DM, and the reason might lie in that the diabetic nutrient restrictions and the imbalanced gut microbiota influence the patient’s emotional state (Collins et al., 2009; Semenkovich et al., 2015). The gut microbiota could influence the host’s central neurochemistry and change their stress responses and cognitive behaviors, and the communications between the gut and brain might be related to the various kinds of microbial metabolites, including catecholamines, serotonin, gamma-aminobutyric acid, and SCFAs (Ho & Ross, 2017). In particular, administration of SCFAs were proved to be able to alleviate the stress-induced responsiveness as well as the intestinal permeability, and could also influence the brain immune homeostasis, energy metabolism, and physiological states (Wouw et al., 2018; Valles-Colomer et al., 2019). Moreover, functional food consumption could obviously decrease the autoreactive T cell numbers in lymphoid tissues and decrease the serum concentrations of inflammatory cytokines (Marino et al., 2017). Therefore, the bidirectional communications between the gut and brain could be influenced by nutritional interventions.

Nowadays, personalized nutritional interventions based on transcriptomics, proteomics, and metabolomics techniques could provide additional benefits for patients with T2DM. Consumptions of functional foods and bioactive ingredients could enhance the anti-oxidant properties, the anti-inflammatory activities, the anti-cholesterol activities, and the insulin sensitivity of patients with T2DM (Alkhatib et al., 2017; Zhang and Gregg, 2017; Laksir et al., 2018). The gut microbiota could transduce the nutrients signals and retard the development of chronic inflammation and metabolic disorders, and the administration of functional foods could also increase the abundances of Akkermansia, Bifidobacteria, Lactobacillus, Bacteroides and Prevotella (Shanahan et al., 2017). When the food components of dietary fiber, polyphenols, flavonoids, sterols, and unsaturated fatty acids were digested by the gut microbes, various kinds of microbial metabolites were produced to treat the obesity, non-alcoholic fatty liver disease (NAFLD), and T2DM (Lyu et al., 2017). By regulating the homeostasis of innate and adaptive immune system, the diverse microbiota-derived bioactive molecules could regulate the health and disease of the host (Blander et al., 2017). Recent studies had also proved that the symbiotic bacteria could influence the development and function of the nervous system, which were related to anxiety, depression, and other mental diseases (Sharon et al., 2016). In fact, most of the neurotransmitters in the brain (such as 5-hydroxytryptamine and γ-aminobutyric acid) were produced by the gut microbes, therefore the microbiome-gut-grain axis had a critical impact on stress responses, depression and anxiety (Dinan and Cryan, 2017). Thus, manipulation of functional foods towards the gut microbiota could be applied to fight against the metabolic syndromes and the central nervous system diseases (Barratt et al., 2017; Maier and al'Absi, 2017).

In this study, the profiles of fecal microbiota samples from patients with T2DM altered by a high-fiber diet were studied, and the relations between the microbial communities and the host’s clinical features were also determined and analyzed.



Materials and methods


Subject recruitment

This study was a randomized, open-label, parallel-group clinical trial in T2DM patients with a 4-week treatment period. The study was performed according to the principles of the Declaration of Helsinki (2008), and the study protocol was approved by the Ethics Committee of Shanghai Jiao Tong University School of Medicine (ID: SNPH2017-026). All the participants signed the informed consent forms.

During the initial screening period, patients with plasma HbA1c levels (6.5%-12.0%) were recruited. Patients who had taken antibiotics, probiotics and prebiotics during the previous 3 months were excluded. Other exclusive criteria included type 1 diabetes, severe hepatic diseases, gastrointestinal surgery and severe mental illness. Patients were also excluded if they had severe organic diseases, including cancer, coronary heart disease, and cerebral apoplexy.



Study design

After a 2-week washout period, 17 patients clinically diagnosed with T2DM enrolled in the clinical trial and were randomly assigned into two groups using the SAS software. As an open-label, parallel-group study, the control group (n = 8 patients) received usual care, including patient education and dietary recommendations based on the 2013 Chinese Diabetes Society guidelines for T2DM; the treatment group (n = 9 patients) received whole grains, prebiotics, and traditional Chinese medicinal foods composed high-fiber diet. The high-fiber diet for the treatment group consisted of several whole grains and traditional Chinese medicinal food (shown in Table 1).


Table 1 | The components of the high fiber diet.



The recruited participants received either acarbose (100 mg; 3 times/day) plus common diet for T2DM (control group) or acarbose (100 mg; 3 times/day) plus the high fiber diet (treatment group) for 8 weeks, while all the patients received the same total caloric and macronutrients prescriptions and followed the exercises advice according to the Chinese Diabetes Society.



Anthropometric measurement and evaluation

The assessments of fasting blood glucose (FBG), glycosylated hemoglobin (HbA1c), serum insulin, C-peptides, triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-c), and low-density lipoprotein cholesterol (LDL-c) were detected before and after the treatment. The serum levels of interleukin-1β (IL-1β), interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1), and tumor necrosis factor-α (TNF-α) were quantified by enzyme-linked immunosorbent assays (ELISAs), respectively. The depression and anxiety symptoms of all participants were evaluated by the validated questionnaires of Hamilton Anxiety Scale (HAMA) and Hamilton Depression Scale (HAMD).



Fecal DNA extraction and high-throughput sequencing

The fecal samples were collected for gut microbiota analysis before and after the treatments. Microbial genomic DNA was extracted using an InviMagH Stool DNA kit referred to the previous study (Ling et al., 2016). The extracted DNA was then verified by agarose gel electrophoresis following the manufacturer’s instructions. The V3-4 hypervariable region of 16S rRNA genes was amplified by PCR using the barcoded-fusion primers, and then the PCR amplification products were separated using agarose gels (Chung et al., 2016; Li et al., 2016; Song et al., 2017). The PCR products from the gels without primer dimers and contaminant bands were used for Illumina MiSeq high-throughput sequencing by Personal Biotechnology Co., Ltd., Shanghai, China.



Bioinformatics and statistical analysis

The quality control and sequence filtering of raw reads was performed according to the barcode matching and sequence overlapping using QIIME (version 1.9.1). The filtered high-quality reads were clustered into operational taxonomic units (OTUs) with a similarity level of 97%, then the obtained OTUs were used for taxonomical assignments by RDP classifier (Chen et al., 2019; Ghosh et al., 2021). The microbial diversities and taxonomic compositions of the sampled bacterial communities were implemented using the R package software (Zhang et al., 2015). The contributions of bacterial community genes for potential function were predicted using PICRUSt package through the EggNOG Database (Gao et al., 2017).



Statistical analysis

The data statistical analyses were compared using a one-way analysis of variance (ANOVA) by the SPSS Data Analysis Program (version 17.0; SPSS Inc., Chicago, IL, USA) at the end of each bioassay. All mean comparison was performed using Fisher’s least significant difference test (LSD) with a significance level of P < 0.05.




Results


The glucose homeostasis of participants with T2DM was improved by the high-fiber diet

After 8 weeks of intervention, the glucose homeostasis of the treatment group was significantly improved by the high-fiber diet. Compared with the control group, the HbA1c levels and FBG levels of the treatment group decreased significantly, while the levels of serum insulin and C-peptides of the treatment group increased significantly (Figure 1). These results demonstrated that consumption of a sufficient amount of fermentable fiber could provide obvious metabolic benefits for patients with T2DM.




Figure 1 | A high-fiber diet improved the glucose homeostasis in participants with T2DM. Changes in fasting blood glucose (A), the percentage of HbA1c (B), serum insulin (C), and C-peptides (D) of the participants during the intervention were shown. The symbols * indicates p< 0.05, symbols*** indicates p< 0.001, ns indicates no significant difference.





Changes in the serum lipid metabolism profiles

To observe the blood lipid profiles influenced by the high-fiber diet, the serum levels of TC, TG, LDL-C and HDL-C were measured and analyzed. Compared with the control group, the serum concentrations of TC, TG and LDL-C in the treatment group were decreased, while the serum levels of HDL-C in the treatment group were increased (shown in Table 2).


Table 2 | Changes of the serum lipid metabolism parameters.



These data indicated that the lipid metabolism of the participants with T2DM was improved by the high-fiber diet, which revealed that the added fermentable carbohydrates could produce clinically lipid metabolic improvements in the treatment group.



Measurements of serum inflammatory chemokines levels

Serum levels of inflammatory chemokine can be used as indicators of systemic inflammation, in this study, four kinds of serum inflammatory chemokines (IL-1β, IL-6, MCP-1 and TNF-α) in the two groups were measured by ELISA detecting methods. Compared with the control group, the serum levels of inflammatory chemokines in the treatment group were significantly decreased (Figure 2). The current results demonstrated that the consumption of a high-fiber diet could decrease the systemic inflammation.




Figure 2 | The serum levels of inflammatory chemokines in participants with T2DM altered by the high-fiber diet intake. Expressions of serum levels of IL-1β (A), IL-6 (B), TNF-α (C) and MCP-1 (D) in participants during the intervention were shown. The symbols * indicates p< 0.05, symbols*** indicates p< 0.001, ns indicates no significant difference.





Evaluations of the depression and anxiety symptom severities

The depression and anxiety symptom severities were evaluated by HAMA and HAMD questionnaires. The scores of HAMA and HAMD were significantly decreased in patients of the treatment group (P <0.05), indicated that the depression and anxiety symptoms were alleviated by the high-fiber diet (Figure 3). The results demonstrated that significant improvement in depression and anxiety moods were observed in the treatment group by the uptake of more diverse carbohydrates in the diet.




Figure 3 | Analysis of the mood symptoms. HAMA scores (A) and HAMD (B) scores were significantly decreased after the dietary intervention. The symbols * indicates p< 0.05, ns indicates no significant difference.





Microbial compositional alterations of the gut microbiota

The raw data obtained from the Illumina MiSeq platform were quality-filtered and demultiplexed to remove invalid and low-quality sequences. A total of 2170797 quality-filtered and chimera-checked sequences were obtained from the 34 samples. The rarefaction curves demonstrated that the sequencing depth was enough for the microbial diversity analysis in the current study (Figure 4A). The rank abundance curves revealed that the richness of gut microbiota in the treatment group increased after the high-fiber diet consumption (Figure 4B). The Venn diagram indicated that the diversity of gut microbiota in the treatment group was also enhanced by the dietary intervention (Figure 4C). The principal coordinate analysis (PCoA) revealed that the different experimental groups were clustered into different communities, which meant that the beta diversity analysis was also changed (Figure 4D).




Figure 4 | The diversities of gut microbiota before and after the high-fiber diet consumption were analyzed, and the CS and CE groups revealed the start and end phases in the control group, while the TS and TE groups revealed the start and end phases in the treatment group. The rarefaction curves (A), rank abundance curves (B), and Venn diagram (C) indicated the alpha diversity of gut microbiota, and the principal coordinate analysis (PCoA) revealed the beta diversity (D).



To assign taxonomic compositions of gut microbiota, the RDP classifier was used to compare the bacterial community structure shifts at the phylum level and genus level, respectively. Taxonomic analysis revealed that a total of 15 phyla, 25 classes, 63 orders, 119 families, 307 genera, and 603 species were identified. At the phylum level, Firmicutes and Bacteroidota account for 79.96% percentages of the total bacterial communities (Figure 5A). In the treatment group, the proportion of Firmicutes was decreased while the proportion of Bacteroidota was increased. Therefore, the ratio of Firmicutes to Bacteroidota (F/B value) was significantly decreased in the treatment group (P<0.05). Compared with the control group, the composition of Proteobacteria in the treatment group was decreased, indicated that the colonic epithelial oxygenation was altered by the high-fiber diet. In the treatment group, the proportions of several genera beneficial microbes were enhanced, including Lactobacillus(0.08% vs. 4.84%), Akkermansia (0.07% vs. 2.74%), Bifidobacterium (3.70% vs. 5.43%), Bacteroides (12.52% vs. 16.67%), Ruminococcus (1.25% vs. 2.88%), and Blautia (1.56% vs. 1.87%). However, the relative abundances of Erysipelatoclostridium (1.02% vs. 0.09%), Megamonas (3.96% vs. 2.43%), Prevotella (4.04% vs. 2.40%), Klebsiella (0.65% vs. 0.25%), Desulfovibrio (0.17% vs. 0.07%)and other opportunistic pathogenswere decreased in the treatment group (Figures 5B, 6). The changes in bacterial abundances at the genus level revealed that the microbial communities were obviously improved by the high-fiber diet. The predicted functions were calculated based on the PICRUSt software, and a total of 22 pathways were predicted in EggNOG (evolutionary genealogy of genes: Non-supervised Orthologous Groups). As shown in Figure 7, microbial genes of Lipid transport and metabolism, Inorganic ion transport and metabolism, Nucleotide transport and metabolism, Coenzyme transport and metabolism, Energy production and conversion, Energy production and conversion, Amino acid transport and metabolism, and Carbohydrate transport and metabolism were decresed in the treatment group. However, the microbial genes of Secondary metabolites biosynthesis and transport and catabolism were increased. The predicted pathway changes indicated that carbohydrate and energy metabolism were influenced by the high-fiber diet.




Figure 5 | The bacterial communities at the phylum levels (A) and the genus levels (B). Less than 1% abundance of the phyla or genra were merged into others.






Figure 6 | Heatmap of hierarchy cluster results for the abundance of genus in control group and treatment group. The color of the spots corresponded to the normalized and log-transformed relative abundance of the OTUs. The genus names of the OTUs are shown on the right.






Figure 7 | PICRUSt functional prediction was performed using EggNOG database, pathways related to type 2 diabetes were identified and compared.






Discussion

Previous studies had already proved that the gut microbiota was a critical environmental factor for treating T2DM and other metabolic disorders (Liu et al., 2017; C. Zhang et al., 2010). A nutritional diet composed of a high amount of dietary fibers could provide enough carbohydrates for the gut microbiota to ferment, and the microbial metabolites could provide energy supply and regulate the immune function of the host (Justin et al., 2017; Gowd et al., 2019). For example, the SCFAs produced by gut microbiota demonstrated obvious T2DM-alleviating effects (Dalile et al., 2019). In this study, a specially designed high-fiber diet was applied to regulate the composition of intestinal flora in patients with T2DM.

Zhao et al. had revealed that the gut microbiota could bring additional health benefits for patients with T2DM through carbohydrate fermentation and SCFA production (Zhao et al., 2018). Consistent with the previous study, our experiment results also proved that the high-fiber diet could improve the glucose homeostasis of participants with T2DM. When compared with the control group, the serum levels of HbA1c levels and FBG decreased significantly in the treatment group, while the serum levels of insulin and C-peptides increased significantly in the treatment group (Figure 1). Simultaneously, the serum lipid profiles were also improved by the high-fiber diet. The decreased the serum levels of the TC, TG and LDL-C and the increased serum levels of HDL-C in the treatment group indicated the lipid metabolism of participants with T2DM was improved after consumption of a high-fiber diet (Table 2). Therefore, the dietary source of fibers demonstrated obvious protective impacts on glucose homeostasis and lipid metabolism of the patients with T2DM.

Manipulation of the gut microbiota by prebiotic administration could improve the glucose and lipid metabolism in obese and diabetic mice, and the low-grade inflammation were also decreased (Everard et al., 2011). Cani et al. demonstrated that prebiotic-treated ob/ob mice exhibited a lower level of plasma lipopolysaccharide (LPS) and inflammatory cytokines, and the decreased inflammatory tone was proved to be associated with a lower intestinal permeability and an improved tight-junction integrity when compared to controls (Cani et al., 2009). Further analysis indicated that the inulin-supplemented diet could restore the leptin related pathways (especially AMPK signaling pathway) of ob/ob mice, which was mediated by gut microbiota changes (Song et al., 2019). In the current study, the serum levels of inflammatory chemokines (IL-1β, IL-6, MCP-1 and TNF-α) in the treatment group were significantly decreased when compared with the control group (Figure 2). The changes in systematic inflammation might be related to the immune regulatory functions of fermented products of carbohydrates.

The hippocampal neuronal apoptosis and synaptic structural damage were proved to be associated with the overexpression of proinflammatory cytokines and overactivation of microglia and astrocytes, therefore alterations of intestinal flora could inhibit the immune-inflammatory response and signaling by producing SCFAs (Shao et al., 2023). In this research, evaluations of the depression and anxiety symptoms by HAMA and HAMD questionnaires indicated that the depression and anxiety symptoms were improved in the treatment group (Figure 3). Therefore, the improvements in emotional moods were observed when more diverse carbohydrates were consumed and the gut microbiota was altered.

The microbial communities of patients with T2DM were obviously changed after the high-fiber diet administration. The richness and diversity of the bacterial community in the treatment group were both enhanced (Figure 4). The phylum of Firmicutes and Bacteroidota contributed 79.96% proportion of the gut microbes (Figure 5A). Compared with the control group, the composition of Firmicutes increased and the composition of Bacteroidota decreased in the treatment group. Therefore, the decreased ratio of F/B value revealed that the gut microbiota in the treatment group changed obviously at the phylum level. The dysbiotic expansion of anaerobic proteobacteria was considered to have an intimate relation with colonic epithelial oxygenation and intestinal inflammation. When compared with the control group, the composition of proteobacteria decreased obviously in the treatment group. As shown in Figures 5B, 6, several genra of beneficial microbes with lactic acid and SCFAs producing activity were increased after the high-fiber diet intervention, including Lactobacillus(0.08% vs. 4.84%), Akkermansia (0.07% vs. 2.74%), Bifidobacterium (3.70% vs. 5.43%), Bacteroides (12.52% vs. 16.67%), Ruminococcus (1.25% vs. 2.88%), and Blautia(1.56% vs. 1.87%). At the same time, the proportions of Erysipelatoclostridium (1.02% vs. 0.09%), Megamonas (3.96% vs. 2.43%), Prevotella (4.04% vs. 2.40%), Klebsiella (0.65% vs. 0.25%), Desulfovibrio (0.17% vs. 0.07%), and other opportunistic pathogens were decreased in the treatment group. Therefore, the optimized gut microbiota composition could help the host to modulate immune homeostasis and protect gut barrier function. Moreover, the predicted PICRUSt functions demonstrated that pathways related to the carbohydrate and energy metabolism were influenced by the high-fiber diet (Figure 7).



Conclusions

In the present study, clinical data indicated that the increased availability of fermentable carbohydrates was sufficient to induce metabolic improvements in patients with T2DM. The dietary source of fibers demonstrated protective impacts on the gut ecosystem, and the alteration of the gut microbiota composition improved the glucose homeostasis in patients with T2DM.
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Constipation is a common gastrointestinal symptom characterized by intestinal motility disorder. The effects of Platycodon grandiflorum polysaccharides (PGP) on intestinal motility have not been confirmed. We established a rat model of constipation induced by loperamide hydrochloride to elucidate the therapeutic effect of PGP on intestinal motility disorder and to explore the possible mechanism. After PGP treatment (400 and 800 mg/kg) for 21 d, PGP clearly relieved gastrointestinal motility, including fecal water content, gastric emptying rate, and intestinal transit rate. Moreover, the secretion of motility-related hormones, gastrin and motilin, were increased. Enzyme-linked immunosorbent assay, western blot, immunohistochemistry, and immunofluorescence results confirmed that PGP significantly increased the secretion of 5-hydroxytryptamine (5-HT) and the expression of related proteins, such as tryptophan hydroxylase 1, 5-HT4 receptor, and transient receptor potential ankyrin 1. 16S rRNA gene sequencing showed that PGP significantly increased the relative abundance of Roseburia, Butyricimonas, and Ruminiclostridium, which were positively correlated with 5-HT levels. However, the relative abundance of Clostridia_UCG-014, Lactobacillus, and Enterococcus were decreased. PGP improved intestinal transport by regulating the levels of 5-HT, which interacts with the gut microbiota and the intestinal neuro-endocrine system, further affecting constipation. Overall, PGP is a potential supplement for the treatment of constipation.




Keywords: platycodon grandiflorum polysaccharide, intestinal motility disturbance, 5-hydroxytryptamine, gut microbiota, constipation




1 Introduction

Chronic constipation is a heterogeneous gastrointestinal (GI) condition that predominantly includes functional constipation and irritable bowel syndrome with constipation (IBS-C) (Camilleri et al., 2017). Patients with constipation exhibit symptoms of difficult or infrequent defecation or a sense of incomplete defecation, which may be accompanied by abdominal pain and bloating. The persistence and refractory nature of constipation bring great psychological pressure to patients and threaten their quality of life. Moreover, it is also deemed to be a risk factor for colon cancer (Kyle et al., 2021). A global systematic review and meta-analysis revealed that estimates of the prevalence of chronic constipation ranged from 2.4% to 35% globally (Suares and Ford, 2011). Moreover, the incidence of chronic constipation tends to increase with aging, which imposes a substantial public health burden and has future economic consequences (Pinto Sanchez and Bercik, 2011).

The exact etiology and pathophysiology of chronic constipation are incompletely described. However, multifactorial etiology involving diet, genetic susceptibility, drug side effects, impaired colon motility, and an alteration in neurotransmitters in the gut has been described(Forootan et al., 2018). Previous studies have suggested the complex microbial communities are harbored in the gut and functional GI disorders have reciprocal effects (Zhang et al., 2021). Recent clinical studies have reported that alterations in the gut microbial profile are linked to the symptoms of constipation (Ge et al., 2017). An analysis of the intestinal microbiota of patients with constipation showed a decrease in the number of beneficial bacteria and incremental species diversity (Tian et al., 2021). Given its role in microbe-host crosstalk, the gut microbiota has been related to the pathogenesis of chronic constipation. The effects of the gut microbiota on host biology include modulating systemic metabolism, immunity development, altering GI motility, shaping intestinal physiology, and brain–gut communication (Lynch and Pedersen, 2016). Although intestinal dysbiosis is a key plausible risk mechanism for chronic constipation, there is conflicting evidence about how the composition of the gut microbiota varies in patients with constipation. Advances in precise mechanism-based microbiota therapies for chronic constipation may be the right direction.

The intestinal epithelium serves as a critical interface in host-microbe interactions. Enteroendocrine cells (EECs) with sensory functions are distributed along the entire digestive tract. They may be evoked by a diverse range of enteric stimuli, including microbes or microbial metabolites derived from digested nutritive materials. Stimulated EECs transmit microbial stimuli by secreting hormones or neuronal transmitters, which exert local or systemic effects on host physiology via downstream pathways. Several studies have shown that stimulating EECs with microbial metabolites improves intestinal peristalsis through 5-hydroxytryptamine (5-HT) secretion(Bunnett, 2014; Reigstad et al., 2015; Yano et al., 2015). Thus, therapeutic regimens based on the intestinal flora and gut neurotransmitters have become a potential strategy for treating constipation.

Currently, constipation is most commonly managed with laxatives, secretagogues, and colonic prokinetics. However, the side-effects of drug treatments for constipation are difficult to control, especially those for laxatives, which lead to drug dependence and electrolyte disorders(Roerig et al., 2010). Natural polysaccharides are classically known for their ability to improve the intestinal microecology by modulating microbes and microbial metabolites. For instance, polysaccharides from Chrysanthemum morifolium and Spirulina platensis increase the abundance of beneficial bacteria, and decrease the abundance of harmful bacteria, resulting in improvements in functional constipation (Ma et al., 2019; Wang et al., 2021). Moreover, some natural polysaccharides, such as Enteromorpha intestinalis polysaccharides(Li et al., 2022) and Nostoc sphaeroides Kütz polysaccharide(Liu et al., 2021b), have been reported to have the function of up-regulating 5-HT, thus regulating intestinal peristalsis. Polysaccharides from enteromorpha were proved to increase 5-HT4 receptor expression in distal colon as so to enhanced intestinal motility(Ren et al., 2017). Platycodon grandiflorum is a daily dietary material and traditional medicine commonly used as a dietary ingredient in Asian countries, such as China and North Korea. Notably, the main active ingredient of P. grandiflorum is polysaccharides. Previous researches on PGP have mainly focused on antioxidant effects and immunomodulating activity (Sheng et al., 2017; Pang et al., 2019). A recent study showed that PGP regulate the imbalance in the intestinal microbiota caused by particulate matter 2.5 exposure (Shan et al., 2022). However, there is no data showing that PGP ameliorates intestinal motility disturbances by regulating the gut microbiota.

In this study, PGP was extracted and characterized by Fourier transform-infrared spectroscopy (FT-IR) and ion chromatography (IC). We investigated the therapeutic effects of PGP on loperamide-hydrochloride-induced constipation in rats. 16S rRNA gene sequence analysis and pathology methods were used to assess improvement of loperamide-hydrochloride-induced intestinal motility disturbance by Platycodon grandiflorum polysaccharides through effects on gut microbes and colonic serotonin.




2 Materials and methods



2.1 Materials

P. grandiflorum (Jacq.) A. DC. was purchased from Hefei Mandi New Co., Ltd (Hefei, China), and were identified and stored at the College of Pharmacy, Anhui University of Chinese Medicine. Loperamide hydrochloride was purchased from Xi’an Janssen Pharmaceutical Ltd (Xi’an, China). Activated charcoal was purchased from Shanghai RichJoint Chemical Regents Co., Ltd. (Shanghai, China). The remaining chemicals and solvents were all of analytical grade.




2.2 Chemical identification of PGP

PGP was isolated by hot water extraction and 85% ethanol/water precipitation, according to a previously described method (Shan et al., 2021). Using the phenol-sulfuric acid method, we determined that the total sugar content of PGP was 89%. Next, to characterize the PGP, FT-IR spectra, with a frequency ranging from 4,000 to 400 cm−1 were collected using an FT-IR spectrometer (Thermo Electron, Waltham, MA, USA). Finally, IC was used to determine the monosaccharide composition of the polysaccharides. Briefly, after hydrolysis, the sample solution (10 mg) and standards were diluted to 10 ppm and added to ampoules. The sample solution and mixed standard were analyzed using IC with an electrochemical detector, using a Dionex Carbopac TMPA20 column (3*150) with 15 mM NaOHC: 15 mM NaOH & 100 mM NaOAC, eluted at a flow rate of 0.3 mL/min at 30°C.




2.3 Animal experimental design

Male specific-pathogen-free Sprague Dawley rats (200 ± 20 g) were purchased from Huaxing Experimental Animal Farm (Zhengzhou, China) with the license key, SCXK(YU)2019-0002. All animal experiments were approved by the Anhui University of Chinese Medicine Animal Experiment Ethics Committee. The details of the animal experimental design are described in Figure 1A.




Figure 1 | Effect of PGP on excretion parameters and pathological detection of colon in rats. (A) Animal experiment flow chart. Effect of PGP on gastrointestinal motility, based on (B) fecal water content, (C) gastric emptying rate, and (D) intestinal transit rate. (E) Visual observation was performed to assess intestinal transit. (F) The hematoxylin and eosin staining method was used to analyze the colon sections of rats under light microscope. Red arrows mean the location of the charcoal propulsion in small intestinal, and black arrows mean inflammatory cell infiltration. **p< 0.01, ***p< 0.001.



After 1 week of accommodation, rats were randomly assigned to the control, model, PGP at low dose (PGP-L; 400mg/kg), or PGP at high dose (PGP-H; 800mg/kg) groups (n = 5 per group). To construct a constipation model, the rats were administered loperamide by oral gavage at a dose of 3 mg/kg every day for 6 weeks (Wang et al., 2021). Simultaneously, a comparable volume of normal saline solution was administered to the control group. From the fourth week, the PGP-L and PGP-H groups were supplemented with PGP at 400 mg/kg and 800 mg/kg, respectively. Six weeks later, the rats were anesthetized with sodium pentobarbital. Subsequently, blood was drawn from the abdominal aorta, and serum was prepared by centrifugation. The colon and caecum contents of five rats from each group were placed in sterile 2 mL cryovials, frozen immediately in liquid nitrogen, and stored at -80°C for analysis of the intestinal microbiota.




2.4 Measurement of fecal water content

Each rat was placed in a metabolic cage after PGP treatment. Individual rat’s excrement was collected and weighed 16 h later. The feces were dried and weighed when the recording was finished. Then, using the following formula, the rat’s fecal water content was calculated.

	




2.5 Measurement of gastric emptying rate and small intestine transport rate

Rats were fasted for 12 h before receiving an oral dose of 2 mL of a 5% activated carbon suspension to evaluate GI peristalsis. The rats were euthanized 30 min after gavage, and tissues from the stomach to the cecum were collected. The whole stomach was then weighed and emptied of its contents and the net weight of the stomach was recorded. The gastric emptying rate was calculated using the following formula.

	

Meanwhile, the entire length of the small intestine and activated carbon propulsion were measured. The distance from the pylorus to the front of the activated carbon was recorded as the distance that the activated carbon advanced in the intestine.

	




2.6 Pathological observations of the colon

Colon tissue was embedded in paraffin after being treated in 4% paraformaldehyde. It was then sectioned, stained with hematoxylin and eosin, and histopathologically analyzed. Under an upright optical microscope (Nikon, Tokyo, Japan), the changes in tissues between the four groups were examined.




2.7 Determination of the levels of motilin, gastrin, and 5-HT

The levels of motilin (MLT), gastrin (GAS), and 5-HT in rat serum samples were measured using commercial enzyme-linked immunosorbent assay (ELISA) kits (Shanghai Enzyme-linked Biotechnology Co., Ltd, Shanghai, China). Colon tissue was washed and then homogenized with phosphate-buffered saline (PBS; 0.2 g of tissue per 1.8 mL of PBS). The supernatant was collected for the 5-HT determination.




2.8 Analysis of transient receptor potential ankyrin 1 expression by immunohistochemical staining

Colon tissue was promptly fixed in 4% paraformaldehyde, embedded in paraffin blocks, and cut into thin sections (4 microns) for immunohistochemistry (IHC). The sections were dewaxed and hydrated and antigen retrieval was performed by heating. To block the activity of endogenous peroxidases, we placed the sections in 3% hydrogen peroxide for 25 min in the dark. Next, the sections were blocked with 3% bovine serum albumin (BSA) at 37°C for 30 min. Anti-transient receptor potential ankyrin 1 (TRPA1) antibody (Wuhan Servicebio Technology Co., Ltd, Wuhan, China) was added dropwise and the sections were kept overnight at 4°C. Following secondary antibody application, the tissues were incubated for 50 min at room temperature. Finally, the chromogenic solution, 3,3’-diaminobenzidine, was added and the sections were stained with hematoxylin. Positive granules were quantified using Image Pro-Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) and appeared as brownish yellow granules microscopically.




2.9 Detection of TRPA1 expression by immunofluorescence

After deparaffinization and rehydration, slides were submerged in ethylenediaminetetraacetic acid antigen retrieval buffer (pH 8.0), incubated at a sub-boiling temperature for 8 min, left to stand for 8 min, and then incubated again at a sub-boiling temperature for 7 min. The sections were then blocked with 3% BSA for 30 min, and the anti-TRPA1 antibody was added and the sections were incubated overnight at 4°C. After washing with PBS, a fluorescent secondary antibody was added dropwise and the sections were incubated at room temperature for 50 min, and then stained with 4′,6-diamidino-2-phenylindole. A spontaneous fluorescence-quenching agent was added and the sections were incubated for 5 min. Fluorescence microscopy was used to evaluate the expression of TRPA1 (green fluorescent).




2.10 Detection of protein expression levels of tryptophan hydroxylase 1, 5-HT4 receptor, and TRPA1 by western blotting

Radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, Waltham, MA, USA) was used to lyse the colon tissue. To determine total protein expression, a bicinchoninic acid protein assay kit was used. The protein was extracted by centrifuging the protein extract supernatant at 12,000 rpm for 10 min at 4°C. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis was used to separate 25 g of denatured protein, which was then transferred to polyvinylidene fluoride membranes at 25 V for 30 min. After blocking the membranes with 5% nonfat milk powder, the membranes were incubated with primary antibody overnight at 4°C.

The following antibodies were used: anti-tryptophan hydroxylase 1 (TPH1) (Zen-Bio, Durham, NC, USA; 381130, 1:1,000); anti-5-HT4 receptor (Zen-Bio, 860013, 1:1,000); anti-TRPA1 (GeneTex, Irvine, CA, USA; GTX54765, 1:1,000). Subsequently, the membranes were rinsed with Tris-buffered saline with Tween 20 and incubated for 30 min with a horseradish-peroxidase-conjugated goat anti-rabbit secondary antibody (SAB, Greenbelt, MD, USA; L3012; 1:5,000) for 30 min. Finally, an enhanced chemiluminescence system was using to detect the protein bands (Affinity Biosciences, Cincinnati, OH, USA). The band intensities were determined using Image Pro Plus software (version 6.0; Media Cybernetics, Rockville, MD, USA). All values were normalized to β-actin (Cell Signaling Technologies, Danvers, MA, USA; R23613, 1:2,000).




2.11 Gut microbiota analysis

Total genomic DNA from rats’ cecal contents was extracted using MagPure Soil DNA LQ Kit (Magen, Guangzhou, China) according to the manufacturer’s instructions. The quality and quantity of DNA was verified using a NanoDrop spectrophotometer and agarose gel electrophoresis. An upstream primer with the sequence, 5’-TACGGRAGGCAGCAG-3, and a downstream primer with the sequence, 5’-AGGGTATCTAATCCT-3, were used to amplify the V3 and V4 regions of the 16S rRNA gene. Polymerase chain reaction was performed using specific primers, barcodes, and Ex Taq high-fidelity enzyme (Takara, Kusatsu, Japan). The amplicons were then purified and pooled for paired-end sequencing on a MiSeq platform (Illumina, San Diego, CA, USA). 16S rRNA gene amplicon sequencing was performed by OE Biotech Co., Ltd. (Shanghai, China). Raw sequencing data were in FASTQ format. First, Cutadapt software was used to cut out the primer sequence for the raw data sequence. Then DADA2 was used to perform quality control analysis of the qualified double-ended raw data in the previous step according to the default parameters of QIIME 2 (2020.11), such as filtered low quality sequences, denoised, merged and detect and cut off the chimera reads, to obtain representative sequences. QIIME2 software package was used to select the representative sequences of each ASV, and all the representative sequences were compared with the database. Silva (version138) database was used for 16S rRNA gene comparison.




2.12 Statistical analysis

Data are presented as the mean ± standard error of the mean for each group. Comparisons between two groups were performed by Student’s t-test using SPSS Version 26.0 (SPSS Software, Chicago, IL, USA). p< 0.05 was considered as statistically significant. The outcomes for alpha diversity and the relative abundance of gut microbiota at phylum level and genus level are expressed as median ± interquartile range (IQR).





3 Results



3.1 Characteristics of PGP

As shown in Figures 2A, B, the monosaccharide composition of PGP was determined using IC. PGP was found to be mainly composed of fructose and glucose, with a molar ratio of 80.6% and 11.9%, respectively. The FT-IR spectrum of PGP displayed the characteristic peaks of polysaccharides (Figure 2C). The strong, broad absorption band at 3,384 cm-1 was attributed to the O-H stretching vibration (Wang et al., 2017). The weak absorption peak at 2,930 cm-1 was the characteristic peak of C-H and was caused by the stretching vibration of a methylene group (Lemieszek et al., 2022). The strong absorption peak at 1,617 cm-1 suggested the telescopic vibration of C=O (Yang et al., 2015). The medium-strong absorption peak at 1,417 cm-1 was ascribed to the variable angle vibration of C-H (Zheng et al., 2014).




Figure 2 | Structural characterization of PGP. Ion chromatography chromatograms of (A) standard monosaccharides and (B) PGP; (C) infrared chromatogram of PGP.






3.2 Effect of PGP on excretion parameters

To investigate the therapeutic effect of PGP on functional constipation, rats were administered PGP for 3 weeks. As expected, the rats treated with loperamide had markedly decreased fecal water content, intestinal propulsion rate (p< 0.01, vs. control group), and gastric emptying rate (p< 0.001, vs. control group), suggesting that PGP treatment contributed to dry stools and suppressed GI motility. Thus, the model of constipation was successfully created. After the administration of PGP-L and PGP-H, the abovementioned indicators were reversed (p< 0.01). In particular, PGP-H significantly increased the intestinal transit rate in rats with constipation (p< 0.001; Figures 1B–E). These results indicated that PGP had a particular curative effect on functional constipation.




3.3 Effect of PGP on colon pathology

Subsequently, to demonstrate the influence of PGP on pathology, we examined the pathological effects of PGP on colonic tissues. In the control group, the colonic tissue structure of the rats was complete and clear, and the goblet cells were arranged neatly, with no abnormal lesions. However, in the model group, the infiltration and aggregation of inflammatory cells were observed in the submucosa of colonic tissues, and the cell boundaries were vague. After PGP treatment, inflammatory infiltration of the tissue was reduced, with the cells arranged neatly (Figure 1F). Of note, PGP-H showed slightly greater effects than PGP-L. These results indicated that PGP is critical for protecting the intestinal structure.




3.4 Impacts of PGP on the levels of GI hormones

Furthermore, as a crucial element in modulating digestive function, we detected the levels of GI hormone release in the blood and colon. As shown in Figures 3A–C, rats in the model group showed lower levels of MLT, GAS, and 5-HT (p< 0.05, vs. control group), indicating that loperamide-induced constipation affected the secretion of related hormones. On the contrary, the GAS levels in serum were higher after PGP treatment (p< 0.05, vs. model group). In addition, PGP-H treatment significantly in-creased the levels of the MLT (p< 0.05, vs. model group). There are close links between 5 -HT and constipation. In this study, we found that the levels of 5-HT were distinctly higher after PGP-L (p< 0.01) and PGP-H (p< 0.001) treatment than in the model group.




Figure 3 | Effect of PGP on the levels of gastrointestinal hormones. (A) Gastrin (GAS) levels in serum; (B) motilin (MLT) levels in serum; (C) 5-hydroxytryptamine (5-HT) levels in the colon. (D) Expression levels of tryptophan hydroxylase 1 (TPH1), 5-HT4 reporter, and transient receptor potential ankyrin 1 (TRPA1) were detected by western blotting. Relative abundance of (E) TPH1, (F) 5-HT4 receptor, and (G) TRPA1. *p< 0.05, **p< 0.01, ***p< 0.001.






3.5 Expression of TPH1, 5-HT4 receptor, and TRPA1

We previously tentatively showed that ingesting PGP increased the levels of 5-HT. To further verify the effect of PGP on the generation and consumption of 5-HT, we investigated the rate-limiting enzyme (TPH1), and 5-HT4 receptor at the protein level by western blotting (Figure 3D). Loperamide-hydrochloride-induced rats showed significant increases in TPH1 and 5-HT4 receptor levels compared to rats in the control group (p< 0.001). In contrast, PGP-L (p< 0.01) and PGP-H (p< 0.001) activated TPH1 expression in a dose-dependent manner (Figure 3E). We also observed a downtrend of 5-HT4 receptor in the Model group compared the PGP-L (p< 0.05) and PGP-H (p< 0.01) group (Figure 3F). Additionally, TRPA1 activation has the capacity to increase 5-HT synthesis. We used IHC, immunofluorescence, and western blot to determine the expression level of TRPA1 in the colon. Compared with the model group, the expression of TRPA1 was augmented by PGP-L and PGP-H treatment in Figures 3G, 4A–C (p<0.05 and p<0.01). Therefore, we hypothesized that TRPA1 was a mediator of the regulatory effects of PGP on 5-HT release.




Figure 4 | Expression of TRPA1 in colon tissue was detected by (A) immunohistochemistry and (C) immunofluorescence; (B) relative abundance of TRPA1. *p< 0.05, **p< 0.01. FITC, fluorescein isothiocyanate; DAPI, 4′,6-diamidino-2-phenylindole.






3.6 Regulation of the intestinal microbiota by PGP

The gut microbiota is considered to have one of the most important roles in regulating intestinal conditions. Through sequence optimization, a total of 1,030,719 reads were generated for 16 samples from the four groups, and were then clustered. A total of 2,329 operational taxonomic units (OTUs) were shared among the four treatment groups, while the control, model, PGP-L, and PGP-H groups had 377, 297, 251, and 259 unique OTUs, respectively (Figure 5A). In addition, the rank-abundance curve was flat, indicating high sample uniformity (Figure 5B). The amplicon sequence variant/diversity index dilution curve flattened out with an increase in the number of extracted sequences, demonstrating that the sequencing data volume was reasonable to reflect biological information (Figure 5C). The α-diversity, based on Chao1 and Shannon indices, was used to reflect species richness and diversity, respectively. At the OTU level, there was no obvious difference in α-diversity among all the groups (Figures S1A, B). β-diversity was used to assess ecological similarity and distance. Therefore, we performed a distance-based main co-ordinate analysis at the OTU level. The variations in microbial composition are shown in Figure 5D. The control group is on the left of the figure, whereas the model group moved to the center when constipation was induced, indicating that loperamide altered the composition of the gut microbes. The PGP-L and PGP-H groups are on the right, and were significantly different from the model group. In particular, the structure of the fecal microbiota in the PGP-H group was clearly changed.




Figure 5 | Regulation of the intestinal microbiota by PGP on in rats with constipation. (A) Venn diagram of the number of common and operational taxonomic units (OTUs) in the flora in the cecum of rats; (B) rank-abundance curve; (C) amplicon sequence variant/diversity index dilution curve; (D) principal co-ordinate analysis of gut microbiomes; (E) cumulative histogram of species at the phylum level. Relative abundance of (F) Firmicutes and (G) Bacteroidetes. *p< 0.05.



To further investigate which bacterial communities were distinct among groups, at the phylum level, we analyzed the similarity of bacterial taxa. The results of community structure analysis showed that Firmicutes and Bacteroidota were the main flora, with Firmicutes accounting for the largest proportion (Figure 5E). The abundance of Firmicutes was markedly increased in the model group (p< 0.05) and decreased in the PGP-L and PGP-H groups, compared with the control group (p< 0.05). However, the abundance of Bacteroidetes notably increased in the PGP-L and PGP-H groups (p< 0.05), but decreased in the model group (Figures 5F, G).

Next, we investigated the bacterial composition at the genus level to further evaluate the structure of gut microbiota. A cumulative histogram and heat map analyses were employed to track genus-level variations in the gut microbiota among the four groups (Figures 6A, B). The results demonstrated an increasing trend in the abundance of Roseburia (p< 0.05), Butyricimonas (p< 0.05), and Ruminiclostridium (p< 0.001), in PGP-H group compare with their abundance in the model group, with no discernible difference between the model and control groups (Figures 7A–C). In addition, the administration of ropivacaine hydrochloride decreased the abundance of Lactobacillus (p< 0.001) and Enterococcus (P< 0.05). Conversely, the PGP-L and PGP-H groups showed a significant downward trend in Clostridia_UCG-014 (p< 0.05), Lactobacillus (p< 0.01), and Enterococcus (p< 0.05) when compared to the model group (Figures 7D–F). A correlation heatmap was then plotted using Spearman’s correlation analysis to determine how the gut microbiota of rats and characteristics linked to constipation were related (Figure 7G). The abundance of Lactobacillus, Clostridia_UCG-014, and Enterococcus was negatively correlated with 5-HT, GAS, and MLT levels, while the abundance of Roseburia, Butyricimonas, and Ruminiclostridium was positively correlated with 5-HT, GAS, and MLT levels. In particular, the correlations between 5-HT levels and Clostridia_UCG-014 (p< 0.001), Enterococcus (p< 0.01), and Ruminiclostridium (p< 0.05) abundance were statistically significant. To determine whether the changes in cecal content flora in different experimental groups affected their metabolic activities, a phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) analysis was conducted. In the model group, starch and sucrose metabolism, the phosphotransferase system, glycerolipid metabolism, and glycolysis/gluconeogenesis were strongly upregulated in response to loperamide treatment, whereas lipopolysaccharide biosynthesis, folate biosynthesis, and glyoxylate and dicarboxylate metabolism pathways were down-regulated (Figure 8A). An up-regulation of the biosynthesis of secondary metabolites was observed in the PGP-L group, and metabolic pathways were up-regulated in the PGP-H group (Figures 8B, C). These results revealed that the consumption of loperamide hydrochloride damaged the structure of the gut microbiota, whereas the administration of PGP appeared to alleviate these effects. In summary, PGP played a crucial function in shaping the composition of the gut microbiota.




Figure 6 | Structure of the gut microbiota at the genus level. (A) Cumulative histogram of species at the genus level. (B) Clustering heat map of species at the genus level.






Figure 7 | Relative abundance of (A) Butyricimonas; (B) Roseburia; (C) Ruminiclostium; (D) Clostridia UCG-014; (E) Lactobacillus; and (F) Enterococcus. (G) Spearman’s correlation analysis of the intestinal microbiota and constipation-related physiochemical parameters in a heatmap. *p< 0.05, **p< 0.01, ***p< 0.001.






Figure 8 | Functional prediction of altered gut microbiota, based on Kyoto Encyclopedia of Genes and Genomes pathways using the phylogenetic investigation of communities by reconstruction of unobserved states analysis. (A) Control group versus model group; (B) model group versus PGP-H group; (C) model group versus PGP-L group.







4 Discussion

Constipation is one of the most prevalent GI conditions globally, and it has negative effects on the lives and psychological health of patients. Guided by security, effectiveness, and expenditure, dietary interventions, particularly dietary fiber intake, may be the first-line treatment. As a dietary fiber, PGP has been shown to have gut therapeutic properties and prebiotic activity. We hypothesized that PGP is a candidate to maintain the intestinal equilibrium. In the clinic, loperamide is a conventional anti-diarrheal drug, which induces constipation via activation of opioid receptors, thereby prolonging the intestinal transit time (Mackerer et al., 1976). In this regard, loperamide has commonly been used in animal models, and a loperamide-induced constipation model in rats was established in this study. There is a large amount of water in the feces waiting for GI absorption when intestinal peristalsis is slow. At the same time, the low rate of gastric emptying also laterally reflects the inhibition of GI peristalsis. Here, the gastric emptying rate, transit time, and water content of the feces gave direct evidence for the laxative effects of PGP. Our study revealed that the abovementioned symptoms were all significantly altered following PGP administration, ultimately leading to the stimulation of defecation.

EECs make up 1% of all intestinal epithelial cells, representing the largest endocrine organ (Latorre et al., 2016). GI hormones are a group of peptides secreted by endocrine cells, and they make essential contributions to regulating GI function. The G cells of the gastric antrum produce the majority of the GAS, which acts on parietal cells to promote acid secretion and preserve the gastric epithelium’s structural and functional integrity (Walsh, 1990; Sanger and Lee, 2008). MLT stimulates the motility of the GI tract. The release of MLT assists in the removal of undigested matter from the GI tract and guards against bacterial over-growth in the upper gut (Sanger, 2008). In our study, PGP accelerated the secretion of GAS and MLT, and partially restored GI function.

5-HT is a prominent neurotransmitter that is highly abundant in the gut (ac-counting for approximately 95% of the total 5-HT (Gershon, 2013)), and is a driving force of the peristaltic reflex (Heredia et al., 2013). 5-HT is synthesizing by EECs scattered throughout the whole GI tract, and is released in response to chemical and mechanical stimuli. 5-HT mediates GI functions, such as peristalsis, secretion, and pain perception, by binding to 5-HT-specific receptors (Liu et al., 2021a). Besides, IBS-C patients have lower 5-HT levels in colonic mucosal cells (Coates et al., 2004), which is consistent with the findings of our study. In addition, PGP reversed the decreasing trend in 5-HT levels. TPH1 is a rate-limiting enzyme that plays a regulatory role in the synthesis of 5-HT, such that the amount of TPH1 directly determines the amount of 5-HT. In addition to this synthesis step, the binding of 5-HT to its receptor is also an essential part of its role. Neurons in the central and peripheral nervous systems, particularly those in the enteric nervous system, express 5-HT4 receptors, which are G protein-coupled receptors. In isolated guinea pig colon tissue, desensitization of 5-HT4 receptors interferes with propulsive motility, supporting the hypothesis that the 5-HT4 receptor and peristalsis are related (Grider, 2006). As such, prucalopride, a 5-HT4 receptor agonist, has been recognized as a therapeutic option for constipation. We found that the 5-HT4 receptor was markedly activated after PGP treatment. The abovementioned findings indicate that PGP specifically ameliorated constipation by accelerating the whole process from the synthesis to the utilization of 5-HT. Based on these findings, 5-HT is a unique signaling molecule that plays an irreplaceable role in the regulation of intestinal peristalsis. Thus, 5-HT is a possible target for the treatment of intestinal peristalsis disorders. Further research is required to confirm this.

To further explore the mechanism for the 5-HT-mediated treatment of constipation, we studied TRPA1. TRPA1 is a non-selective cation channel of the TRP super-family that serves as a sensor molecule, mediating the release of 5-HT and thereby, regulating GI motility (Nozawa et al., 2009). Strikingly, TRPA1 activator administration has been found to effectively decrease the intestinal transit time in mice(Kojima et al., 2014). Furthermore, paeoniflorin has the ability to alleviate loperamide-induced constipation by mediating G-protein-coupled bile acid receptor/TRPA1 signaling. In our study, the expression of TRPA1 was activated by PGP (Zhan et al., 2021).

The gut microbiota is closely related to physiological processes, including immune maturation, neurological signaling, intestinal endocrine processes, and metabolism (Lynch and Pedersen, 2016). Germ-free (GF) mice have been shown to display shorter GI transit time after reconstituting the gut microbes (Yang et al., 2017). The gut microbiota has been shown to be instrumental in the regulation of 5-HT secretion. The levels of 5-HT and TPH1 in the colon are markedly lower in GF mice than specific pathogen-free mice. Even so, colonic 5-HT levels have been shown to return to normal following treatment, confirming that the absence of 5-HT in GF mice is microbiota-dependent (Yano et al., 2015). Additional research has indicated that gut microbiota metabolites trigger the production of 5-HT through the TRPA1 channel, and that 5-HT, in turn, stimulates intestinal motility (Ye et al., 2021).

In our experiments, although PGP administration did not significantly change the abundance or α-diversity of the gut microbiota in rats, the β-diversity results indicated that PGP shifted the composition of the gut microbiota in a dose-dependent manner. Compared with the model group, the PGP group had lower abundance of Firmicutes and a higher abundance of Bacteroidetes phyla. The Firmicutes phylum has been shown to be predominant in fecal samples from IBS-C subjects (Zeber-Lubecka et al., 2016), which is consistent with our findings. Furthermore, at the genus level, PGP enriched the relative abundance of butyrate-producing bacteria, including Roseburia, Butyricimonas, and Ruminiclostridium, while suppressing several pernicious bacteria, such as Clostridia UCG-014, Enterococcus, and Lactobacillus. Butyrate is produced by the decomposition indigestible carbohydrates and provides energy for colonocytes (Louis and Flint, 2009). More importantly, there is evidence that the stimulation of butyrate increases intestinal motility by affecting both the rhythm of the colonic motor complex and the peristaltic reflex (Tan et al., 2020). In addition, butyrate promotes intestinal 5-HT production by enhancing the transcription of TPH1 (Reigstad et al., 2015). Therefore, we speculated that there is an association between the increase in colonic 5-HT content and the enrichment of these bacteria in the intestinal tract. Clostridia is a broad genus of gram-positive bacteria. It has been proposed that some Clostridia species possess the ability to infect hosts by releasing potent toxins, increasing the risk of enterotoxemia, necrotic enteritis, and pseudomembranous colitis (Carter et al., 2014; Zaragoza et al., 2019). Lactobacillus strains induce the production of early proinflammatory cytokines, such as interleukin-8, tumor necrosis factor-α, and interleukin-6, facilitating inflammatory responses by macrophages (Rocha-Ramírez et al., 2017). Moreover, Enterococcus infections have been associated with intestinal inflammation (Vedantam and Viswanathan, 2011). The pathology results showed obvious inflammatory infiltration in rats of the model group, and thus, we speculated that the colonization of these harmful bacteria stimulated inflammation and destroyed the intestinal mucosal barrier.

Correlation analysis identified a linked between these altered intestinal microbiota and constipation-related biomarkers. According to PICRUSt analysis, PGP affected the metabolism of the gut microbiota, demonstrating a regulatory role in gut microbial activity. Particularly, the uptake of PGP restored the phosphotransferase system induced by loperamide hydrochloride. PGP is mainly composed of fructose and glucose. Fructose and glucose are respectively transported into cells by phosphoenolpyruvate-sugar phosphotransferase (PTS) system to produce fructose-6-phosphate and glucose-6-phosphate, respectively, for glycolysis(Goh and Klaenhammer, 2015). The glycolytic pathway of colon is closely related to maintaining the integrity of intestinal wall cells and energy supply(Kovács et al., 2021). In summary, the phosphotransferase system plays a significant role in affecting the energy source of intestinal peristalsis. Above all, our study demonstrated the remodeling effect of PGP on the structure of the gut microbiota, and therefore, the peristaltic function of the intestine was promoted.




5 Conclusion

As mentioned above, this study is the first attempt to evaluate the effect of PGP on loperamide-hydrochloride-induced intestinal motility disorder in rats and to explore the related mechanism in vivo through animal experiments. The results showed that PGP significantly improved GI motility and GI hormone levels in rats. Moreover, it promoted intestinal peristalsis by increasing the expression levels of 5-HT-related proteins and mediating the composition of the intestinal flora, thereby improving constipation. Even so, the current study only discusses the correlation between intestinal flora and 5-HT, and whether the intestinal flora can play a role in promoting intestinal peristalsis by participating in the regulation of the level of 5-HT, this study has not carried out in-depth exploration and lacks verification experiments. We will establish a pseudo-sterile rat model to compare its 5-HT and intestinal motility with those of normal rats. Our findings provide new evidence for the treatment of intestinal motility disturbance with PGP, and as a potential constipation-regulating supplement, PGP has an application prospect.
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Fructus gardeniae (FG) is a traditional Chinese medicine and health food for thousands of years of application throughout Chinese history and is still widely used in clinical Chinese medicine. FG has a beneficial impact on anxiety, depression, insomnia, and psychiatric disorders; however, its mechanism of action requires further investigation. This study aimed to investigate the effects and mechanisms of FG on sleep deprivation (SD)-induced anxiety-like behavior in rats. A model of SD-induced anxiety-like behavior in rats was established by intraperitoneal injection of p-chlorophenylalanine (PCPA). This was accompanied by neuroinflammation and metabolic abnormalities in the hippocampus and disturbance of intestinal microbiota. However reduced SD-induced anxiety-like behavior and decreased levels of pro-inflammatory cytokines including TNF-α and IL-1β were observed in the hippocampus of rats after 7 days of FG intervention. In addition, metabolomic analysis demonstrated that FG was able to modulate levels of phosphatidylserine 18, Phosphatidylinositol 18, sn-glycero-3-phosphocholine, deoxyguanylic acid, xylose, betaine and other metabolites in the hippocampus. The main metabolic pathways of hippocampal metabolites after FG intervention involve carbon metabolism, glycolysis/gluconeogenesis, pentose phosphate, and glycerophospholipid metabolism. 16S rRNA sequencing illustrated that FG ameliorated the dysbiosis of gut microbiota in anxious rats, mainly increased the abundance of Muribaculaceae and Lactobacillus, and decreased the abundance of Lachnospiraceae_NK4A136_group. In addition, the correlation analysis demonstrated that there was a close relationship between hippocampal metabolites and intestinal microbiota. In conclusion, FG improved the anxiety behavior and inhibited of neuroinflammation in sleep-deprived rats, and the mechanism may be related to the FG regulation of hippocampal metabolites and intestinal microflora composition.
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1 Introduction

Sleep is an important physiological process that promotes the metabolism of the central nervous system, consolidates memory, and regulates mood (Xie et al., 2013; Nabaee et al., 2018). With the increasing demands for modern life and people’s external pressure, sleep time and quality has declined rapidly across societies. Sleep deprivation (SD) is a common disease that results in the reduction of people’s rest time and quality due to environmental or personal factors (Gou et al., 2017). Studies have found that SD leads to emotional abnormalities, learning and memory impairments, and poor immune function, along with the finding that severe sleep deprivation shortens the life span of animals (Faraut et al., 2012; Cao et al., 2020). Both acute and chronic sleep deprivation cause anxiety-like behaviors in animals (Manchanda et al., 2018; Liu et al., 2022). Research found that inflammation may be involved in the pathological process of anxiogenic-like behavior under sleep deprivation (Chen X. et al., 2019). Increased pro-inflammatory cytokines, decreased anti-inflammatory factors, and activation of microglia in the hippocampus have been found to play an important role in SD-induced anxiety behavior in rats (Wadhwa et al., 2018). Currently, the treatment of anxiety disorders is based on sedative-hypnotic drugs, however, some people suffer from adverse effects such as tolerance, addiction, and withdrawal symptoms. A recent study found that Poria cocos aqueous extract reduced inflammatory factors through the TNF-α/NF-κB signaling pathway and thereby improved SD-induced anxiety-like behavior (Zhang et al., 2022a). This provides the idea for the treatment of anxiety with traditional Chinese medicine.

Fructus gardeniae (FG) is derived from the dried and ripe fruit of a Rubiaceae plant, which is recorded in Shennong Materia Medica, the earliest Chinese work on traditional Chinese medicine. FG is an edible and medicinal plant with dual purposes. It has been reported to be effective at clearing heat, purging fire, cooling the blood, as well as relieving toxins, and treating restlessness, irritability and upset. The symptoms of restlessness in TCM are roughly consistent with mental illnesses such as anxiety and insomnia in Western medicine (Zhang et al., 2022b). The main components of FG include iridoid glycosides, crocin, organic acids, and volatile oils, which function in neuroprotective, antioxidant, antidepressant, and anti-inflammatory effects (Tian et al., 2022). FG exerts rapid antidepressant effects by increasing brain-derived neurotrophic factor (BDNF) in the hippocampus, and is the main component of the antidepressant effect of the Chinese medicine compound Yueju pill (Zhang et al., 2015). The active ingredient of FG is capable of reducing the activation of NF-kB and microglia in the central nervous system and playing an anti-inflammatory role (Wang et al., 2012). In this study, we evaluated the effect of FG on inflammatory factors in the brain of SD induced anxiety rats.

As sequencing and metabolomic technologies have advanced, they have been increasingly applied to medicine. Metabolomics uses analytical techniques based on liquid chromatography/mass spectrometry (LC/MS), gas chromatography/mass spectrometry (GC/MS), and nuclear magnetic resonance (NMR) spectroscopy to qualitatively and quantitatively analyze metabolites from living organisms and to search for the intrinsic links between metabolites and physiopathological changes at macroscopic and metabolic levels (Nicholson et al., 1999). The holistic and dynamic research model of metabolomics is aligned with the holistic view and syndrome differentiation of TCM, and can objectively and sensitively analyze the effects of TCM on metabolites from living organisms (Han et al., 2020). Si et al. found that Lilium brownii interfered with the metabolic pathways of arachidonic acid metabolism and 5-hydroxytryptaminergic synapses in the hypothalamus and hippocampus to normalize the metabolic phenotype of insomnia in rats based on LC-MS/MS-based metabolomics (Si et al., 2022). In this study, the UPLC-Q-Exactive-Orbitrap-MS technology has been used to detect hippocampal metabolites during SD-induced anxiety behavior in rats and to evaluate the mechanism of drugs.

The “brain-gut axis” plays an important role in regulating sleep and mood. There is a bidirectional link between the intestinal microbiota and the central nervous system, with intestinal bacteria influencing brain function, sleep structure, and mood stability through neurological, endocrine, and immune signals (Collins et al., 2012). Similarly, the central nervous system can also influence intestinal permeability and the environment of intestinal microbiota through the three above pathways, and alter the composition of the gut microbiota (Bauer et al., 2016). Studies have found that gut microbiome play a bridging role in immune function and mental-emotional disorders (Sundman et al., 2017). Chronic sleep deprivation induces anxiety-like behavior, inflammatory responses, as well as neurotransmitter and gut dysfunction (Zhang et al., 2022a). Wang, et al., found that transplantation of SD microbiota into germ-free mice resulted in a significant increase in activation of inflammatory factors TNF-α, IL-1β, IL-6 and microglia in the hippocampus and prefrontal cortex, accompanied by cognitive dysfunction (Wang et al., 2021). This suggests that gut microbiome plays an important role in abnormal mental behaviors and responses such as inflammation, anxiety and cognition in hosts.

Based on the above studies, in this study, we tested the effects of FG in ameliorating anxiety and suppressing hippocampal inflammation by establishing an SD-induced anxiety model. To clarify the anxiolytic mechanism of FG, the effects on hippocampal metabolites and intestinal microbiota of rats in the anxiety model were evaluated by combining UPLC-Q-Exactive-Orbitrap-MS and 16S rRNA sequencing techniques. Finally, the correlation analysis of hippocampal differential metabolites and intestinal differential microbiome was performed using Spearman’s rank correlation coefficient. It is hypothesized that FG improves anxiety-like behavior and inhibit neuroinflammatory factors, and the mechanism is related to the intervention of hippocampal metabolites and the increase of beneficial bacteria in intestinal microbiome.




2 Materials and methods



2.1 Drugs, reagents, and preparation

The Chinese medicine FG (Lot No. 21102882 Shijiazhuang City, Hebei Province Shenwei Pharmaceutical Co., Ltd.) was provided by the Chinese pharmacy of Hebei General Hospital. FG granules were added to water at 100°C and stirred to fully dissolve into FG low dose (1.05g/kg/d) and FG high dose (4.15g/kg/d) respectively. Hippocampal samples detected by enzyme-linked immunosorbent assay (ELISA) kits for TNF-α (L220408138 Uscn Life Science, Inc, Wuhan, China) and IL-1β (L220524789 Uscn Life Science, Inc, Wuhan, China).PCPA (Lot No. 7GFOE-DR TCI (Shanghai) Chemical Industry Development Co., Ltd.) was dissolved in weak alkaline saline (ph: 7-8). The dissolution of PCPA can be promoted by adding proper amount of sodium bicarbonate into the saline to prepare a weak alkaline physiological saline. Estazolam (Lot No. H37023047 Shandong Xinyi Pharmaceutical Company) were prepared with water to a dose of 0.5 mg/kg/d. Estazolam, which is a positive control drug, has been in clinical for a long time and is one of the standard drug for the treatment of anxiety and insomnia (Xu et al., 2018).




2.2 Animals and treatments

Forty male SD rats (5 weeks old, 151-175g) were purchased from Beijing Vital River Laboratory Animal Technology Co Ltd (license number SCXK (Beijing) 2021-0011). Animals were housed at the Experimental Animal Center of the Hebei University of Chinese Medicine (Shijiazhuang, China). The animals are kept in a clean laboratory environment for 12 h at alternating day and night with an ambient temperature of (23 ± 2) °C and humidity of 50% ± 5%, with free access to water and food. The experiment was approved by the Ethics Committee of Hebei university of Chinese Medicine (No. DWLL202212018).

After one week of training, SD rats were randomly divided into the following five groups (n = 8): control group, sleep deprivation group (SD), SD + low dose FGL group (SD + FGL), SD + high dose group (SD + FGH) and SD + estazolam group (SD + EZ). As shown in (Figure 1), In addition to the control group, which was given an equal volume of saline, other groups were given PCPA, which was injected intraperitoneally at 400mg·kg- 1 in a volume of 10mL·kg-1 once a day from 9:00 to 10:00 am for 3 days. Compared to the control group, these rats gradually showed restlessness, increased aggressiveness, and circadian rhythm disturbance during the modeling process, indicating the initial success of modeling. The rats in the intervention group were given the interventional drugs by gavage (10 mL·kg- 1) per day for 7 days. The rats in the normal group and the model group were given an equal volume of pure water once a day for 7 days.




Figure 1 | Schematic illustration of anxiety-like behavior induced by sleep deprivation in rats. After one week of adaptation, except for the blank group, the other groups successfully established sleep deprivation rat models by injecting PCPA at 9:00-10:00 am for three consecutive days. After 7 days of continuous gavage, anxiety was evaluated by behavioral tests (OFT and EPM). After anesthesia and execution, hippocampus and feces were taken for Elisa, UPLS-MS and 16S sequencing respectively. SD, sleep deprivation; PCPA, p-chlorophenylalanine; FGL, Fructus gardeniae low (1.05g/kg); FGH, Fructus gardeniae high (4.15g/Kg); EZ, Estazolam (0.5mg/kg); EPM, Elevated plus maze; OFT, Open field test; Elisa, Enzyme-linked immunosorbent assay.






2.3 Animal behavior test



2.3.1 Open field test (OFT)

The OFT is conducted in a quiet, low-light environment and is used to assess the level of spontaneous anxiety in rodents. The time spent by the rats in the central area and the frequency of entering the central area within 5 minutes were recorded by the animal behaviour analysis system (Beijing Shuolingyuan Technology Co., Ltd). At the end of the test, the open field was wiped with 75% alcohol to remove feces and urine to avoid the odor left behind impacting the results of the next test.




2.3.2 Elevated plus maze (EPM)

The EPM was designed to measure the anxiety of the animals by taking advantage of the natural curiosity of rats and their tendency to darkness association. Behavioral software counted the following indicators in 5 minutes: the number of rats entering and the residence time in both open and closed arms. We calculated the percentage of open arm entries (OE% = open arm entries/total entries in both arms × 100%) and percentage of open arm times (OT% = open arm times/total time in both arms × 100%). Before allowing the next animal into the EPM, the odor of the maze was removed with 75% alcohol, and the feces and urine of the rats were also removed. If the rat accidentally fell from the maze during the experiment, the data of that experiment were not included in the statistics.





2.4 Samples collection and preparation

The rats were fasted for 12 hours before intraperitoneal anesthesia with sodium pentobarbital, decapitated after blood was drawn from the abdominal aorta and the brains rapidly dissected on ice. Hippocampal tissues were obtained and quickly frozen in liquid nitrogen and stored at -80 °C in the freezer for ELISA and metabolomic assays. The intestinal tube was severed with sterile scissors, and fresh fecal samples were collected from each rat, placed into 2 ml sterile tubes, and stored in a -80 °C freezer until DNA extraction was performed for gut microbiota sequencing analysis.




2.5 ELISA

Hippocampal tissue was thawed in a refrigerator from -80°C, accurately weighed and mixed with 0.9% normal saline to a weight/volume ratio of 1:9. The tissue was then ground on ice to prepare 10% homogenate. The homogenate was then centrifuged with 3000 rpm at 4°C for 10 minutes and the supernatant was obtained for ELISA.




2.6 Non-target metabolomics



2.6.1 Pre-sampling of brain hippocampal samples

Frozen tissue samples were removed from the -80°C freezer and thawed at room temperature. 50 mg of each sample was weighed and 200 μL of precooled water and 800μL of precooled methanol/ethylene proline (1:1, v/v) were added and mixed evenly. This mixture was ultrasonicated in an ice bath for 1h, and it was left standing at - 20°C for 2h. The supernatant was centrifuged at a high speed of 13000 rpm at 4°C for 15min. The supernatant was dried in a high-speed vacuum centrifuge and redissolved in 100 μL of a methanol-water solution (1:1, V/V). The supernatant was centrifuged at 20000 rpm for 20 min at 4°C and analyzed by LC-MS. 10mL of supernatant was drawn from each sample and placed in a centrifuge tube. Quality control (QC) samples were prepared 1 min after vortex mixing to assess the stability of the test instrument and experimental results.




2.6.2 LC-MS Analysis

2.6.2.1 Chromatographic conditions

The analytical instrument used in this experiment was the Nexera x 2LC-30AD high-performance liquid chromatography system (Shimadzu, Japan). The column employed in this study was an ACQUITY UPLC HSS T3 (2.1 × 150 mm, 1.8 μm) with a column temperature of 40°C, sample volume of 6 μL, and a flow rate of 0.3 mL/min. Chromatographic mobile phases: A: 0.1% formic acid aqueous solution, B: acetonitrile; chromatographic gradient elution procedure as follows: 0% B at 0-2 min; 0-48% B at 2-6 min; 48-100% B at 6-10 min; 100% B at 10-12.1 min; and 100-0% B at 12.1-15 min.



2.6.2.2 Mass spectroscopy conditions

The analytical instrument used in the mass spectrometry experiment is the Q-Exactive Plus (Thermo Scientific, San Jose, USA), provided by Bioprofile Biotech Ltd. (Shanghai, China). Data were collected in positive and negative ion modes using a high-resolution electrospray ionization (HESI) source. The ionization conditions are as follows: spray voltage: 3.8kV (+) and 3.2kV (-); Capillary Temperature:320 (±); Sheath Gas:30 (±); Aux Gas:5 (±); Probe Heater Temp: 350 (±);S-LensRF level:5. Mass spectrum acquisition time was 15min, parent ion scanning range 80-1200 m/z, primary mass spectrum resolution was 70000 m/z 200, AGC target: 3e6, Level 1 Maximum IT:100 ms. Secondary mass spectrometry acquisition: after each full scan, triggering and acquisition of secondary mass spectrograms from 10 parent ions with the highest intensity was performed. Secondary mass spectrometry resolution: 17500 m/z 200, AGC target:1e5, secondary Maximum IT:50 ms, MS2 Activation Type: HCD, Isolation window: 2 m/z, Normalized collision energy (Stepped):20, 30,40.





2.6.3 Data pre-processing

Peak alignment, extraction, and matching were all performed on the raw data using MSDIAL software to obtain peak list information including retention time and chromatographic peak area. For the extracted data, the ion peaks with missing values > 50% in the group were deleted and did not participate in subsequent statistical analyses. The positive and negative ion data were normalized by the total peak area. The positive and negative ion peaks were integrated and R software was used for pattern recognition. After data were pretreated by unit variance scaling (UV), subsequent data analysis was performed.




2.6.4 Multivariate statistical analysis and identification of differential metabolites

Preprocessed data were imported into R software. First, unsupervised principal component analysis (PCA) was performed to observe if there were abnormal data. Next, a supervised orthogonal partial least square-discriminant analysis (OPLS-DA) was performed, and 200 rounds of permutation verification were performed. The intercept of R2 and Q2 was used to judge whether the data were fitted appropriately, so as to determine the reliability and stability of the model. The significance analysis for each substance was obtained by univariate statistical analysis, and compounds satisfying both the conditions of p < 0.05 and VIP > 1 were considered as significantly different compounds. Through matching and comparison with network open source databases including the Human Metabolome Database (HMDB, http://www.hmdb.ca/), Metlin, and local databases, differential compounds were identified. The obtained differential metabolites were input into the the Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/) database for enrichment analysis and the metabolic pathways of the identified differential markers were constructed to investigate their biological significance.





2.7 16S rRNA sequencing and microbial community analysis



2.7.1 Extraction and detection of total DNA

DNA extraction from fecal samples was performed according to OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, Ga., USA) instructions, and the extracted DNA was quantitatively analyzed using 0.8% agarose gel electrophoresis and a UV spectrophotometer (A260/280).




2.7.2 Target sequence amplification and sequencing

The fecal 16S rRNA V3-V4 region DNA fragment was PCR-amplified using barcode-indexed primers 338F (5`-ACTCCTACGGGAGGCAGCA-3`) and 806R (5` -GGACTACHVGGGTWTCTAAT-3`). Amplification conditions were as follows: a pre-denaturation temperature of 98°C was set for 5 min, 25 cycles were run: 98°C denaturation for 30s, 53°C annealing for 30s, 72°C extension for 45s, and finally a 72°C extension for 5 min. PCR amplicons were purified using Vazyme V AHTSTM DNA Clean Beads (Vazym, Nanjing, China) and quantified using the Quant iT PicoGreen dsDNA detection kit (Invitrogen, Carlsbad, CA,USA). After a separate quantification step, amplicons were pooled in equal amounts and the terminal 2×250 regions were sequenced using the Illumina NovaSeq platform and the Novasek 6000SP kit (500 cycles).




2.7.3 Bioinformatics analysis of 16s rRNA

This study used QIIME2 version 2019.4 which based on the official teaching procedure (https://docs.qiime2.org/2019.4/tutorials/) performs quality control, denoising, chimera removal, and other processing on original sequence data to generate operational taxonomic units (OTU). Alpha diversity analyzes the species diversity and complexity of a sample, including seven indicators: CHAO1 index, observed species index, Shannon index, Simpson index, Faith’s PD index, and Pielou’s evenness index. The UNIFRAC distance metric was used for beta diversity analysis, and differences in sample species complexity were assessed by principal coordinate analysis (PCA) and non-metric multidimensional scaling (NMDS). Based upon the taxonomic information, composition and abundance tables of the samples at the taxonomic levels of phylum, class, order, family, genus, and species were obtained. Permanova (Adonis) software analysis was used to evaluate the difference between microbial community structure among the groups. Linear discriminant analysis (LDA) and effect size (LEfSe) were used to screen different groups of microbial community markers.





2.8 Data statistical analysis

Behavioral data and inflammatory marker data were subjected to one-way ANOVA using GraphPad Prism 8 and expressed as mean ± standard error. p < 0.05, p < 0.01 and p < 0.001 indicated a significant difference. Spearman’s correlation analysis was used to analyze the association between different microbiota and metabolites.





3 Results



3.1 Effects of FG on SD-induced anxiety-like behavior

The OFT was used to assess anxiety behavior, including time and frequency of rats entering the central area. As shown in (Figures 2A, B), Compared to the control group, the frequency (p < 0.05) and time (p < 0.05) in the central region of the SD group were significantly decreased. However, FGL and FGH increased both the frequency (p < 0.01) and time (p < 0.05) of rats entering the central region. The positive drug group EZ increased central zone frequency (p < 0.01) and time (p < 0.05) as well. The anxiety-like behavior of SD rats was evaluated by OE% and OT% in the EPM (Figures 2C, D). Compared to the control group, the SD group had significantly reduced OE% (p < 0.001) and OT% (p < 0.05). After FGL and FGH intervention, the OE% (p < 0.05) and OT% (p < 0.05) of rats increased significantly. The EZ group significantly increased the OE% (p < 0.01) and OT% (p < 0.05).




Figure 2 | Effects of FG on anxiety behavior of sleep deprivation rats. Results of OFT in behavior test: (A) Frequency of entering the centers (B) Time in the centers. Results of EPM in behavior test: (C) open arm enters percentage (OE%). (D) open arm time percentage (OT%). The all groups differences were assessed using one-way ANOVA. The results are expressed as mean ± standard error. SD group vs control group: #P<0.05, ###P<0.001. Treatment groups vs SD group:*P<0.05, **P<0.01.






3.2 Effects of FG on hippocampal inflammation in rats

After the behavioral experiment, we continued to explore the role of FG on inflammation in the hippocampus of SD rats. This study found that the SD group had significantly increased levels of IL-1β (p < 0.05) and TNF-α (p < 0.01) in the hippocampus of rats, as shown in (Figure 3). IL-1β (P < 0.05) and TNF-α (p < 0.05) were significantly decreased after 7 days of FG-L and FG-H treatment. The EZ group significantly decreased the levels of IL-1β (p < 0.05) and TNF-α (p < 0.01) in the hippocampus.




Figure 3 | Concentration of inflammatory factors in hippocampus of SD-induced anxiety rats was detected by ELISA. (A, B) Hippocampal inflammatory factor IL-1β and TNF-α concentrations. SD group vs control group: #p<0.05, ##p<0.01; Treatment groups vs SD group: *p<0.05, **p<0.01. Differences were assessed by one-way ANOVA. Values are presented as the means ± standard error.






3.3 Non-targeted metabolomics analysis



3.3.1 Methodological investigation

In this study, the peaks extracted from all the experimental samples and QC samples were UV-treated and then analyzed by PCA. After 7 cycles of cross-validation, the PCA model was obtained. As shown in (Figures 4A, B), QC samples in positive and negative ion mode are closely clustered, indicating the stability and reproducibility of this experiment.




Figure 4 | Results of PCA statistical analysis in hippocampus metabolomics. (A) PCA analysis results among five groups in positive mode. (A1-A4) PCA analysis between two groups in positive mode. (A1) Control vs SD (R2X:0.557, Q2:0.002). (A2) SD+FGL vs SD (R2X:0.536, Q2:-0.561). (A3) SD+FGH vs SD (R2X:0.550, Q2:-0.438). (A4) SD+EZ vs SD (R2X:0.565, Q2:-0.192); (B) PCA analysis results among five groups in negative mode. (B1-B4): PCA analysis profile between two groups in negative mode. (B1) Control vs SD (R2X:0.579, Q2:0.030). (B2) SD+FGL vs SD (R2X:0.540, Q2:-0.208). (B3) SD+FGH vs SD (R2X:0.552, Q2:-0.356). (B4) SD+EZ vs SD (R2X:0.579, Q2:0.119).






3.3.2 Metabolic profiling analysis

To further determine the metabolic differences between the groups, metabolic data were analyzed by multivariate statistical methods. PCA is an unsupervised principal component analysis used to observe overall distribution trends between groups, as well as identify and eliminate discrete points. The PCA score plots for all groups and between the two groups in positive and negative ion mode are shown in Figure 4. Each point represents an experimental sample, and the greater the distance between the points of different groups, the greater the variability of the samples. OPLS-DA is a supervised principal component analysis for further differentiation of metabolite profiles and screening of potential marker metabolites. A clear separation between the two groups was visible in both positive ion mode (Figures 5A-D) and negative ion mode (Supplementary Figures 1A-D), indicating a significant alteration of the metabolic profile in the hippocampus of SD rats. R2Y and Q2 of the OPLS-DA model represent the interpretation rate and prediction rate, respectively. The closer the above two parameters are to 1, the more stable the model is. In order to verify the reliability of this model, 200 rounds of permutation tests were conducted under positive ion mode (Figures 5E-H) and negative ion mode (Supplementary Figures 1E-H), respectively. Upon visualization, the Q2 value on the left side was lower than the original point on the right side or the intercept of the Y axis was negative. The model did not have any issues being fit, which demonstrated that the OPLS-DA model had high reliability and strong predictability.




Figure 5 | OPLS-DA analysis results and the model stability verification. (A-D) OPLS-DA analysis results in positive mode. (A) Control vs SD (R2Y=1.000, Q2 = 0.603). (B) SD+FGL vs SD (R2Y=0.997, Q2 = 0.534). (C) SD+FGH vs SD (R2Y=0.992, Q2 = 0.579). (D) SD+EZ vs SD (R2Y=0.991, Q2 = 0.696); (E-H) OPLS-DA model stability verification results in positive mode. The abscissa represents the correlation between Y in the random group and Y in the original group, and the ordinate represents the score of R2 and Q2.The Q2 and R2 values on the left are lower than the original point on the right, or the intercept of the Q2 regression line is negative. (E) Control vs SD. (F) SD+FGL vs SD. (G) SD+FGH vs SD. (H) SD+EZ vs SD.






3.3.3 Identification of differential metabolites in hippocampus

The OPLS-DA model was used to screen different variables with VIP > 1 and P < 0.05 in each group. A total of 46 Hippocampal metabolites with significant differences were identified through reference to the HMDB database and metabolite secondary fragment ions (Table 1). Compared to the control group, the levels of 12 different metabolites in the SD group, including Phosphatidylinositol 18, Xylose, 3-Sulfino-L-Alanine, (5-L-Glutamyl)-L-glutamine, Choline, Mucic Acid, Linoleic Acid, and Glycohyocholic Acid were significantly increased. 34 metabolites such as tyrosine, d-gluconic acid, sn-glycero-3-phosphocholine, and dihydroxyacetone phosphate were significantly reduced, suggesting that these metabolites may be involved in SD-induced anxiety-like behavior in rats. However, after oral administration of FGL, 15 hippocampal metabolites including phosphatidylinositol 18, D-Gluconic Acid, betaine, adenosine-3-monophosphate, hippurate, deoxyguanylic acid, and alpha-D-glucose-1,6-diphosphate had approached to the levels of the control group. 14 hippocampal metabolites including xylose, choline, sn-glycero-3-phosphocholine, phosphatidylserine 18, adenosine-3-monophosphate, and deoxyguanylic acid were detected in levels comparable to the control group after oral administration of FG. 17 hippocampal metabolites including d-gluconic acid, xylose, sn-glycero-3-phosphocholine, phosphatidylserine 18, dihydroxyacetone phosphate, 3-sulfino-l-alanine, and 3-indoxyl sulfate were significantly regulated to control group levels in the EZ group. In order to better visualize the distribution and extent of the differential expression of hippocampal metabolites between the two groups, we drawn the volcanic map (Supplementary Figure 2) and the heat map (Figure 6, Supplementary Figure 3).


Table 1 | Changes of metabolites in hippocampus of anxiety induced by sleep deprivation in rats.






Figure 6 | Heat map of different metabolite levels in hippocampus. The figure shows SD group vs control group. The abscissa represents the sample, and the ordinate represents the metabolites. Red and blue represent up-regulation and down-regulation of hippocampal metabolites, respectively.






3.3.4 Analysis of metabolic pathways

Metabolic pathways were screened based on the number of differential metabolites, combined with log10 (p value) and rich factor. The horizontal coordinate -log(p value) is positively correlated with the degree of enrichment. The rich factor refers to the ratio of the number of metabolites enriched in the entry to the number of all metabolites annotated in the entry. The greater the enrichment factor, the higher the enrichment of differential metabolites.The KEGG was used to enrich relevant metabolic pathways (Figure 7). Metabolites which differed between the SD and control groups mainly involved the following metabolic pathways: glycerophospholipid metabolism, citrate cycle (TCA cycle), thiamine metabolism, and glycolysis/gluconeogenesis. Compared to the model group, the FGL majorly involves the following pathways: carbon metabolism, glycolysis/gluconeogenesis, pentose phosphate pathway, fructose and mannose metabolism, as well as glycerophospholipid metabolism. The metabolic pathways involved upon FGH treatment include glycerophospholipid metabolism, ether lipid metabolism, as well as glycine, serine and threonine metabolism. The metabolic pathways enriched in the SD+EZ group include fructose and mannose metabolism, glycerophospholipid metabolism, ascorbate and aldarate metabolism, among others.




Figure 7 | KEGG metabolic pathways enriched by different metabolites in hippocampus. (A) Control vs SD. (B) SD+FGL vs SD. (C) SD+FGH vs SD. (D) SD+EZ vs SD. The larger value of -log 10(p value) represents a more reliable metabolic pathway. The richfactor is positively correlated with the enrichment level. The size of the dots indicates the numbers of differentially expressed metabolites enriched.







3.4 Gut microbiota analysis



3.4.1 Diversity analysis

The richness and evenness of species within each community were assessed by α-diversity. Simpson and Shannon were used to reflect the diversity of the sample populations, and the observed species and Chao1 were used to assess the richness of the gut bacteria. There is no statistical significance in the overall difference of the five groups of samples (p>0.05) (Supplementary Figure 4). Based on the unweighted UniFrac PCA analysis of the differences in gut microbial community structure, as shown in Figure 8A, the control and SD groups were clearly separated in the PCA plots. This indicated that there were significant changes in gut microbiota between the control and SD groups. However, the sample distribution of PCA tended to be closer to the control group after FGL, FGH, and EZ intervention. This suggests that the treatment groups impacted the intestinal microbiota of the rats.




Figure 8 | Effects of FG on the overall structure and composition of intestinal microflora in rats with SD-induced anxiety. (A) PCoA diagram showing changes in β- diversity. (B) Venn diagram of intestinal microbiota:the number of OTUs in intestinal contents. (C) Relative abundance of intestinal microbiota at the phylum level. (D) Relative abundance of intestinal microbiota at the genus level.






3.4.2 Species composition structural analysis

To investigate the species composition of each sample, a veen plot visualizing the distribution of OTUs (Figure 8B) was constructed. The species shared by the Control, SD, SD+FGL, SD+FGH, and SD+EZ groups included 644 OTUs, with 2256 OTUs unique to the Control group, 2783 OTUs unique to the SD group, 2065 OTUs unique to the SD+FGL group, 2426 OTUs unique to the SD+FGH group, and 1959 OTUs unique to the SD+EZ group. These results were consistent with the alpha-diversity results. 16S rRNA sequencing demonstrated the results of species annotation analysis for each group at the phylum and genus levels. As shown (Figures 8C, D), the microbial community structure of each group at the phylum level saw over 90% of the total bacteria classified into the Firmicutes, Bacteroidetes, Actiobacteria, and Proteobacteria. Compared to the control group, the abundance of Firmicutes in the SD group had a slightly decreasing trend without statistical significance. Compared to the model group, the intervention group had a slight decrease in the abundance of Firmicutes and a slight increase in the abundance of Bacteroidetes. With respect to Proteobacteria, the abundance of SD group was higher than that of control group. However, after the intervention of FGL, FGH or EZ, the abundance of Proteobacteria tends to decline. The changes in intestinal microbiota were further characterized at the genus level. The relative abundance of Lactobacillus and Muribaculaceae both decreased and the relative abundance of Lachnospiraceae_NK4A136_group increased in the SD group compared to the control group. However, oral administration of FG or EZ reversed the trends observed in abundance of these microbiota.




3.4.3 LEfSe analysis

To identify the characteristic microbiota of rats associated with anxiety at the phylum and genus levels, the composition of the fecal microbiota of each group was compared using the LEfSe method with LDA values set to 2.0 and p < 0.05. As shown in Figure 9, the characteristic groupings observed within the control group at the genus included Lachnospiraceae_UCG_006, Alistipes, Desulfovibrio, Ruminococcus_2, Rothia, Lachnospiraceae_UCG_001, Odoribacter, Sphaerochaeta, Erysipelatoclostridium, Faecalibaculum, Papillibacter, Negativibacillus, and Adlercreutzia. However, the characteristic microbiota of the SD group of rats at the genus level were Psychrobacter, Ruminiclostridium_9, Ruminiclostridium, Akkermansia, Oscillibacter, UBA1819, Bacillus, Candidatus_Saccharimonas, and Tyzzerella. The FGL representative at the phylum level was Cyanobacteria, while at the genus level, the major characteristic groups were Erysipelotrichaceae_UCG_003, and Thermoactinomyces. At the genus level, representatives from FGH treatment Kroppenstedtia and Enterobacter. In the EZ group at the genus level, representatives included Virgibacillus, Clostridium_sensu_stricto_1, and Paraprevotella.




Figure 9 | Relative abundance of intestinal microflora in rats with SD-induced anxiety. (A) Cladogram of bacterial taxa with different abundance. The hierarchical relationship of intestinal microflora in the sample community from Phylum to genus (from inner circle to outer circle). The node size corresponds to the average relative abundance of the taxon. (B) Histogram of LDA effect of different bacterial abundance. The ordinate is the intestinal microbiota with significant differences between groups, and the abscissa visually displays the logarithmic score of LDA analysis for each different microflora in the bar graph. The longer the length, the more significant the difference.






3.4.4 Correlation analysis of differential hippocampal metabolites with differential fecal microbiota

To investigate the functional correlation between metabolites in the hippocampus and gut microbe of anxious rats, correlation analysis was performed using Spearman’s correlation coefficient testing. As shown in Figure 10 and Supplementary Figure 5, there were multiple associations between hippocampal metabolites and gut microbiota. Muribaculaceae in the SD group was positively associated with guanosine 5’−diphosphate−d−mannose (p<0.05). However, Muribaculaceae in the SD+FGL group was positively associated with Phosphatidylserine 18 (p<0.05), adenosine-3-monophosphate (p<0.05), dihydroxyacetone phosphate (p<0.05), and alpha−d−glucose−1,6−diphosphate (p<0.05). Muribaculaceae in the SD+FGL group was negatively correlated with Phosphatidylinositol 18 (p<0.05) and Phosphatidylinositol Lyso 20 (p<0.05). Lactobacillus in the SD group was positively associated with Phosphatidylinositol 16 (p<0.01), and negatively correlated with Mucic Acid (p<0.01). Lactobacillus in the SD+FGH group was positively associated with sn−glycero−3−phosphocholine (p<0.05), guanosine 5’−diphospho−beta−l−fucose (p<0.05), adenosine − 3−monophosphate (p<0.05), deoxyguanylic acid (p<0.05). This suggests that there may be a certain relationship between the metabolites of hippocampus and intestinal microbiota.




Figure 10 | Heat map of the correlation between differential microbiota and changed hippocampal metabolites between the Control vs SD. Each row represents a differential hippocampal metabolite and each column represents a differential gut microbiota. Red indicates positive correlation; blue indicates negative correlation. ***p < 0.001, **p < 0.01, *p < 0.05 indicate statistically significant differences.








4 Discussion

Sleep is essential for mental and emotional stability. Sleep disorders may lead to mood disorders such as anxiety and depressive symptoms, as well as causing oxidative stress and inflammatory responses in vivo (Baum et al., 2014; Cox and Olatunji, 2016). In this study, we restricted the sleep time of rats through intraperitoneal injection of PCPA. After OFT and EPM behavioral tests, we established a rat model of SD-induced anxiety-like behavior. In addition, we observed significantly higher levels of the inflammatory factors TNF-α and IL-1β in the hippocampus of anxious rats compared to control group rats. However, like the standard drug EZ group, FGL and FGH demonstrated improved anxiety-like behavior and reduced levels of TNF-α and IL-1β in the hippocampus of SD rats 7 days after the intervention. To further explore the mechanism of FG efficacy, metabolomic analysis illustrated that FG could modulate disturbance of metabolites such as amino acids, lipids, and carbohydrates in the hippocampus of the model group, making the metabolic profile closer to the control group. Moreover, this analysis demonstrated that differential metabolites could be enriched in metabolic pathways such as carbon metabolism, glycolysis/gluconeogenesis pentose phosphate pathway, ether lipid metabolism, and glycine, serine, and threonine metabolism. Meanwhile, FG ameliorated disorders of intestinal microbiota in anxious rats and increased the abundance of beneficial bacteria such as Lactobacillus, Muribaculaceae.

OFT and EPM tests are widely used to evaluate mental behavior in experimental animals, including anxiety like behavior (Mishra et al., 2016). We found that the time and frequency of exploration of the central zone were reduced in the SD group of rats in the OFT compared to the normal group, and the OT% and OE% was also significantly reduced in the EPM. Previous studies have found that both acute and chronic SD cause animals to behave abnormally in both the OFT and EPM, accompanied by inflammation in the central nervous system (Manchanda et al., 2018; Kang et al., 2021). Glial cells are the immune cells of the central nervous system, and activation of glial cells increases levels of inflammatory factors including TNF-α, IL-1β, and IL-6 in the nervous system (Wadhwa et al., 2018). It was found that Gardenia jasminoides extract (GJ-4) could inhibit microglial activation and LPC-induced release of pro-inflammatory cytokines TNF-α and NO (Zang et al., 2022). Genipin, which is FG extract, reduced the expression of iNOS, COX-2, IL-1β, and IL-6 mRNA in the hypothalamus, amygdala, and BV-2 cells and ameliorated lipopolysaccharide-induced behavioral changes in animals with abnormal mood (Araki et al., 2014). Similar to these studies, we found that SD-induced abnormal emotional behavior was accompanied by an increase in the level of inflammation, while FG reduced the level of inflammation.

SD can impact certain lipid levels in organisms, and influence lipid metabolism. Acute sleep deprivation on plasma metabolite rhythms found that 24 lipid metabolites were significantly increased during sleep deprivation compared to during sleep periods (Davies et al., 2014). Phosphatidylinositol plays a very important role in cell morphology, metabolic regulation, signaling, and various physiological functions (Balla, 2013). In signaling pathways, phosphatidylinositol 4,5-bisphosphate (PIP2) is hydrolyzed into two messengers: inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG)(Chauhan-Puri et al., 2021). Research has demonstrated that the Ca2+-dependent signal mediated by the IP3 receptor is the basis of glial cell transmission and is a component of physiological processes such as sleep, neuroprotection, and learning memory (Chen et al., 2013; Nadjar et al., 2013). Extensive literature demonstrates that astrocytes regulate neuroinflammation, synaptic transmission, and plasticity through IP3 receptor-mediated Ca2+-dependent neurotransmitter molecules (Agulhon et al., 2012). In addition, protein kinase C (PKC) and long-term synaptic enhancement play key roles in the formation of reward memory and the reduction of anxiety-related behaviors. Inhibition of PKC activity attenuates the formation of reward memory and the alleviation of anxiety-related behaviors in mice (Lei et al., 2016). These studies suggest that FG may inhibit abnormal synaptic remodeling and anxiety-like behavior by interfering with the levels of phosphatidylinositol and impacting Ca2+ signaling and PKC activity.

Phosphatidylserine (PS) is a major acidic phospholipid, accounting for 13-15% of phospholipids in the human cerebral cortex. PS is involved in key signaling pathways in the nervous system, and unlike other membrane phospholipids, PS does not generate signaling through phospholipase-mediated hydrolysis to lead to the formation of bioactive products (Kim et al., 2010). Activation of Akt and PKC requires translocation from the cytoplasm to the plasma membrane, and this is critical for interaction with PS (Kim et al., 2014). Previous research found that phosphatidylserine has also been demonstrated to inhibit production of pro-inflammatory cytokines (Ma et al., 2011) and to promote anti-inflammatory pathways at the cellular level (Huynh et al., 2002). In our study, high and low dose of FG groups increased the level of PS metabolism, which may be the potential mechanism of its regulation of hippocampal inflammatory factors.

Glycerophosphocholine (GPC) is a water-soluble small molecule normally present in the body which provides choline necessary for the synthesis of acetylcholine and phospholipids. It is a biosynthetic precursor of acetylcholine. Acetylcholine is an important neurotransmitter in the central nervous system, helping the brain to regulate behaviors such as learning, memory, and anxiety (Zaborszky et al., 2018; Nakajima et al., 2020; Boiangiu et al., 2021). This function performed by choline in maintaining the structural integrity of membranes and regulating cholinergic neurotransmission may be dysregulated in certain neurodegenerative diseases (Bekdash, 2016). In addition, studies have found that dysregulated choline levels is associated with anxiety (Bjelland et al., 2009) and inflammation (Snider et al., 2018). In our study, we found that levels of glycerophosphorylcholine and choline in the hippocampus were disturbed after sleep deprivation. However, Gardenia jasminoides modulates the central choline disorder in rats.

Gluconic acid is produced enzymatically from glucose by activated glucose oxidase, which releases hydrogen peroxide. Therefore, gluconic acid can be considered as a marker of oxidative stress (Ament et al., 2021). SD has been shown to lead to oxidative damage, resulting in the production of reactive oxygen species (ROS), and the accumulation of ROS is a cellular threat that ultimately leads to cellular and neuronal damage (Salim, 2017). This oxidative damage hinders long-term potentiation (LTP) and leads to depression, anxiety, and impaired learning memory (Li et al., 2019). Research has shown that the increase of ROS in mice is related to anxiety behavior (Bouayed et al., 2009) and is also elevated in patients suffering from panic disorder, obsessive-compulsive disorder, and psychological distress states (Inoue et al., 2009; Miller and Sadeh, 2014). Numerous studies have illustrated that oxidative stress plays a pathogenic role in chronic inflammatory diseases (Miller et al., 2018; Steven et al., 2019). Excessive oxidative stress can lead to neuronal degeneration, and ROS produced in brain tissues alter synaptic and non-synaptic communication between neurons which leads to neuroinflammation and cell death (Kim et al., 2014).

Xylose, another important metabolite, is a monosaccharide with osmotic properties and is an intermediate product in sugar catabolism. Related studies show an association between xylose and inflammation levels (Komatsu et al., 2020). SD is also commonly associated with elevated levels of inflammatory proteins, an association that reflects impaired physiological functioning and the onset of the disease process (Irwin et al., 2010; Mullington et al., 2010). Acute sleep deprivation leads to activation of the hypothalamic-pituitary-adrenal (HPA) axis, which promotes secretion of pro-inflammatory cytokines, mediating the activation of astrocyte signaling, thereby triggering inflammatory activity and impaired neurological function in the central nervous system. These contribute to impacts on complex behavioral activities such as anxiety, cognition, appetite, and sleep (Sofroniew, 2014). The present study found that xylose levels were reduced after intervention with FGH and EZ compared to the model group.

Dihydroxyacetone phosphate and d-glucose-1,6-diphosphate are intermediate products in glycolysis. Glycolysis begins with glucose phosphorylation as the primary carbon source and is coupled to the TCA cycle to fully oxidize glucose and provide energy to the brain (Wang W. et al., 2020). Studies have demonstrated that anxious and depressed rats have highly active levels of glycolysis in the brain, but impaired tricarboxylic acid cycle, resulting in insufficient energy production (Detka et al., 2015; Jimenez et al., 2018). The reduced fructose 1,6-diphosphate levels observed in the hippocampus of SD rats may be due to reduced brain glucose uptake and changes in other glycolytic metabolites, suggesting that improved glycolysis may be the mechanism whereby the anxiolytic-like effects of FG are exerted.

The anabolism of amino acids is an important physiological activity in the human body, and metabolomic studies have identified a variety of amino acids involved in the regulation of human sleep rhythms (Hua et al., 2021). Betaine is an extremely important nutrient for the human body as it acts as a methyl donor for one-carbon metabolism. Betaine ameliorates oxidative stress and inflammation (Hagar et al., 2015), improves memory (Chai et al., 2013) and regulates emotion (Kim et al., 2013) in vivo. Betaine attenuates neurological damage in the hypothalamus of fructose-fed rats by inhibiting TLR4/NF-κB activation and HDAC3 overexpression to attenuate astrocyte proliferation and inflammatory responses (Li et al., 2015). In summary, betaine is associated with inflammatory and emotional centers of the central nervous system, and our study found that FGL increased betaine metabolism levels in the hippocampus.

Enrichment analysis of metabolic pathways demonstrated that most of the compounds differing between groups were found in glycerophospholipid metabolism, carbon metabolism, glycolysis/gluconeogenesis, pentose phosphate, and amino acid biosynthesis pathways. This suggests that lipid metabolism, gluconeogenesis and amino acid metabolism play important roles in the chemical changes within the hippocampus of SD-induced anxiety rats. Metabolomics have suggest that active ingredients rich in FG may inhibit SD-induced neuroinflammation, abnormal synaptic remodeling, and apoptosis in the hippocampus through alteration of metabolites in biological pathways such as lipid metabolism, glucose metabolism, and amino acid metabolism to maintain the structural and functional integrity of brain.

16S rRNA sequencing illustrated that at the phylum level, the two major phyla of Firmicutes and Bacteroidetes, changed their abundance and F/B ratio in association with insomnia and anxiety (Zhang et al., 2022a). Liang et al. found that the abundance of Bacteroidetes and Firmicutes, which dominate the mammalian intestinal microbiota, varied periodically from day to night (Liang et al., 2015). In this study, it was found that there were no significant changes in the Bacteroidetes and Firmicutes and their proportions in each group, and the reasons need to be further studied in the future. Proteobacteria are a major family of bacteria. All Gram-negative bacteria are Proteobacteria, including many pathogenic bacteria such as Escherichia coli, Salmonella, Vibrio cholera, and Helicobacter pylori. Proteobacteria have been defined as a major class of disease-causing bacteria, found to be associated with sleep and to production of endotoxins that promote chronic inflammation (Xiao et al., 2014; Wang Y. et al., 2020; Agrawal et al., 2021). Compared to normal sleepers, the number of Proteobacteria in short sleepers is enriched (Rizzatti et al., 2017; Zhang et al., 2017).

The FG group modulated intestinal microbiota in SD rats at the at the phylum level. Cyanobacteria work with other gut microbiota to ferment carbohydrates from food into short-chain fatty acids, which often peak at nightfall, a change that can be involved in regulating the circadian rhythm of sleep (Tahara et al., 2018). Moreover, melatonin may have evolved in Proteobacteria and in photosynthetic cyanobacteria. Melatonin plays a role in regulating sleep, circadian rhythms, enhancing immunity, and reducing oxidative stress through a receptor-mediated approach (Zhao et al., 2019). Receptor-specific ligand manipulation of 5-serotonin receptors(5-HT2C) by cyanobacteria alters anxiety and depressive behavior in mice (Lax et al., 2016). A study also uncovered that cyanobacterial extracts (DUQ0002I) containing serotonin receptor subtype 7 (5-HT7 R) reduced depression and anxiety-like behavior in mice (Lax et al., 2018).

At the genus level, Lactobacillus decreased in the sleep deprivation group compared to the control group, and this trend was reversed after pharmacological intervention. Lactobacillus, which belongs to a group of beneficial bacteria, reduces depression and anxiety, improves the intestinal microbial environment, increases the production of SCFAs, and reduces intestinal inflammation (Wei et al., 2019; Sovijit et al., 2021). In a previous study, SCFAs in feces of insomniac rats were reduced, and inflammatory factors were increased in vivo (Hua et al., 2021). SCFAs have been demonstrated to be key molecules connecting the intestine and brain, which can improve the inflammatory response of the central nervous system (Fung et al., 2017; Tankou et al., 2018; Tian et al., 2019). Muribaculaceae belong to the Bacteroides and are considered beneficial bacteria involved in biological processes such as energy, lipid, and glucose metabolism. Muribaculaceae were found to be reduced in abundance in both anxiety patients and rat models (Chen Y. H. et al., 2019; Zhang et al., 2022a). As with Lactobacillus, Muribaculaceae also produce short-chain fatty acids that exert anti-inflammatory and neurotransmitter-regulating effects (Smith et al., 2019). Lachnospiraceae NK4A136 has been associated with vestibular disorders and neuropathic pain combined with anxiety (Li et al., 2022; Shen et al., 2022). Furthermore, in a mouse model of colitis, the abundance of the Lachnospiraceae NK4A136 was increased, suggesting that Lachnospiraceae NK4A136 may be associated with anxiety and inflammation(Shao et al., 2020). Clostridium_ sensu_ Stricto_ 1 is a characteristic bacterial group in the EZ group, belonging to Clostridium, most of which can produce butyric acid. Butyric acid has important metabolic functions which are essential for various physiological processes, including maintenance of intestinal barrier function, inhibition of systemic inflammation, and regulation of endocrine metabolism levels (Simon et al., 2020). No depression and anxiety-like behaviors were observed in obesity-resistant mice, and higher abundance of Clostridium_sensu_stricto_1 was observed in vivo (Pang et al., 2022). In conclusion, FG was responsible for regulating the intestinal bacteria of anxiety model rats, increasing the abundance of beneficial bacteria which can then produce short-chain fatty acids, regulate neuroinflammation and neurotransmitters, and exert anxiolytic and sleep-regulating effects. The positive drug EZ also impacted the intestinal microbiota, but whether the mechanism is related to its sedative and hypnotic effects requires confirmation in subsequent related experiments.

The intestinal microbiota and metabolism within the central nervous system are correlated. Gut microbiota can produce metabolites such as SCFAs, amino acids, and indole derivatives which impact CNS metabolism and function through neural, endocrine, and immune pathways (Collins et al., 2012). Metabolomics reveals that SD-induced anxiety models result in disturbances in hippocampal metabolism of amino acids, lipids, and carbohydrates, etc (Si et al., 2022). Spearman’s correlation analysis revealed that presence of Muribaculaceae is positively correlated with phosphatidylserine 18, which significantly decreases IL-1β production and increases IL-10 levels in vivo (Ma et al., 2011). The significant different microbiota Ruminiclostridium in the model group was negatively correlated with betaine, which has anti-inflammatory, anti-apoptotic, and anti-depressant effects (Kim et al., 2013; Hagar et al., 2015). In summary, correlation analysis of gut microbiota and metabolomics demonstrated that anxiety, inflammation, gut microbiota, and hippocampal metabolism are correlated, confirming the existence of a link between microbial communities and the brain.

Although our study confirmed the anxiolytic effect and mechanism of FG, shortcomings still remain. The present study confirms that SD induces anxiety-like behaviors accompanied by neuroinflammation in rats, but the pathways upstream of inflammation, including genetics and activation of glial cells have not been experimentally studied. Disturbances in hippocampal metabolic profiles are involved in the pathological process of SD-induced anxiety. We maintained objectivity and accuracy in identifying hippocampal metabolites and screening for endogenous differential metabolites, but future experimental validation is still required. The determination of SCFAs and the study of serum and plasma metabolomics can help to fully understand the relationship between the gut microbiota and the central nervous system. To some extent, this study confirmed the correlation between intestinal bacteria, hippocampal metabolism, inflammation, and anxiety like behavior. In the future, fecal microbiota transplantation (FMT) will be required to confirm the causal relationship between phenotype and mechanism. Finally, this study was conducted only on FG, and further screening of the active ingredients of FG for anxiolysis will be needed.

In summary, FG improved SD-induced anxiety in rats. FG reduced neuroinflammation in the hippocampus and modulated phosphatidylserine 18, sn-glycero-3-phosphocholine, deoxyguanylic acid, d-gluconic acid and other metabolites. Differential hippocampal metabolites are involved in the main metabolic pathways: carbon metabolism, glycolysis/gluconeogenesis, pentose phosphate pathway and glycerophospholipid metabolism. Meanwhile, FG mainly increased the abundance of the intestinal microbiota Muribaculaceae, Lactobacillus and decreased the abundance of Lachnospiraceae_NK4A136_group. In conclusion, FG exerts anxiolytic effects through the regulation of neuroinflammation, hippocampal metabolites and intestinal microbiota.
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Background

Disordered gut microbiota (GM) structure and function may contribute to osteoporosis (OP). This study explores how traditional Chinese medicine (TCM) intervention affects the structure and function of the GM in patients with OP.





Method

In a 3-month clinical study, 43 patients were randomly divided into two groups receiving conventional treatment and combined TCM (Yigu decoction, YGD) treatment. The correlation between the intestinal flora and its metabolites was analyzed using 16S rDNA and untargeted metabolomics and the combination of the two.





Results

After three months of treatment, patients in the treatment group had better bone mineral density (BMD) than those in the control group (P < 0.05). Patients in the treatment group had obvious abundance changes in GM microbes, such as Bacteroides, Escherichia-Shigella, Faecalibacterium, Megamonas, Blautia, Klebsiella, Romboutsia, Akkermansia, and Prevotella_9. The functional changes observed in the GM mainly involved changes in metabolic function, genetic information processing and cellular processes. The metabolites for which major changes were observed were capsazepine, Phe-Tyr, dichlorprop, D-pyroglutamic acid and tamsulosin. These metabolites may act through metabolic pathways, the citrate cycle (TCA cycle) and beta alanine metabolism. Combined analysis showed that the main acting metabolites were dichlorprop, capsazepine, D-pyroglutamic acid and tamsulosin.





Conclusion

This study showed that TCM influenced the structure and function of the GM in patients with OP, which may be one mechanism by which TCM promotes the rehabilitation of patients with OP through the GM.
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Introduction

Osteoporosis (OP) has become a nonnegligible disease affecting the quality of life of the elderly (Qaseem et al., 2017). It has an insidious onset and is characterized by low bone mass and destruction of bone structure, which impairs bone strength and leads to an increased risk of fracture (Johnston and Dagar, 2020). Because OP does not receive much attention, many patients suffer secondary fractures that lead to serious complications, resulting in the waste of medical resources (Kanis et al., 2020). The gut microbiota (GM) ecosystem is considered to be a system in the human body (Qin et al., 2010). An increasing number of studies have investigated the microenvironment to explain the relationship between the GM and OP. The maintenance of bone health requires normal bone resorption and good bone formation. It has been reported that the GM is directly or indirectly involved in maintaining normal activity of the gastrointestinal tract and maintaining normal bone health (Espinoza et al., 2016; He et al., 2020). Relevant studies have shown that the GM can promote normal cell metabolism, maintain bone health, and inhibit calcium loss in bone (Schepper et al., 2020; Ling et al., 2021; Zhang et al., 2021b; Guan et al., 2022). A large cohort study of 1776 people in China demonstrated that the GM structure in patients with OP is altered, and its metabolites may be involved in the pathogenesis of OP (Ling et al., 2021).

At present, research efforts on drugs used to treat OP are focused on the field of bone metabolism. There are three main types of drugs that target OP: drugs that promote bone formation, drugs that inhibit bone resorption, and drugs that promote bone mineralization (Srivastava and Deal, 2002; Wang et al., 2009; Coughlan and Dockery, 2014). Although the efficacy of the above drugs is definite, it is still unclear whether they affect the pathogenesis of OP by affecting the composition of the GM or the metabolites of the GM. Most of the recent research has been based on animal experiments that mainly explore the relationship between the GM and OP (Li et al., 2019; Cooney et al., 2020; Schepper et al., 2020; Shen et al., 2021; Hong et al., 2022). Among these studies, research on natural medicine used to treat OP has received increasing attention (Wang et al., 2020; Li et al., 2021; Li et al., 2022b). There are only a few studies on how changes in the GM and its metabolites affect bone metabolism in OP patients after they receive drugs for OP (Lambert et al., 2017). Previous studies have shown that the traditional Chinese medicine (TCM) Yigu decoction (YGD) can treat OP by regulating the expression of proteins in bone tissue (Zhang et al., 2021a), and its efficacy in the treatment of OP has been confirmed in clinical studies (Chen et al., 2021b). To more intuitively study how the GM affects the pathogenesis of OP, we believe that results obtained by investigating the GM of patients with OP would be more convincing. Multi omics can be used to identify and validate molecules involved in the development of diseases influenced by the GM and metabolites. 16S rDNA can be used to identify characteristic nucleic acid sequences and reveal biological species and is considered to be the most suitable method for identifying bacterial phylogeny and taxonomy (Woo et al., 2008). Untargeted metabolomics can be used to investigate the link between identified metabolites and biological processes or biological states when performed using samples and can reveal statistically significant differential metabolites between different populations (Chen et al., 2021a).

Microbiome data can be used to identify the differences in the structure of the GM based on the differences in the abundance of GM microbes, and this analysis can be used to predict or annotate the differences in the functions of the GM. The metabolome is a direct reflection of the interaction between the GM and the host, and the two complement each other. Therefore, the combined analysis of the microbiome and metabolome can enable a better understanding of how the environment of the microbiome affects the metabolic state of the organ environment or host through microbial metabolism and microbial co-metabolism with the host. Therefore, we developed a hypothesis and designed a clinical trial. It was hypothesized that there are beneficial changes in the structure of the GM after the administration of drugs targeting OP. We enrolled 43 patients with OP and randomly divided them into two groups. They were given different treatments, and the GM was evaluated 3 months after treatment. Then, they were analyzed to explore the mechanism by which GM affects OP. It is expected to provide a new direction for the treatment of OP.





Materials and methods




Ethics statement, informed consented and clinical trial registration

A total of 43 patients who met the diagnostic criteria for OP were enrolled in this study and randomly divided into two groups between June 2020 and December 2021 at the Department of Orthopedics, The Third Affiliated Hospital of Zhejiang Chinese Medical University. The study was approved by the ethics committee of The Third Affiliated Hospital of Zhejiang Chinese Medical University (approval No. ZSLL-KY-2021-017-01). Moreover, the study has been submitted for registration in the Chinese clinical trial registry using the following registration number: ChiCTR2200056265. All participants provided written informed consent before inclusion in the study.





Participants and study design

The participants met the diagnostic criteria for a diagnosis of primary OP provided by the guidelines of the National Osteoporosis Foundation (Cosman et al., 2014). We included patients with a vertebral bone mineral density T-score ≤ -2.5 measured by dual-energy X-ray absorptiometry (DXA). Exclusion criteria were as follows: 1) patients with secondary OP; 2) patients with comorbid severe chronic functional disease; 3) patients who had been treated with bisphosphonates, denosumab, and calcitonin within 3 months; and 4) patients with digestive system or liver or kidney function diseases.





Sample collection and evaluation of clinical parameters

A total of 43 patients were included in the study, and their ages ranged from 71-87 years. Basic information such as the age, height, and weight of all participants was collected before treatment, and there was no significant difference in general characteristics between the two groups (P >0.05). Both groups were given 1 tablet of α-Calcitol (0.5 μg/capsule) orally per day for 3 months, and the treatment group was additionally given YGD orally for 3 months. Bone mineral density (BMD) measures were collected before starting treatment and 3 months after treatment, and fecal samples were collected at 3 months after treatment. All patients had fecal samples taken while in the fasted state and at similar time points in the morning.





Sequencing and bioinformatics analysis

Fecal samples were collected in sterile plastic cups and stored at -80°C before further processing. Total genomic DNA from samples was extracted using the SDS method. DNA concentration and purity were evaluated on 1% agarose gels. According to the concentration, DNA was diluted to 1 ng/µL using sterile water. Genomic DNA extraction and PCR amplification were performed using fecal samples, and PCR products were pooled and purified. Finally, sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) following the manufacturer’s recommendations, and index codes were added. The library quality was assessed on a Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina NovaSeq platform, and 250 bp paired-end reads were generated. The sequencing data were processed to obtain the effective tags (ET), and the uparse algorithm was used to cluster all the effective tags obtained from all samples, followed by operational taxonomic unit (OTU) clustering and species annotation; finally, alpha diversity and beta diversity were calculated, and functional annotation was performed.





Analysis of the association between untargeted metabolomic and GM data

Samples stored in a -80°C freezer were thawed on ice. A 400 μL solution (methanol: water = 7:3, V/V) containing an internal standard was added to a 20 mg sample, and the mixture was vortexed for 3 min. Each sample was sonicated in an ice bath for 10 min, vortexed for 1 min, and then placed at -20°C for 30 min. Each sample was then centrifuged at 12000 rpm for 10 min (4°C). The sediment was removed, and the supernatant was centrifuged at 12000 rpm for 3 min (4°C). A 200 μL aliquot of supernatant was obtained for Liquid chromatography–mass spectrometry (LC MS) analysis. All samples were analyzed by the LC MS system following the manufacturer’s instructions. The analytical conditions were as follows: UPLC: column, Waters ACQUITY UPLC HSS T3 C18 (1.8 µm, 2.1 mm*100 mm); column temperature, 40°C; flow rate, 0.4 mL/min; injection volume, 2 μL; solvent system, water (0.1% formic acid): acetonitrile (0.1% formic acid); gradient program, 95:5 V/V at 0 min, 10:90 V/V at 11.0 min, 10:90 V/V at 12.0 min, 95:5 V/V at 12.1 min, 95:5 V/V at 14.0 min.

Unsupervised PCA (principal component analysis) was performed by the statistics function prcomp using R software (www.r-project.org ). The data were unit variance scaled before unsupervised PCA was performed. The HCA (hierarchical cluster analysis) results obtained during the analysis of the samples and metabolites were presented as heatmaps with dendrograms, while Pearson correlation coefficients (PCCs) between the levels of molecules in the samples were calculated by the cor-function in R and presented as only heatmaps. Both HCA and PCC calculation were carried out by the R package Complex Heatmap. Identified metabolites were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Compound database (http://www.kegg.jp/kegg/compound/ ), and annotated metabolites were then mapped to the KEGG Pathway database (http://www.kegg.jp/kegg/pathway.html ). Significantly enriched pathways were identified using a hypergeometric test p value in the analysis of a specific list of metabolites.





Statistical analysis

Regarding demographic and clinical parameters, two-tailed t tests were used for paired analyses (before and after intervention) by using the Statistical Package for the Social Sciences (SPSS) version 25.0 (SPSS Inc., Chicago, IL, United States). For the GM data, Wilcoxon’s signed-rank test was used for comparisons of paired samples, and the Mann Whitney U test was used to evaluate independent samples.






Results




General characteristics of participants at baseline

A total of 43 individuals were included in the study. They were randomly divided into two groups with 21 in the treatment group and 22 in the control group. The general characteristics of the two groups did not differ significantly and were comparable. After 3 months of treatment, patients in the treatment group showed significantly more improvements in BMD than those in the control group (Table 1).


Table 1 | General data and BMD after 3 months of treatment in both groups.







Species annotation

Paired-end sequencing of the GM samples obtained from both groups of patients was performed using the Illumina NovaSeq sequencing platform. Tiling and quality control were performed on the resulting data to obtain clean tags, which were then filtered for chimerism to yield effective tags that could be used for subsequent analysis. Clustering of OTUs was performed on the effective tags with 97% concordance (identity), followed by species annotation of the OTUs. A total of 2646 OTUs were identified, of which 755 were common to both groups, 1172 were unique to the treatment group and 719 were unique to the control group (Figure 1A). Based on the annotation results, the top 10 species ranked by the maximum abundance at the genus level for each sample were selected, and a column-shaped additive plot of the relative abundance of each species and their ratio in each sample at different taxonomic levels was generated (Figure 1B). The top 10 ranked species by maximum abundance at the genus level in each group (Escherichia-Shigella, Bacteroides, Faecalibacterium, Klebsiella, Megamonas, Akkermansia, Blautia, Bifidobacterium, Romboutsia, Holdemanella) are shown in Figure 1C. Based on the genus level data on species abundance, the top 35 genera were selected, the abundances of the microbes in each sample were used to cluster the microbes at the species and sample levels, and a heatmap of the species abundance was generated (Figure 1D). Of these genera, 15 had significantly more species clustered in the treatment group, and 20 had significantly more species clustered in the control group (Figure 1E). To further investigate the phylogenetic relationship of species at the genus level, the representative sequences of the top 100 genera were obtained by multiple sequence alignment (Figure 1F). Among them, the top five were Proteobacteria, Bacteroidetes, Firmicutes, Verrucomicrobiota, and Actinobacteria.




Figure 1 | species annotation of the GM in the two groups of OP patients. FRA represents the control group and YGD represents the treatment group. (A) Venn diagram based on OTUs. (B) The species relative abundance display for each sample at the genus level. (C) The top 10 ranked species in abundance at the genus level in both groups. (D) Species abundance clustering. (E) Species abundance clustering Heatmap. (F) Genus level species evolution tree.







Sample complexity analysis and statistical testing

The dilution curve can directly reflect the sufficiency of the amount of sequencing data and indirectly reflect the abundance of species in the sample, and when the curve is flat, the amount of sequencing data is reasonable. The diversity of the microbes within the two patient groups was substantial and homogeneous (Figure 2A). The α-diversity index Chao1 was used to determine the ecological diversity within the microbial community. Analyses of the intergroup differences in the alpha diversity index indicated that the two groups of patients had significantly different flora species (Figure 2B). We performed principal coordinate analysis (PCoA, principal coordinates analysis) based on the weighted and unweighted UniFrac distances and selected the combinations of principal coordinates with the largest contribution for mapping (Figure 2C). The more similar species structure within the two patient groups is indicated in the figure. Box plots of the beta diversity data show significant differences in species between the two patient groups (Figure 2D). The multidimensionality confirmed the accuracy of the above results. To investigate the similarity among different samples, clustering trees of the samples can be generated by clustering the samples. The unweighted pair-group method with arithmetic mean (Lü et al., 2019) is a more commonly used method for cluster analysis. UPGMA clustering analysis was performed using the weighted and unweighted UniFrac distance matrices, and the clustering results were displayed by integrating them with the species relative abundances of each sample at the genus level (see Figures 2E, F). Statistical analysis was used to identify the species with significantly different abundances among the subgroups and evaluate the enrichment of the differential species among the different subgroups (Figure 2G). The 193 species with significant differences in abundance at the genus level between the two groups are presented in the figure along with the top 47 differential species. Simper (similarity percentage) is a decomposition of the Bray Curtis dissimilarity index that is used to quantify the contribution of each species to the dissimilarity between two groups (Hamidi et al., 2019). The top 10 ranked species with contributions to the differences between the two groups and their abundances are presented (Figure 2H). The top ten species that contributed to the differences belonged to the genera Bacteroides, Escherichia-Shigella, Faecalibacterium, Megamonas, Blautia, Klebsiella, Romboutsia, Akkermansia, and Prevotella_9. Using LEfSe (LDA effect size) to compare the statistical significance and biological correlation of species differences between two groups, we identified biomarkers with significant differences between groups and identified features with different abundances and associated categories. The statistical results of LEfSe were visualized using three approaches: a histogram reflecting the distribution of the LDA value (Figure 2I), an evolutionary branch diagram (phylogenetic distribution) and figure illustrating the comparison of the abundance of biomarkers with significant differences between groups in different groups (Figure 2J).




Figure 2 | Diversity analysis and statistical tests. (A) Species diversity curves. (B) Alpha Diversity Index Difference Analysis Between Groups. ***represents p < 0.01. (C) PCoA analysis based on two groups of species. (D) Beta Diversity Index Difference Analysis Between Groups. **represents p < 0.05. (E) Weighted UniFrac distance matrix UPGMA clustering tree. (F) Unweighted Unifrac distance matrix UPGMA clustering tree. (G) Differential species analysis between groups (T-test). The figure on the left shows the difference in species abundance between groups. (H) Differential species analysis between groups (Simper). (I) Differential species analysis between groups (LEfSe) - LDA value distribution histogram. (J) Differential species analysis between groups (LEfSe) - Evolutionary branch diagram. Red represents the Biomarker of the different species with obvious changes in the control group, green represents the Biomarker of the different species with obvious changes in the treatment group, and yellow represents the Biomarker of the different species with no obvious difference.







Association analysis, model and functional predictions

Network analysis was performed after the data were filtered to yield valid data by performing a correlation index calculation across all samples (Figure 3A). Through the species co-occurrence network analysis, we can readily identify the species that dominate the interaction and the species groups that interact closely. These dominant species and species groups may play a unique and important role in maintaining the stability of the microbial community structure and function in the environment. The functional annotation of OTUs obtained from clustering was performed using Tax4Fun. According to the database annotation results, the top 10 functions of each sample or group with the largest abundance at each annotation level were selected, and a columnar stacking chart of the relative abundance of functions was generated to visually display the relative abundance of each microbe at different annotation level functions and their proportions (Figure 3B). The top 10 functional information points were analyzed and tested, and the functional information with significant differences was identified (Figure 3C). Based on the functional annotation and abundance information obtained from the samples using the database, the top 35 ranked features by abundance and their abundance information in each sample were selected to draw a heatmap and clustered at the level of functional differences (Figure 3D). The results showed that there were 4 functional clusters in the treatment group, and the enrichment of 3 functional clusters was significantly decreased.




Figure 3 | Figure of association analysis, model and functional prediction among species. (A) Network analysis. (B) Functional annotation relative abundance display. (C) T-test for differential function between groups. (D) Functional relative abundance cluster analysis.







Bioinformatic analysis of metabolites

To further investigate the differences in the sample metabolites between the treatment and control groups, after quantitatively identifying the statistically significant differential metabolites between different groups, we next aimed to investigate the link between the identified metabolites and biological processes or biological states by untargeted metabolomics. Then, the results were analyzed (Figures 4A, B) and indicated that the best model interpretation was obtained. Based on the OPLS-DA results, after the different varieties or differential metabolites between tissues were initially identified, the p value obtained through univariate analysis was combined to further identify the differential metabolites and draw a volcano plot of the results (Figure 4C). Fifty-five of the differential metabolites had higher levels and 19 had lower levels in the treatment group than in the control group, and 623 metabolites had no significant difference in levels. After qualitative and quantitative analysis of the detected metabolites, the fold changes in metabolite levels between groups were compared in addition to the grouping of specific samples (Figure 4D). The top 20 differential metabolites are presented in the figure. KEGG pathway enrichment was performed using the differential metabolites (Figure 4E).




Figure 4 | The analysis of the difference of metabolites. (A) The orthogonal partial least squares discriminant analysis (OPLS-DA) - S-plot figure. (B) OPLS-DA model validation. (C) Differential metabolite volcano plot. (D) Differential metabolite bar plot. (E) Differential metabolite KEGG enrichment analysis.







Combined analysis of differential metabolites and the GM

To further investigate the connection between the flora and metabolites, we performed a combined analysis of the differences in the patients’ gut microbes and differential metabolites. As shown in Figure 5A, the differential metabolites were first subjected to PCA. PCA of the GM microbes was then performed (Figure 5B). Differential microbes and differential metabolites were subjected to correlation analysis, and Spearman correlation coefficients were calculated using the levels of microbes and metabolites; significant correlations were defined as those with a correlation |r| > = 0.8 and a p - value in the correlation coefficient significance test < 0.05. The results of these analyses of the differential microbes and metabolites are shown in Supplementary Table 2. The relevant microorganisms and metabolites identified above were then plotted into a chord plot (Figure 5C). This correlation analysis resulted in the identification of significantly correlated microbes and metabolites at the genus level (Supplementary Table 3). A chord diagram was drawn (Figure 5D). Correlation network plots were generated separately to demonstrate the correlations between microbes and metabolites based on two correlation analysis modalities (Figures 5E, F).




Figure 5 | Joint analysis of gut microbiota and differential metabolites. (A) Metabolite principal component analysis, score plots of the first 2 PCA principal components. (B) Principal component analysis of bacterial groups, score plots of the first 2 PCA principal components. (C) Spearman correlation chord plot of differential microbial and differential metabolites. (D) Pearson correlation and string plot of differential microbes with differential metabolites. (E) Spearman correlation network plots of differential microbes and differential metabolites. (F) Pearson correlation network plots of differential microbes and differential metabolites.








Discussion

At present, the number of reports on the effects of the GM on bone metabolism have increased (D’amelio and Sassi, 2018) yearly, and the fact that the GM affects bone metabolism cannot be ignored. It has been reported that the decreased diversity of the GM in OP patients leads to an imbalance in bone homeostasis (Xu et al., 2020). Therefore, probiotics have also gradually begun to be used for the prevention and treatment of OP (Collins et al., 2017; Song et al., 2022). TCM also plays a nonnegligible role in the prevention and treatment of OP (An et al., 2016). According to one report, TCM prevention and treatment of OP can be directly or indirectly involved in bone metabolic pathways affecting bone formation and bone resorption (An et al., 2019; Ren et al., 2020; Xiao et al., 2020); additionally, TCM improves the composition and function of gut bacteria and their metabolic products to achieve the goal of treatment for OP (Wang et al., 2020; Li et al., 2021).

In this study, the investigation of two groups of OP patients with different GM conditions due to intervention and the differences in the metabolites showed that the treatment group improved more than the control group. The BMD in the treatment group improved significantly more than that in the control group; the results also indicate that YGD not only improves BMD in OP patients but also improves the GM, which is indirectly involved in the prevention of OP, confirming the results of our previous study (Li and Gong, 2021; Zhang et al., 2021a). Among the top ten species, Escherichia-Shigella is mainly associated with the inflammatory response and lipid metabolism (Cattaneo et al., 2017; Li et al., 2020). There have also been reports of a correlation between the microbiota and BMD, with side effects suggesting that the microbiota may influence BMD in the lumbar spine and femur, which improves intestinal phosphorus absorption and osteogenic metabolic activity and reduces the excretion of phosphorus (Cheng et al., 2021). The bacilli mainly include single, double, and multi bacilli. Among them, Bacteroides, Faecalibacterium, and Bifidobacterium have all been reported to be involved in the occurrence and development of OP. Previous studies have shown that the abundance of Bacteroides species in normal people is higher than that in OP patients (Wang et al., 2017; Tang et al., 2021), and in our study, the abundance of Bacteroides species in patients in the treatment group was higher than that in the control group, indicating that YGD can improve the abundance of this flora. Faecalibacterium and Bifidobacterium have similarly been reported to have some effects against OP (Xu et al., 2020; Kwon et al., 2021; Lee et al., 2021). In addition, several other flora species have been reported to be potentially involved in the process of OP development (He et al., 2020; Tu et al., 2020; Kwon et al., 2021; Qin et al., 2021). Holdemanella was reported to be associated not only with OP but also with metabolic diseases such as diabetes, which seems to indicate that there may be some connection between OP and diabetes (He et al., 2020; Cheng et al., 2021; Romaní-Pérez et al., 2021). It is worth mentioning that Blautia species were more enriched in the control group (P = 0.003) than in the treatment group. The presence of this microbe is considered a predisposing factor for OP; other study results indicated that YGD inhibited this microbe, and the therapeutic effects of YGD were verified (Liu et al., 2020). The GM has functional effects; therefore, we evaluated the functional changes in the GM. The metabolic function of the GM is an important factor affecting OP (Khosla and Hofbauer, 2017). Genetic information processing has also been proven to participate in the disease process of OP as a function of the GM (Xu et al., 2020; Lee et al., 2022). Similarly, the function of GM cellular processes affecting bone metabolism has been explained (D’Amelio and Sassi, 2018, Saxena et al., 2021). These results indicate that the above microbes with distinct changes may be involved in these functions and thus affect the pathogenesis of GM.

Metabolomics is performed by quantifying metabolites from the GM and can be used to identify the relative relationship of metabolites with physio pathological changes. Reports on capsazepine suggest that it may direct bone marrow mesenchymal stem cells toward pro-osteogenic differentiation to combat OP, and the main mechanism may involve transient receptor potential cation channel subfamily V member 1 (TRPV1) intervention (Pan et al., 2013; Xiao et al., 2019). There is no related research on how Phe-Tyr is involved in OP, but it has been reported in a recent study that Phe-Tyr affects the onset of diabetes as a substance affecting glucose metabolism (Jahja et al., 2014; Strasser et al., 2015), which also confirms the finding in our previous study that there may be a relationship between senile OP and diabetes (Zhang et al., 2021a). Phe-Tyr is associated with inflammation of the bone and joint (Muhammed et al., 2020). By performing KEGG pathway enrichment on the differential metabolites, we found that there were several predominant enriched signaling pathways as follows: metabolic pathway, TCA cycle, and beta-alanine metabolism. The TCA cycle is a component of the central metabolic pathways used in all aerobic organisms, including gut microbes (Krebs and Johnson, 1980; Granchi et al., 2019). Dickens first pointed out the close connection between citrate and bone in 1941(Dickens, 1941). An increasing number of reports have confirmed that citrate can contribute to the mineralization of bone cells and provide sufficient energy for the osteogenic differentiation of BMSCs (Franklin et al., 2014; Costello et al., 2015). Basic research has also confirmed the involvement of this metabolite and its metabolic pathway in OP (Si et al., 2020). Similarly, beta alanine metabolism has been reported to be involved in the bone remodeling process (Yu et al., 2019; Li et al., 2022a). This finding sheds light on the fact that starting with metabolites and identifying their targets and pathways that affect OP may be a research direction.

To maintain a stable niche, the interaction between microbial metabolites and host signals influences a variety of metabolic pathways in the host, strongly influences the host metabolic phenotype, promotes the evolutionary adaptation of the host, and promotes a mutually beneficial relationship between the host and microbes. The combined study of the microbiome and metabolome can help us better understand how environmental microbes and their associated metabolism and cometabolism with the host influence the environment within the host or the host metabolic state. Through combined analysis, we found that the metabolites dichlorprop, capsazepine, D-pyroglutamic acid and tamsulosin had the strongest and most positive correlations with microorganisms. However, at present, there are few reports on how the metabolites D-pyroglutamic acid and tamsulosin affect bone metabolism, and further studies may need to confirm their mechanism in OP.

This study explored the role of TCM in improving the GM through different intervention modalities. Through research, we found that some gut microbes, such as Escherichia Shigella, Bacteroides, Faecalibacterium, Bifidobacterium, Blautia and Holdemanella, were changed significantly in OP patients under TCM intervention. The functions of the GM that change significantly are mainly reflected in three processes, including metabolic function, genetic information processing and cellular processes. The main metabolites that have been linked to the development of OP include capsazepine and Phe – Tyr, and they may mainly act through metabolic pathways, the TCA cycle, and beta alanine metabolism. This finding validates previous relevant studies and demonstrates that there may be a certain advantage of TCM interventions targeting the GM. In this study, we also identified differential metabolites with possible connections to OP, including dichlorprop, capsazepine, D-pyroglutamic acid and tamsulosin.





Conclusion

The composition and function of the GM influence the recovery of patients with OP. In this study, we demonstrated the changes in the GM and microbial metabolites in patients with OP under TCM intervention and their effects on bone metabolism. The effects of TCM intervention on GM were confirmed.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: Bioproject and associated SRA metadata, PRJNA988844.





Ethics statement

The study was approved by the ethics committee of The Third Affiliated Hospital of Zhejiang Chinese Medical University, approved No. of ethic committee: ZSLL-KY-2021-017-01. Meanwhile, the study has been submitted for registration in the Chinese clinical trial registry, registration number: ChiCTR2200056265. All participants provided written informed consent before inclusion in the study. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

R-KZ, X-MY and Z-NC conceived and designed the study. R-KZ, KY performed most of the research and wrote the paper, and H-FC participated in the full process of writing the paper. YZ and G-JL performed part of the study and L-PG, X-GC and FC analyzed the data. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by the project of Zhejiang Provincial Administration of traditional Chinese medicine (2021ZB149, 2021ZQ048, 2022ZA091) and The state administration of traditional Chinese medicine slurry sampling - Zhejiang province administration of traditional Chinese medicine to build science and technology plan projects (GZY-ZJ-KY-23022).




Acknowledgments

We thank Wuhan Met-Ware biological Co., Ltd. for providing technical guidance in this study.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.1091083/full#supplementary-material




References

 An, J., Yang, H., Zhang, Q., Liu, C., Zhao, J., Zhang, L., et al. (2016). Natural products for treatment of osteoporosis: the effects and mechanisms on promoting osteoblast-mediated bone formation. Life Sci. 147, 46–58. doi: 10.1016/j.lfs.2016.01.024

 An, Y., Zhang, H., Wang, C., Jiao, F., Xu, H., Wang, X., et al. (2019). Activation of ROS/MAPKs/NF-κB/NLRP3 and inhibition of efferocytosis in osteoclast-mediated diabetic osteoporosis. FASEB J. 33, 12515–12527. doi: 10.1096/fj.201802805RR

 Cattaneo, A., Cattane, N., Galluzzi, S., Provasi, S., Lopizzo, N., Festari, C., et al. (2017). Association of brain amyloidosis with pro-inflammatory gut bacterial taxa and peripheral inflammation markers in cognitively impaired elderly. Neurobiol. Aging 49, 60–68. doi: 10.1016/j.neurobiolaging.2016.08.019

 Chen, L., Lu, W., Wang, L., Xing, X., Chen, Z., Teng, X., et al. (2021a). Metabolite discovery through global annotation of untargeted metabolomics data. Nat. Methods 18, 1377–1385. doi: 10.1038/s41592-021-01303-3

 Chen, Z., Xie, L., Xu, J., Lin, X., Ye, J., Shao, R., et al. (2021b). Changes in alkaline phosphatase, calcium, c-reactive protein, d-dimer, phosphorus and hemoglobin in elderly osteoporotic hip fracture patients. Ann. Palliat Med. 10, 1079–1088. doi: 10.21037/apm-20-218

 Cheng, B., Wen, Y., Yang, X., Cheng, S., Liu, L., Chu, X., et al. (2021). Gut microbiota is associated with bone mineral density: an observational and genome-wide environmental interaction analysis in the UK biobank cohort. Bone Joint Res. 10, 734–741. doi: 10.1302/2046-3758.1011.BJR-2021-0181.R1

 Collins, F. L., Rios-Arce, N. D., Schepper, J. D., Parameswaran, N., and Mccabe, L. R. (2017). The potential of probiotics as a therapy for osteoporosis. Microbiol. Spectr. 5(4):10.1128/microbiolspec.BAD-0015-2016. doi: 10.1128/microbiolspec.BAD-0015-2016

 Cooney, O. D., Nagareddy, P. R., Murphy, A. J., and Lee, M. K. S. (2020). Healthy gut, healthy bones: targeting the gut microbiome to promote bone health. Front. Endocrinol. (Lausanne) 11, 620466. doi: 10.3389/fendo.2020.620466

 Cosman, F., Beur, De, Leboff, M. S., Lewiecki, E. M., Tanner, B., Randall, S., et al. (2014). Clinician’s guide to prevention and treatment of osteoporosis. Osteoporos Int. 25, 2359–2381. doi: 10.1007/s00198-014-2794-2

 Costello, L. C., Chellaiah, M. A., Zou, J., Reynolds, M. A., and Franklin, R. B. (2015). In vitro BMP2 stimulation of osteoblast citrate production in concert with mineralized bone nodule formation. J. Regener. Med. Tissue Eng. 4:2. doi: 10.7243/2050-1218-4-2

 Coughlan, T., and Dockery, F. (2014). Osteoporosis and fracture risk in older people. Clin. Med. (Lond) 14, 187–191. doi: 10.7861/clinmedicine.14-2-187

 D’amelio, P., and Sassi, F. (2018). Gut microbiota, immune system, and bone. Calcif Tissue Int. 102, 415–425. doi: 10.1007/s00223-017-0331-y

 Dickens, F. (1941). The citric acid content of animal tissues, with reference to its occurrence in bone and tumour. Biochem. J. 35, 1011–1023. doi: 10.1042/bj0351011

 Espinoza, J. L., Elbadry, M. I., and Nakao, S. (2016). An altered gut microbiota may trigger autoimmune-mediated acquired bone marrow failure syndromes. Clin. Immunol. 171, 62–64. doi: 10.1016/j.clim.2016.08.008

 Franklin, R. B., Chellaiah, M., Zou, J., Reynolds, M. A., and Costello, L. C. (2014). Evidence that osteoblasts are specialized citrate-producing cells that provide the citrate for incorporation into the structure of bone. Open 6:1–7. doi: 10.2174/1876525401406010001

 Granchi, D., Baldini, N., Ulivieri, F. M., and Caudarella, R. (2019). Role of citrate in pathophysiology and medical management of bone diseases. Nutrients 11(11):2576. doi: 10.3390/nu11112576

 Guan, Z., Luo, L., Liu, S., Guan, Z., Zhang, Q., Li, X., et al. (2022). The role of depletion of gut microbiota in osteoporosis and osteoarthritis: a narrative review. Front. Endocrinol. (Lausanne) 13, 847401. doi: 10.3389/fendo.2022.847401

 Hamidi, B., Wallace, K., Vasu, C., and Alekseyenko, A. V. (2019). W(∗)(d) -test: robust distance-based multivariate analysis of variance. Microbiome 7, 51. doi: 10.1186/s40168-019-0659-9

 He, J., Xu, S., Zhang, B., Xiao, C., Chen, Z., Si, F., et al. (2020). Gut microbiota and metabolite alterations associated with reduced bone mineral density or bone metabolic indexes in postmenopausal osteoporosis. Aging (Albany NY) 12, 8583–8604. doi: 10.18632/aging.103168

 Hong, S., Cha, K. H., Park, J. H., Jung, D. S., Choi, J. H., Yoo, G., et al. (2022). Cinnamic acid suppresses bone loss via induction of osteoblast differentiation with alteration of gut microbiota. J. Nutr. Biochem. 101, 108900. doi: 10.1016/j.jnutbio.2021.108900

 Jahja, R., Huijbregts, S. C., De Sonneville, L. M., Van Der Meere, J. J., and Van Spronsen, F. J. (2014). Neurocognitive evidence for revision of treatment targets and guidelines for phenylketonuria. J. Pediatr. 164, 895–899.e2. doi: 10.1016/j.jpeds.2013.12.015

 Johnston, C. B., and Dagar, M. (2020). Osteoporosis in older adults. Med. Clin. North Am. 104, 873–884. doi: 10.1016/j.mcna.2020.06.004

 Kanis, J. A., Harvey, N. C., Mccloskey, E., Bruyère, O., Veronese, N., Lorentzon, M., et al. (2020). Algorithm for the management of patients at low, high and very high risk of osteoporotic fractures. Osteoporos Int. 31, 1–12. doi: 10.1007/s00198-019-05176-3

 Khosla, S., and Hofbauer, L. C. (2017). Osteoporosis treatment: recent developments and ongoing challenges. Lancet Diabetes Endocrinol. 5, 898–907. doi: 10.1016/S2213-8587(17)30188-2

 Krebs, H. A., and Johnson, W. A. (1980). The role of citric acid in intermediate metabolism in animal tissues. FEBS Lett. 117 Suppl, K1–10. doi: 10.1016/0014-5793(80)80564-3

 Kwon, Y., Park, C., Lee, J., Park, D. H., Jeong, S., Yun, C. H., et al. (2021). Regulation of bone cell differentiation and activation by microbe-associated molecular patterns. Int. J. Mol. Sci. 22(11):5805. doi: 10.3390/ijms22115805

 Lambert, M. N. T., Thybo, C. B., Lykkeboe, S., Rasmussen, L. M., Frette, X., Christensen, L. P., et al. (2017). Combined bioavailable isoflavones and probiotics improve bone status and estrogen metabolism in postmenopausal osteopenic women: a randomized controlled trial. Am. J. Clin. Nutr. 106, 909–920. doi: 10.3945/ajcn.117.153353

 Lee, Y. S., Feng, C. W., Peng, M. Y., Chen, Y. C., and Chan, T. F. (2022). Antiosteoporosis effects of a marine antimicrobial peptide pardaxin via regulation of the osteogenesis pathway. Peptides 148, 170686. doi: 10.1016/j.peptides.2021.170686

 Lee, C. S., Kim, J. Y., Kim, B. K., Lee, I. O., Park, N. H., and Kim, S. H. (2021). Lactobacillus-fermented milk products attenuate bone loss in an experimental rat model of ovariectomy-induced post-menopausal primary osteoporosis. J. Appl. Microbiol. 130, 2041–2062. doi: 10.1111/jam.14852

 Li, L., Chen, B., Zhu, R., Li, R., Tian, Y., Liu, C., et al. (2019). Fructus ligustri lucidi preserves bone quality through the regulation of gut microbiota diversity, oxidative stress, TMAO and Sirt6 levels in aging mice. Aging (Albany NY) 11, 9348–9368. doi: 10.18632/aging.102376

 Li, N., and Gong, Y. (2021). The mechanism of the yigutang-mediated P13K/AKT/GSK-3β signal pathway to regulate osteogenic differentiation of bone marrow stromal stem cells to treat osteoporosis. Evid Based Complement Alternat Med. 2021, 6699781. doi: 10.1155/2021/6699781

 Li, J., Ho, W. T. P., Liu, C., Chow, S. K., Ip, M., Yu, J., et al. (2021). The role of gut microbiota in bone homeostasis. Bone Joint Res. 10, 51–59. doi: 10.1302/2046-3758.101.BJR-2020-0273.R1

 Li, X., Wang, Y., Gao, M., Bao, B., Cao, Y., Cheng, F., et al. (2022a). Metabolomics-driven of relationships among kidney, bone marrow and bone of rats with postmenopausal osteoporosis. Bone 156, 116306. doi: 10.1016/j.bone.2021.116306

 Li, Y., Yan, H., Zhang, Y., Li, Q., Yu, L., Li, Q., et al. (2020). Alterations of the gut microbiome composition and lipid metabolic profile in radiation enteritis. Front. Cell Infect. Microbiol. 10, 541178. doi: 10.3389/fcimb.2020.541178

 Li, Y., Zhuang, Q., Tao, L., Zheng, K., Chen, S., Yang, Y., et al. (2022b). Urolithin b suppressed osteoclast activation and reduced bone loss of osteoporosis via inhibiting ERK/NF-κB pathway. Cell Prolif 55 (10), e13291. doi: 10.1111/cpr.13291

 Ling, C. W., Miao, Z., Xiao, M. L., Zhou, H., Jiang, Z., Fu, Y., et al. (2021). The association of gut microbiota with osteoporosis is mediated by amino acid metabolism: multiomics in a Large cohort. J. Clin. Endocrinol. Metab. 106, e3852–e3864. doi: 10.1210/clinem/dgab492

 Liu, J., Liu, J., Liu, L., Zhang, G., Zhou, A., and Peng, X. (2020). The gut microbiota alteration and the key bacteria in astragalus polysaccharides (APS)-improved osteoporosis. Food Res. Int. 138, 109811. doi: 10.1016/j.foodres.2020.109811

 Lü, J., Guo, W., Chen, S., Guo, M., Qiu, B., Yang, C., et al. (2019). Host plants influence the composition of the gut bacteria in henosepilachna vigintioctopunctata. PloS One 14 (10), e0224213. doi: 10.1371/journal.pone.0224213

 Muhammed, H., Kumar, D., Dubey, D., Kumar, S., Chaurasia, S., Guleria, A., et al. (2020). Metabolomics analysis revealed significantly higher synovial Phe/Tyr ratio in reactive arthritis and undifferentiated spondyloarthropathy. Rheumatol. (Oxford) 59, 1587–1590. doi: 10.1093/rheumatology/kez493

 Pan, L., Song, K., Hu, F., Sun, W., and Lee, I. (2013). Nitric oxide induces apoptosis associated with TRPV1 channel-mediated Ca(2+) entry via s-nitrosylation in osteoblasts. Eur. J. Pharmacol. 715, 280–285. doi: 10.1016/j.ejphar.2013.05.009

 Qaseem, A., Forciea, M. A., Mclean, R. M., Denberg, T. D., Barry, M. J., Cooke, M., et al. (2017). Treatment of low bone density or osteoporosis to prevent fractures in men and women: a clinical practice guideline update from the American college of physicians. Ann. Intern. Med. 166, 818–839. doi: 10.7326/M15-1361

 Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al. (2010). A human gut microbial gene catalogue established by metagenomic sequencing. Nature 464, 59–65. doi: 10.1038/nature08821

 Qin, Q., Yan, S., Yang, Y., Chen, J., Yan, H., Li, T., et al. (2021). The relationship between osteoporosis and intestinal microbes in the henan province of China. Front. Cell Dev. Biol. 9, 752990. doi: 10.3389/fcell.2021.752990

 Ren, Y., Song, X., Tan, L., Guo, C., Wang, M., Liu, H., et al. (2020). A review of the pharmacological properties of psoralen. Front. Pharmacol. 11, 571535. doi: 10.3389/fphar.2020.571535

 Romaní-Pérez, M, López-Almela, I, Bullich-Vilarrubias, C, Rueda-Ruzafa, L, Gómez Del Pulgar, EM, Benítez-Páez, A, et al. (2021). Holdemanella biformis improves glucose tolerance and regulates GLP-1 signaling in obese mice. FASEB J. 35 (7), e21734. 10.1096/fj.202100126R

 Saxena, Y., Routh, S., and Mukhopadhaya, A. (2021). Immunoporosis: role of innate immune cells in osteoporosis. Front. Immunol. 12, 687037. doi: 10.3389/fimmu.2021.687037

 Schepper, J. D., Collins, F., Rios-Arce, N. D., Kang, H. J., Schaefer, L., Gardinier, J. D., et al. (2020). Involvement of the gut microbiota and barrier function in glucocorticoid-induced osteoporosis. J. Bone Miner Res. 35, 801–820. doi: 10.1002/jbmr.3947

 Shen, Q., Zhang, C., Qin, X., Zhang, H., Zhang, Z., and Richel, A. (2021). Modulation of gut microbiota by chondroitin sulfate calcium complex during alleviation of osteoporosis in ovariectomized rats. Carbohydr Polym 266, 118099. doi: 10.1016/j.carbpol.2021.118099

 Si, Z., Zhou, S., Shen, Z., and Luan, F. (2020). High-throughput metabolomics discovers metabolic biomarkers and pathways to evaluating the efficacy and exploring potential mechanisms of osthole against osteoporosis based on UPLC/Q-TOF-MS coupled with multivariate data analysis. Front. Pharmacol. 11, 741. doi: 10.3389/fphar.2020.00741

 Song, S., Guo, Y., Yang, Y., and Fu, D. (2022). Advances in pathogenesis and therapeutic strategies for osteoporosis. Pharmacol. Ther. 237, 108168. doi: 10.1016/j.pharmthera.2022.108168

 Srivastava, M., and Deal, C. (2002). Osteoporosis in elderly: prevention and treatment. Clin. Geriatr. Med. 18, 529–555. doi: 10.1016/S0749-0690(02)00022-8

 Strasser, B., Berger, K., and Fuchs, D. (2015). Effects of a caloric restriction weight loss diet on tryptophan metabolism and inflammatory biomarkers in overweight adults. Eur. J. Nutr. 54, 101–107. doi: 10.1007/s00394-014-0690-3

 Tang, X. Y., Gao, M. X., Xiao, H. H., Dai, Z. Q., Yao, Z. H., Dai, Y., et al. (2021). Effects of xian-Ling-Gu-Bao capsule on the gut microbiota in ovariectomized rats: metabolism and modulation. J. Chromatogr B Analyt Technol. BioMed. Life Sci. 1176, 122771. doi: 10.1016/j.jchromb.2021.122771

 Tu, M. Y., Han, K. Y., Chang, G. R., Lai, G. D., Chang, K. Y., Chen, C. F., et al. (2020). Kefir peptides prevent estrogen deficiency-induced bone loss and modulate the structure of the gut microbiota in ovariectomized mice. Nutrients 12 (11), 3432. doi: 10.3390/nu12113432

 Wang, Y., Chen, J., Chen, J., Dong, C., Yan, X., Zhu, Z., et al. (2020). Daphnetin ameliorates glucocorticoid-induced osteoporosis via activation of Wnt/GSK-3β/β-catenin signaling. Toxicol. Appl. Pharmacol. 409, 115333. doi: 10.1016/j.taap.2020.115333

 Wang, Y., Tao, Y., Hyman, M. E., Li, J., and Chen, Y. (2009). Osteoporosis in china. Osteoporos Int. 20, 1651–1662. doi: 10.1007/s00198-009-0925-y

 Wang, J., Wang, Y., Gao, W., Wang, B., Zhao, H., Zeng, Y., et al. (2017). Diversity analysis of gut microbiota in osteoporosis and osteopenia patients. PeerJ 5, e3450. doi: 10.7717/peerj.3450

 Woo, P. C., Lau, S. K., Teng, J. L., Tse, H., and Yuen, K. Y. (2008). Then and now: use of 16S rDNA gene sequencing for bacterial identification and discovery of novel bacteria in clinical microbiology laboratories. Clin. Microbiol. Infect. 14, 908–934. doi: 10.1111/j.1469-0691.2008.02070.x

 Xiao, L., Zhong, M., Huang, Y., Zhu, J., Tang, W., Li, D., et al. (2020). Puerarin alleviates osteoporosis in the ovariectomy-induced mice by suppressing osteoclastogenesis via inhibition of TRAF6/ROS-dependent MAPK/NF-κB signaling pathways. Aging (Albany NY) 12, 21706–21729. doi: 10.18632/aging.103976

 Xiao, F., Zhou, Y., Liu, Y., Xie, M., and Guo, G. (2019). Inhibitory effect of Sirtuin6 (SIRT6) on osteogenic differentiation of bone marrow mesenchymal stem cells. Med. Sci. Monit 25, 8412–8421. doi: 10.12659/MSM.917118

 Xu, Z., Xie, Z., Sun, J., Huang, S., Chen, Y., Li, C., et al. (2020). Gut microbiome reveals specific dysbiosis in primary osteoporosis. Front. Cell Infect. Microbiol. 10, 160. doi: 10.3389/fcimb.2020.00160

 Yu, L., Qi, H., An, G., Bao, J., Ma, B., Zhu, J., et al. (2019). Association between metabolic profiles in urine and bone mineral density of pre- and postmenopausal Chinese women. Menopause 26, 94–102. doi: 10.1097/GME.0000000000001158

 Zhang, Y. W., Li, Y. J., Lu, P. P., Dai, G. C., Chen, X. X., and Rui, Y. F. (2021b). The modulatory effect and implication of gut microbiota on osteoporosis: from the perspective of “brain-gut-bone”. axis. Food Funct. 12, 5703–5718. doi: 10.1039/D0FO03468A

 Zhang, R., Yan, K., Wu, Y., Yao, X., Li, G., Ge, L., et al. (2021a). Quantitative proteomics reveals the effect of yigu decoction (YGD) on protein expression in bone tissue. Clin. Proteomics 18, 24. doi: 10.1186/s12014-021-09330-0




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.


Copyright © 2023 Zhang, Yan, Chen, Zhang, Li, Chen, Ge, Cheng, Chen and Yao. 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.




[image: image]


OPS/images/fcimb.2022.854879/table1.jpg
Plants

Plant
Foods

Plant
herbs

Pu-erh tea

Huangjinya
black tea

Qat-based

food

Wheat

gluten

Lentils

Pea pods

Wild Melon
Seed Oil

Sacha inchi
oil

Grape

Radix
Scutellariae

Ganoderma
lucidum

Grifola
frondosa

Dosage and administration

450 mg/kg/day in drink for 4,
22, 42 weeks

150, 300 mg/kg/day by gavage
for 9 weeks

4.33 + 0.17 g/mouse/day oat
and 1.66 + 0.07 g/mouse/day
tartary buckwheat in diet for 30
days

10.8 + 0.48 g/mouse/day in
diet for 5 weeks

62.5 mg/rat/day in drink for 71
days

0.9g/rat/day in diet for 4 weeks

42 +1.8,85.5 + 1.8 mg/
mouse/day in diet for 6 weeks

0.5, 1, 1.5 ml/kg/day by gavage
for 8 weeks

5g/kg/day in diet for 13 weeks

2.5 g/kg/day by gavage for 28
days

2.25 and 4.5 mg/mouse/day in
diet for 43 days

2.25 and 4.5 mg/mouse/day in

diet for 43 days

150 mg/kg/day by gavage for 8
weeks

Models

HFD-diet
C57BL/6J male
mice

HFD-diet
C57BL/6J male
mice

HCD-diet
Hamster male
mice

HCD-diet
Hamster male
mice

HCD-diet SD
Rat male

HS-diet SD Rat

HCD-diet
Hamsters male
mice

HFD-diet SD Rat

HFFD-diet
C57BL/6J male
mice

HFD-diet SD Rat

HCD-diet
C57BL/6J male
mice

1. HCD-diet
C57BL/6J
male mice

2. RAW  264.7
cells treated
under HC
concentration

HFD-diet SD Rat

. hepatic

Main Effects on

NAFLD

. body weight |
2

hepatic TC |, TG
1

. serum TC |, TG |

. body weight |,

liver weight |

. hepatic TG |, FFA

1, TC|
lipid
droplet |

. hepatic TC |, TG

1

. serum TC |, TG

1,LDL-C |

. body weight |
24

hepatic TC |, TG
1

. serum TC |, TG

1, LDL-C |, HDL-
Ct

1.serum TC |, LDLI,
HDL?t

1.serum TC |, TG

1.

2.
. serum TC |, TG |

1.

1.
. hepatic steatosis,

1.
. hepatic steatosis,

. serum

body weight, liver
weight}
hepatic TC |

hepatic fat

accumulation |

. hepatic adipocyte

size |

. serum  ALT |,

AST |

. serum TC |, TG

1, LDL-Cl

. body weight |
2.

hepatic
droplet |

lipid

. hepatic

inflammation |
liver index |

inflammation and
ballooning of
hepatocytes |

. serum TC |, TG

1LDL-C |
insulin |,
HOMA-IR |

. body weight |,

liver weight |

. hepatic steatosis,

inflammation and
ballooning of
hepatocytes |

. hepatic TC |, TG

1

. serum TC |, TG

1, LDL-C)

. serum  ALT |,

AST)

. lipid droplet |
2.

serum TC |, TG
1, LDL-C}

body weight |

inflammation and
ballooning of
hepatocytes |

. hepatic TC |, TG

1, LDL-C |, FFA
1, HDL-C 1

. hepatic AST |
. serum TC |, TG

1, LDL-C |, HDL-
Ct

. serum  ALT |,

AST)

Main Effects on Gut Microbiota

1.Lactobacillus, Bacillus,
Streptococcus, Lactococcus |

1.GM disorders reversed

1. Erysipelotrichaceae,
Ruminococcaceae,
Lachnospiraceae |

2. Eubacteriaceae 1

1. Firmicutes, Erysipelotrichaceael

2. Bateroidetes,
Bacteroidales_S24-7_group,
Ruminococcaceae 1

1.Bifidobacterium spp 1

1.Bifidobacterialt

1.Eubacteriaceae,

Clostridliales_vadinBB60_group,

Ruminococcaceae,

Streptococcaceae,

Desulfovibrionaceae 1

1. Enterobacteriaceae, Escherichia
1

2. Roseburia,
Butyrivibrio 1

Turicibacter,

1.Bifidobacteria, Akkermansia,
Clostridia 1

1.Lactobacillus |

1.Lactobacillus 1

1.Lactobacillaceae, Lactobacillus 1

1.Butyricimonas genus 1

Main Effects  Reference
on Bile Acids
1. serum (Huang
TCDCA,  etal, 2019)
TUDCA,
GCDCA,
GUDCA?
2. fecal
TCDCA,
TUDCA 1
1. totalBAs | (Xuetal,
2. LCA/CDCA  2020)
1, DCA/CA
1
1. Fecal total (Sunetal,
BAs 1 2019b)
1. Fecal total (Liang et al.,
BAs 1 2019)
1. Fecal total (Micioni Di
BAs 1 Bonaventura
etal., 2017)
1. Fecal total (Inagaki
BAs 1 et al., 2016)
1. Fecal total (Hao et al.,
BAs 1 2020)
1. CA, GCA, (Lietal,
TCDCA, TCA  2020)
1
1. TaMCA, (Han et al.,
TBMCA, 2020)
TCA |
2. DCA 1
1.DCA, LCA, (Zhao et al.,
GDCA, GLCA, 2021)
GUDCA, TLCA
1
1.Feca BAs t  (Meneses
et al., 2016)
1.BAs (Romero-
synthesis 1 Cordoba
et al., 2020)
1.FecalBAst (Panetal,
2018)
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Active ingredients in Plants

Polysaccharide

Guar Gum and
Pectin

Grifola frondosa
polysaccharides

Microalgae
Chlorella
pyrenoidosa

Oligosaccharides  Citrus Pectin

Polyphenols

Polyketides

Alkaloids

Triterpenoids

Oligosaccharides

Theabrownin

EGCG

Dicaffeoylquinic
Acids

Pure total
flavonoids from
citrus

Monascus
yellow, red and
orange pigments

Rhizoma
Coptidis
alkaloids

20-OH-
Protopanoxadiol

Dosage and
administration

24%, 70%
Pectin in diet
for 3 weeks

400 mg/kg/day
by gavage for 8
weeks

150, 300 mg/
kg/day by
gavage for 8
weeks

0.15,0.45,0.9
g/kg/day by
gavage for 8
weeks

225 mg/kg/day
by gavage for
30 days

0.632 £ 0.02
mg/mouse/day
in diet for 8
weeks

3.3, 10 mg/
mouse/day by
gavage for 8
weeks

50 mg/kg/day
by gavage for
12 weeks

20 mg/kg/day
by gavage for 8
weeks

140 mg/kg/day
by gavage for
35 days

200 mg/kg/day
by gavage for
32 days

Model

HFD-
diet
Wistar
Rat

HFD-
diet
Wistar
Rat

HFD-
diet
Wistar
Rat

HF-diet
Cs7Bl/
6J male
mice
HFD-
diet
Cs57BL/
6J male
mice

HFD-
diet
Cs57BL/
6J male
mice

HFD-
diet
C57BL/
6J male
mice

HFD-
diet
Cs57BL/

6J male
mice

HFD-
diet
Wister
Rat

HFHC-
diet
Cs57BL/
6J male
mice

HFD-
diet
Cs57BL/
6J male
mice

Main Effects on

1.

1.

%

NAFLD

. liver weight |
. hepatic TC |,

TG

. serum TC |,

TGl

. body weight

')

. hepatic TG |,

TC |, FFA L,
AST |, ALT |

. hepatic

steatosis,
inflammation
and
ballooning of
hepatocytes|

. serum TC |,

TG |, LDL-C
1, FFAL

. serum ALT |,

AST)

. hepatic TG |,

TCl

. hepatic

steatosis,
inflammation
and
ballooning of
hepatocytes |

. serum TC |,

TG |, LDL-C
1, HDL-C 1
hepatic TG |,
TCl

. serum TC |,

TG |, LDL-C}

. body weight

1

. hepatic TG |,

TC|

. serum TC |,

TG

. body weight

1, liver weight
1

. hepatic TG |
. hepatic

steatosis,
inflammation
and
ballooning of
hepatocytes |

. body weight,

liver weight |

. hepatic TG |
. serum TC |,

TG |, LDL-C
1, HDL-C 1

. hepatic

steatosis,
inflammation
and
ballooning of
hepatocytes |

. serum TC |,

TGl

. serum ALT |,

AST]

hepatic
steatosis,
inflammation
and
ballooning of
hepatocytes |

. hepatic TC |,

TG, FFA L

. hepatic  ALT

1,AST |

. serum TC |,

TG |, LDL-C
1, HDL-C 1

. serum ALT |,

AST |
body weight
!

. hepatic TG |
. hepatic

steatosis,
inflammation
and
ballooning of
hepatocytes |

. body weight

1, liver weight
i

. hepatic TG |
. hepatic

steatosis,
inflammation
and
ballooning of
hepatocytes |

. serum TG |,

TC|

. Plasma

glucose |,
insulin |

Main Effects on Gut Main Effects on Bile Acids Reference

Microbiota
1. an unclassified family in 1. DCA, HDCA | (Ghaffarzadegan
RF32 | 2. CA, CDCA, UDCA-, B-0- etal, 2016)
2. Oscillospira, MCA 1

Ruminococcaceae 1

. Helicobater, 1. fecal BAs 1 (Lietal, 2019)
Intestinimonas,
Barnesiella,
Defluviitalea,
Ruminococcus,
Flavonifractor,
Paraprevotella 1
2. Clostridium-XVill,
Butyricicoccus,
Turicibacter |

1.Lactobacilli 1 1.fecal BAs 1 (Wan et al.,
2020)

1.Bifidobacterium, 1.fecal bile acid 1 (Hu et al., 2019)

Lactobacillus, Bacteroides

T

1.Lactobacillus, Bacillus, 1. TCDCA,CDCA?t (Huang et al.,

Streptococcus, 2. CAl 2019)

Lactococcus |

1.Akkermansia, 1. CAl (Naito et al.,
Parabacteroides | 2. TCAt 2020)
1.Bifidobacterium, induced functional differences of (Xie et al.,, 2019)
Akkermansia 1 microbial communities consisted

primary bile acid biosynthesis and
secondary bile acid biosynthesis

1.Bacteroidaceae, 1. TDCA, DCA, TCA, CA | (He et al., 2021)
Christensenellaceae 1 2. the ratio of secondary to
primary bile acids 1

1. Oscillibacter sp., 1.fecal BAs 1 (Zhou et al.,
Ruminococcus albus, 2019b)
Clostridium sp 1

1. Escherichia coli, 1.serum total BAs| (He et al., 2016)
Desulifovibrio C21_c20,
Parabacteroides
distasonis |

2. Sporobacter termitidis,
Alcaligenes faecalis,
Akkermansia
muciniphila 1

1.Brucella, Desulfovibrio, 1.intestinal To/BMCAT (Xie et al., 2020)
Bacteroidetes|
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Characteristics

Placebo group (n = 31)

Konjac flour group (n = 38)

Baseline After treatment p-value Baseline After treatment p-value
Age (years) 30.60 +5.72 31.14 +7.05
BMI (kg/m?) 31.22+5.13 31.48 £ 5.21 0.347 31.41 +£4.90 28.98 + 4.80 <0.001
Waist/hip ratio 0.93 + 0.06 0.92 + 0.06 0.102 0.93 +0.05 0.92 +0.05 0.453
Fat mass (kg) 31.18+12.24 31.83 + 11.95 0.603 31.32 +£10.42 29.02 + 10.23 <0.001
PBF (%) 37.48 + 6.79 38.11 £7.00 0.869 36.46 +£7.13 34.58 + 7.54 0.013
FBG (mmol/L) 5.28 + 0.69 5.30 + 0.53 0.130 5.20 + 0.94 522 +0.71 0.822
HbA1c (%) 5.87 +1.00 5.99 + 0.91 0.115 5.71+084 5.54 +0.75 0.029
TC (mmol/L) 465 +0.65 4.60 + 0.66 0.758 4.39 £ 0.95 4.30 £0.75 0.375
TG (mmol/L) 2.01+0.59 1.95 + 0.61 0.110 217 £1.64 1.78 + 1.41 0.025
HDL (mmol/L) 111+ 0.11 1.05 +0.19 0.286 1.13+0.22 1.10 £ 0.20 0.207
LDL (mmol/L) 2.99 + 067 2.79 + 0.63 0.126 2.80+1.01 2.87 +£0.83 0.343
AST, UL 2533+ 14.12 25.67 + 10.10 0.21 24.78 +10.88 21.58 + 6.26 0.016
ALT, U/L 37.60 + 27.25 37.66 + 14.57 0.840 36.81 £22.72 31.06 + 16.36 0.028

BMI, body mass index; PBF, percentage bodly fat; FBG, fasting blood glucose; HbATc, glycated hemoglobin A 1c; TC, total cholesterol; TG, triglyceride; HDL, high density lipoprotein;
LDL, low density lipoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase.
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References

Zhang et al., 2005

Jiang et al., 2011

Qietal., 2016

Xue et al., 2018

Variables

L* a*, b*
values

a’, b*
values
I & br
values

LY a4 b*
values

L*a*b* values

L* and a* values were applied to differentiate
the light red and red tongue, while L* and b*
values were applied for the light red and dark
red tongue

The a* and b* values were combined to
distinguish the purple and red tongue

L* values were used to distinguish the purple
and red tongue; a* values were related to the
red tongue; b* values were related to different
degrees of red tongue.

The L* values represented lightness of tongue
color; a* and b* values showed shades of red
and yellow, respectively.
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MAFLD patients who met the
inclusion and exclusion criteria
(N=91)

MAFLD patients who completed the above procedures
(N=38)

Bioinformatic analysis Statistical analysis
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Herb Extract Diseases Objects Results/Mechanisms References
Gut microbiota Intestinal mucosal Inflammation
barrier
Coptis Berberine uc SD rats Increased the lactic acid- Decreased ulceration, N/A (Liao et al.,
chinensis producing bacteria and the inflammatory cell 2020)
(Huang Lian) carbohydrate hydrolysis bacteria infiltration, crypt
Decreased the latent conditional ~ damage
pathogenic bacteria, such as Restored claudin-1
Mucispirillum, Oscillospira, protein in colonic
B.uniformis and Allobaculum. epithelium.
Berberine uc Balb/c N/A Increased expression Decreased TNF-o, (Shen et al.,
levels of Claudin-1, IL-1BIncreased IL-  2017; Shen
Occludin and ZO-1in 10 levels in colonic etal., 2018)
colonic tissue tissues
Berberine uc Human Increased Chao index, ACE N/A Decreased IL-1p, (Ganetal,
index, Shannon index of the gut IL-6, IL-8, TNF-o. 2020)
microbiota levels in the serum
Oxyberberine uc Balb/c Restore the overall structure of Enhanced the Decreased colonic (Letal,
the gut microbiota expressions of mucin  inflammatory 2020)
Decreased the abundance of mRNA (mucin-1, cytokines TNF-o, IL-
Firmicutes and Clostridium, mucin-2) and TJs 1B, IL-6, IL-17, IFN-y
Coprobacillus, Dehalobacterium, proteins(ZO-1,20-2, and IL-10
Parabacteroides, Paraprevotella, Occludin,JAM-A, Inhibited TLR4-
Ruminococcus, Staphylococcus Claudin-1) MyD88-NF-xB
signaling pathway
Dihydroberberine uc Balb/c N/A Enhanced the Decreased colonic (Lietal,
expressions of mucin  inflammatory 2021)
mRNA (mucin-1, cytokines TNF-a, IL-
mucin-2) and TJs 1B, IL-6, IL-17 and
proteins(ZO-1,Z0-2, IFN-y
QOccludin,JAM-A, Blocked TLR4/
Claudin-1) MyD88/NF-xB signal
pathway of the colon
Crude Coptis uc Balb/c N/A Increased expression Improved the Xue et al.,
Polysaccharide levels of Claudin-1, pathological 2022)
+Berberine Occludin and ZO-1in  manifestation of
colonic tissue inflammatory cell
infiltration in intestinal
recess
Water extract uc SD rats Increased the abundance of Increased protein Decreased the (Xe et al.,
probiotics such as Akkermansia  expression levels of expression of TNF-o,, 2022b)
and Blautia Occludin and ZO-1, COX-2 and iINOS
Decrease the abundance of and the mRNA
pathogenic bacteria such as expression of Claudin-
Escherichia-Shigella and 5 in colonic tissue
Clostridium_sensu_stricto_1
Berberine T2DM SD rats Increased the community richness  N/A N/A (Yao et al.,
and diversity of the gut microbiota 2020)
Increased the abundance of
Bacteroidetes and
Lactobacillaceae
Decreased the of abundance of
Proteobacteria and
Verrucomicrobia, and reduced
intestinal metabolites tyrosine,
tryptophan and phenylalanine
Berberine T2DM SD rats N/A Restored the tight Decreased (Shan et al.,
junction protein ZO-1  infiltration of 2013)
Increased villi/ inflammatory cells
mucosa height plasma and LPS level
Ameliorated in plasma
detachment of villi/
epithelial
Berberine T2DM db/db mice Increased the abundance of increased expression Decreased serum (Zhang
SCFA-producing bacteria. of both Occludin and ~ LPS level. et al., 2019)
Reduced the abundance of gut Z0-1 Down-regulated of
microbiota Narrowing the intestinal TLR/NF-xB
Decreased the abundance of intestinal epithelial signaling activities.
opportunistic pathogens. intercellula gaps.
Recovered the total SCFA
content.
Rhizoma Curcumin uc Balb/c mice  Improved the gut microbiota Decreased the Inhibited the (Zhong
curcumae diversity. inflammatory cell expression of et al., 2021)
longae (Jiang Increased Brevibacterium and infiltration. proinflammatory
Huang) Sphingobacterium. Promoted the cytokines IL-1B, IL-2,
Decreased the relative mucosal integrity IL-6, IL-9, and IL-17A
abundance of Sporosarcina, and the activation of
Alloprevotella, Ruminiclostridium, PIBK/Akt/Raptor/
Pevotellaceae_UCG-001, and Rictor signaling
norank_f_Ruminococcaceae. pathway in colonic
tissue.
Curcumin uc SD rats Increase the contents of Decreased Increased the anti- (Huang
Bifidobacterium and Lactobacillus.  Inflammatory cell inflammatory etal., 2017)
Decrease the contents of infiltration in colonic cytokine IL-4 levels in
Escherichia coli and Enterococcus.  tissues serum and the
Promoted the expression of NF-kB
Mucosal integrity and  colonic tissue.
the healing of ulcers. Decreased IL-1B
and IL-6 levels, TNF-
o.and IL-8
expression in serum.
Curcumin Chronic Intestinal N/A Reduced MLCK Decreased the (Wang
inflammatory  epithelial cells expression secretion of IL-1B etal., 2017)
disease (Caco-2 and Prevented LPS- and the
HT-29) and induced phosphorylation/
macrophages disorganization of ZO-  activation of p38
1, Claudin-1, Claudin-  MAPK
7 as well as actin Increased the
filaments secretion of IL-10.
Curcumin T2DM SPF rats Increased Bacteroidetes and Decreased the Decreased LPS, (Huang
Bifidobacterium contents of DAO in the  TNF-o, and TLR4/ et al., 2021)
Suppressed Enterobacterales serum. NF-«B signaling
and Firmicutes Promoted the pathway in the
expression of ZO-1 serum.
and occluding in in the
ileal tissue.
Tetrahydrocurcumin  T2DM db/db mice Decreased the relative N/A N/A (Yuan et al.,
abundance of Proteobacteria, 2020a)
Actinobacteria and the ratio of
Firmicutes to Bacteroidetes.
Radix Astragali ~ Astragalin uc C57BL/6J  Increased the abundance of Increased ZO-1, Down-regulated (Peng et al.,
seu Hedysari mice potentially beneficial bacteria such  occludin, and Muc2 in - TNF-q, IL-6, IL-1B 2020)
(Huang Qi) as Ruminococcaceae. colonic tissue. levels and the NF-kB
Decreased the abundance of Improved intestinal signaling pathway in
potentially harmful bacteria such mucosal barrier the colon.
as Escherichia-Shigella. function. Inhibited colonic
infiltration by
macrophages and
neutrophils,
ameliorated
metabolic
endotoxemia.
Astragaloside IV T2DM Kunming Increased Anaerobacter, Decreased the Up-regulated (Gong
mice Romboutsia, permeability of the AMPK/Sirt1 and et al., 2021)
Alkalibacteria, Canadidatus intestinal mucosa. PIBK/AKT signaling
stoquefichus, Oligobacterium, pathways in liver
Brautella, Erysipelatoclostridum. tissues.
Decreased Bacteroides,
Oscillibacter, Parabacteroides,
Roseburia Muribaculum.
increased butyric acid levels.
Radix Ginseng ~ Ginsenoside Rg1 uc Balb/c mice Increased Lachnospiraceae. Inhibited the Down-regulated IL-  (Long et al.,
(Ren Shen) Decreased Staphylococcus, pathological damage 6, IL-33, CCL-2 and ~ 2022)
Bacteroide and to the colon. TNF-a; Up-
Ruminococcaceae_UCG_014. Decreased ulcer regulated IL-4 and
formation and IL-10in colonic
inflammatory cell tissues.
infiltration. Inhibits the
activation of Nogo-B/
RhoA signalling
pathway.
Ginsenoside Rg5 T2DM Lepr® Increased Bacteroides, Increased the Reduced the protein ~ (Wei et al.,
mutant db/  Alloprevotella, Parabacteroides, expression levels of expression of TNF-o,,  2020)
db mice Ruminococcus, Clostridium XVIll,  occludin and ZO-1. IL-6, IL-1B in serum
Butyricicoccus, Vampirovibrio. and in liver tissues.
Reduced Lactobacillus, Dcreased LPS
Akkermansia, Acetobacteroides, levels. Inhibited
Acetatifactor, Enterorhabdus, TLR4-related
Anaerotruncus, Intestinimonas. inflammatory
signaling pathways.
Rhizoma Polysaccharides uc C57BL/6J  Increased community richness Rescued the Decreased (Feng et al.,
Atractylodis mice and reversed the disturbed destructed tissue proinflammatory 2020)
Macrocephalae structure of the gut microbiota. architecture, as cytokines including
(Bai Zhu) Increased Lactobacillus and evidenced by TNF-a, IL-18, IL-1B in
Butyricicoccus. restoration of crypt the colon.
structure and
reduction of
inflammatory cell
infiltration.
Reduced
histopathological
score.
Ethanol extract T2DM db/db mice  Increased B. thetaiotaomicron Attenuated intestinal  Decreased IL-1B (Zhang
and M. smithii damage including the  Levels and LPS in etal, 2017)
improvement of serum.
disorganized and Regulated the
collapsed intestinal villi, protein expression of
and swollen NF-xB p65 and
and degenerated villus  PIBK/FOXO1/PDX-1
epithelium. signaling pathways in
hepatic and
pancreatic tissues.
Folium Mori Albumin and uc C57BL/6 Increased o. diversity of gut Improved the integrity Inhibited the (Tang,
(Sang Ye) enzymatic mice microbiota and the abundance of  of the colon and production and gene  2020)
hydrolysates Muribaculaceaek. alleviates the goblet expression of pro-
Decreased Firmicutes/ cell reduction and inflammatory
Bacteroidetes ratio and the mucin secretion cytokines (IL-6, TNF-
abundance of Lachnospiraceae. caused by colitis a, IL-1p) in the colon.
Increased the contents of acetic
acid, propanoic acid, and butyric
acid.
Herbal powder T2DM SD rats Increased N/A N/A (Sheng
Phascolarctobacterium, etal., 2017)
Ruminococcus, Oscillospira,
Ruminococcaceae,
Ruminococcus, Clostridium and
§24-7, Prevotella,
Parabacteroides, Prevotella,
Bacteroides.
Decreased Bifidobacterium,
Collinsella, Eubacterium,
Coprobacillus and Dorea.
Herbal extract T2DM Male ICR N/A N/A Reduced TNF-o.in (Tian et al.,
mice the serum. 2019)
Suppressed TLR2
signalling pathway,
stimulating the insulin
signalling pathway
and the interactions
of the two through
TNF-o.
Radix Salviae ~ Salvianolic Acid A uc SDrats Increased Firmicute, Increased the mRNA  Increased the anti- (Wang
Miltiorrhizae Verrucomicrobia Akkermansia, expression of occludin  inflammatory etal,
(Dan Shen) Bacillus, Blautia, and ZO-1 in colonic cytokine TGF-B in the 2018a)
Lachnoclostridium, and tissue. colonic mucosa.
Lactobacillus. Decreased the pro-
Decreased the relative inflammatory
abundance of the Bacteroides, cytokines (IL-1PB,
Roseburia, and Ruminiclostridium. MCP-1, and IL-6) in
the colonic mucosa.
Herbal extract T2DM C57BL/6J  Increased the diversity of gut Up-regulating the N/A (Guetal,
mice microbiota and the relative tight junction proteins 2017)
abundances of Deferribacteres, expressions (ZO-1,
Anaerotruncus colihominis, Occludin and Claudin-
Mucispirilum schaedleri, 5) in ileum and colon.
Butyricimonas virosa. Reversed the
Decreased Firmicutes/ abnormal VIP and
Bacteroidetes ratio and the relative  AGEs level in DM mice
abundances of Proteus hauseri, to lighten intestinal
Helicobacter winghamensis. damage.
Radix Polysaccharide uc C57BL/6 Increased the abundance of Decreased Decreased the (Cuietal,
Scutellariae mice Firmicutes, Bifidobacterium, histological score of protein expressions  2021)
(Huang Qin) Lactobacillus, and Roseburia. colonic tissue of IL-6, IL-1B, and
Inhibit the levels of Bacteroides, Up-regulated TNF-0 in colon
Proteobacteria and expressions of ZO-1,  tissues and serum.
Staphylococcus. Occludin and Claudin- Reduced blood LPS
Restored the contents of acetic 5. levels.
acid, propanoic acid, and butyric
acid.
Water extract T2DM SD rats Increased Blautia, N/A N/A (Zhao et al.,
Lachnoclostridium, 2021)
Ruminiclostridium_5, Turicibacter.
Decreased the relative
abundances of Lactobacillus and
feacalibaculum.
Restored the contents of
secondary BAs in the serum or
faeces.
Water extract T2DM SDrats Increased Bacteroidales S24- Alleviated infitration =~ Decreased (Xiao et al.,
7group_norank, [Eubacterium] of inflammatory cells proinflammatory 2020)
nodatum group Parasutterella,
Prevotellaceae UCG-001, including monocytes cytokines TNF-a,
Ruminiclostridium, and neutrophils. IFN-y, IL-1pB in serum.
Ruminiclostridium 9.
Increased Acetic acid, Propionic
acid, Butyric acid, Isobutyric acid,
Valeric acid, Isovaleric acid.
Decreased Escherichia-shigella.
and Firmicutes to Bacteroidetes
ratio
Rheum Rhein uc C57BL/6J  Altered gut microbiota Decreased immune Decreased IL-17, (Wu et al.,
officinale (Da mice composition cell infiltration and CXCL1, and IFN-yin ~ 2020)
Huang) Increased Lactobacillus. tissue damage colon.
Restored claudin-1, Down-regulated
E-cadherin expression, the IL-17/IL-10 ratio
and mucus secretion. i colon.
Rhein T2DM C57BL/KsJ- Increased the relative abundance Increase the number  N/A (Wang
db/db mice  of Bacteroides and Akkermansia.  of L-cells in the etal,
Decreased the ratio of terminal ileum. 2018b)
Bacteroidetes and Firmicutes.
Rhubarb Root prediabetes C57BL/6J  Increased the abundance of Increased the mRNA  Decreased hepatic (Régnier
Extract mice Akkermansia muciniphila, expression of inflammation markers et al., 2020)
Parabacteroides and antimicrobial peptides  RANTES, TNF-o, IL-
Erysipelatoclostridium Reg3g and Pla2g2 6 and IFN-y
Decreased the abundance of Increased the MRNA  Decreased the
Ruminococcus and Peptococcus — expression of Intectin -~ mRNA expression of
(a key protein involved  inflammatory markers
in intestinal epithelial TNF, IL-10, Lbp and
cell turnover) Itgax in the adipose
tissue
Alcohol extract T2DM SD rats Increased the abundance of Increased the N/A (Cuietal.,
probiotic Lactobacillus and SCFA-  expression level of 2019)
producing bacteria Z0-1 and occludin in
Decreased the abundance of the  the ileum tissues
Lachnospiraceae NK4A136 group
and LPS-producing Desulfovibrio
Centella Ethanol extract uc Balb/c mice  Rehabilitated the structure and Promoted the N/A (Lietal.,
asiatica (Ji constitute of integral microbiota expressions of ZO-1, 2021a)
Xuecao) community. E-cadherin
Decreased Firmicutes, Protecting the
Proteobacteria, Helicobacter, colonic mucosal
Jeotgalicoccus, Staphylococcus. epithelial structure
Ethanol extract T2DM ZDF rats Regulated the relative N/A Decreased serum (Si, 2016)
abundances of Bacteroidetes and levels of TNF-o..
Firmicutes.
Decreased the relative
abundances of Prevotellaceae.
Herba Polysaccharide uc C57BL/6 Increased Romboultsia, Increased the protein Increased IL-5, IL- (Wang
Dendrobii (Shi mice Lactobacillus and Odoribacter. and mRNA expression 10, IL-22, IFN-y, et al., 2022)
Hu) Decreased Parasutterella, levels of Occludinand ~ TNF-o. and TGFB1 in
Burkholderia-Caballeronia- Z0-1. the colon.
Paraburkholderia, Acinetobacter. Decreased Decreased IL-1B,
endotoxin, DAO and IL-6, IL-17A, IL-17F,
D-lactic acid in serum  IL-21 and IL-23 in
and MPO contentin  the colon.
colon tissue. regulated the Nrf2/
NF-xB signaling
pathways.
Rich-Polyphenols T2DM db/db mice  Increased Bacteroidetes to N/A Decreased IL-6 in (Lietal.,
Extract Firmicutes ratios, Prevotella, serum and TNF-o.in~ 2018)
Akkermansia liver/kidney tissue.
Decreased S24-7, Rikenella,
Escherichia coll.
Licorice (Gan  Licoflavone B uc C57BL/6 Increased the relative Inhibited colonic cell  Inhibited the (Zhang
Cao) abundances of beneficial apoptosis expression of MAPK et al., 2022)
microorganisms (Bacteroides Protected the pathway-related
etal) expression of proteins ERK, p38
Decreased the Firmicutes/ occludin, claudin-1, and JNK
Bacteroidetes ratio and the relative  and ZO-1
abundances of harmful bacteria
(Enterococcus et al.)
licorice extract T2DM Kunming Increased the contents of Improved the Regulated the colon  (Zhang
mice Alloprevotella, Bacteroides, and pathological change of  TLR4/NF-xB etal,
Akkermansia colon tissue in diabetic  signaling pathway 2022b)

Decreased the contents of
Lachnospiraceae_NK4A136_group

mice, such as the
significant
inflammatory cell
infitration, the loss of
goblet cells, and the
branching and shrunk
crypts

(decrease the levels
of TLR4, NF-kB, IKK-
o, IkBo and TNF-o)

UC, ulcerative colitis; T2DM, type 2 diabetes mellitus; N/A,not applicable; TNF-a:tumor necrosis factor-¢; IL,interleukin; ZO-1,zonula Occludens; JAM-A, junctional adhesion molecule-A;
IFN-y. interferon-y,; TLR4, toll-Like Receptor 4; MyD88, myeloid differentiation factor 88; NF- kB, nuclear factor of kappa B; COX-2, cyclooxygenase 2; iNOS, nitric oxide synthase; SCFA,
short chain fatty acid; LPS, lipopolysaccharide; PI3K, phosphoinosttide 3-kinase; MLCK, myosin light chain kinase; MAPK, mitogen-activated protein kinase; DAO, diamine oxidase;
MUC2, mucin 2; AMPK, AMP-activated protein kinase; Sirt1, silent information reguiator 1; CCL-2, chemokine CC ligand-2; Nogo-B, Reticulon 4B; FOXO1, forkhead box class O1; PDX1,
pancreatic and duodenal homeobox gene-1; TGF-: transforming growth factor B: MCP-1, monocyte chemoattractant protein-1; AGE, advanced glycation end products; BAs, bile acids;
CXCL1, Chemokine (C-X-C motif) Ligand 1; Reg3g, regenerating islet-derived protein 3 gamma; PLA2G2A, phospholipase A2 group IIA; LBP, lipopolysaccharide-binding protein; ltgax,
tegrin alpha X; TGFP1, transforming growth factor beta1; Nrf2, nuclear factor E2 related factor 2; ERK, extracellular signal regulated kinase; JNK, C-Jun N-terminal kinase; IKKaz inhibitor of
kappa B (IxkB) kinase o IxB, inhibitor of NF-xkB.
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Results/Mechanisms

Gut microbiota

Increased the microbial a-diversity and the
abundance of Blautia, Akkermansia,
Erysipelatoclostridium, Roseburia and so on.
Increased the contents of butyrate, propionate,
hexanoate, isohexanoate and total-SCFAs.
Decreased the community abundance of
Bacteroides, Escherichia-Shigella, Allobaculum,
[Ruminococcus]_gauvreauii_group and Romboutsia.
Enriched Faecalibacterium, Roseburia, Clostridium
XIVa, Ruminococcus2, Dorea, Parabacteroides,
Paraprevotella, Butyricimonas, Alistipes, Gemmiger,
Butyricicoccus, and Coprococcus.

Increased beneficial bacteria such as Flavonifractor
and Acetatifactor.

Decreased opportunistic pathogens such as
Butyricimonas, Anaerofustis, Butyricicoccus,
Gammaproteobacteria.

Increased Faecalibacterium, F. prausnitzii,
Bifidobacterium, Gemmiger.

Decreased Alistipes, doribacter.

Increased the relative abundance of Oscillibacter,
Lactobacillus, Clostridium_IV, Desulfovibrio,
Clostridium_XIVa.

Decreased the o diversity of the intestinal flora and
the abundance of Parabacteroides.

N/A

Increased Parabacteroides, Blautia, and
Akkermansia.

Decrease Aerococcus, Staphylococcus,
Corynebacterium.

Up-regulation in bile acid biosynthesis.
Increased Lactococcus.

Decreased Desulfovibrio, Helicobacter.

Recovered the gut microbiota diversity

Decreased the ratio of Firmicutes/Bacteroidetes and
the

Abundance of Proteobacteria

Increased Bacteroidetes and Bacteroidaceae.

Increased Dubosiella, Bacteroides, Allobaculum,
Bifidobacterium.

Decreased the ratio of Firmicutes/Bacteroidota and
the abundance of Lactobacillus,
Clostridium_sensu_stricto_1, Enterorhabdus,
Candidatus_Saccharimonas,
Eubacterium_fissicatena_group.

Increased Intestinibacter, Sphingomonas,
Enterococcus, Ruminococcaceae UCG-014.
Increased levels of acetic, butyric, pentanoic and
hexanoic acids.

Increased bifidobacterium,lactobacillus.
Decreased enterobacter, enterococcus, clostridium,
bacteroides.

Decreased Acinetobacter, Lactobacillus, Roseburia,
Staphylococcusc.

increased Anaerostipes, Turicibacter, Bilophila,
Ochrobactrum, Psychrobacter, Prevotella.
Increased Bacteroidetes, Blautia,
Muribaculaceae_norank, Prevotellaceae UCG-001,
Ruminiclostridium 9.

Decreased the ratio of Firmicutes to Bacteroidetes,
Proteobacteria, Clostridiumsensu stricto1,
Enterobacter, Escherichia-Shigella.

N/A

Increased Bifidobacterium.
Decreased Enterococcus faecalis.

Increased Allobaculum and Bacteroides.
Decreased /leibacterium.

Increased Firmicutes, DeltaProteobacteria,
Lactobacillus.

Decreased Bacteroidetes, Actinobacteria,
Bacteroides, Clostridium.

Increased the contents of acetic acid, propionic
acid and n-butyric acid.

Intestinal mucosal
barrier

Decreased the activities
of DAO and D-lactate in
serum

Increase the expressions
of ZO-1 and Occludin.

N/A

Increased the expression
levels of ZO-1, Claudin-1,
and Occludin.

N/A

Improved damaged
colonic mucosal
epithelium.

Decreased inflammatory
cells infiltrated.
Increased the secretion
of mucin and the
expression of ZO-1 and
occludin in colonic
mucosa

N/A

Protected colon crypt
structures.

Decreased histologic
inflammation.

Inhibited the MPO
activity of colon tissue
Prevented neutrophil
infiltration to protect the
intestinal epithelial cell
barrier

N/A

Reduced inflammatory
cell infiltration of colon
mucosa.

Improved the integrity of
epithelial cells.

Reduced inflammatory
cell infiltration.
improved ileum
morphology

N/A

N/A

N/A

Increased the expression
levels of ZO-1, occludin
and claudin-1

N/A

Promoted the expression
of claudin-4, claudin-5,
claudin-8, E-cadherin,
occluding, ZO-1.
Down-regulated the
expression of claudin-1.
N/A

Inflammation

Down-regulated inflammatory
factors IL-6, IL-1B, TNF-at, IFN-y,
IL-17 and the levels of MIP-1a,
MIP-1B and CXCL1 in colon.
Up-regulate the level of IL-10 in
colon.

Reduced IL-6, IL-17, TNF-a, IFN-
¥, MCP-1, IL-1B in the serum.
Down-regulated the expression
levels of NF-xB1 and Stat1.
Reduced the expression levels of
CRP, IL-1B, TNF-or, MCP-1, and
endotoxins in the serum.

N/A

Decreased the levels of IL-1B and
TNF-o. in plasma.

Increased the level of IL-10 in
plasma.

Up-regulated plasma IL-10,
down-regulated TNF-o. and IL-1B
levels

Inhibited the expression of NF-xB
p65, p-IkKo/B, and p-lxBo
proteins in the colon

Decreased inflammatory factors
IL-1B, CRP, MDA in serum.

Suppressed TNF-a, IL-6, IL-18,
and COX-2 in colorectum.

Decreased the colonic level of
LPS.

Decreased the mRNA levels of
TLR-4, IL-1B, IL-6, IL-4 and IL-10
in colon

Inhibited colonic related
expression levels of PIBK-AKT-
HIF-1a and NF-xB pathways

N/A

Reduced IL-6 and TNF-o in
serum.

N/A

N/A

Decreased IL-13, MCP-1in
serum.

N/A

Decreased TNF-o., IFN-y, IL-6,
IL-8 and IL-1p in the colon.
Increased IL-10,IL-4 in the colon
and the levels of NF-xB and TLR4.
Decreased MCP-1, TNF-a,, hs-
CRP in serum.

Increased IL-10 in serum.
Decreased TNF-o, IFN-y, and
IL-17A in colon.

Decreased TNF-o. in serum.
Increased IL-10 in serum.
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UC, ulcerative colitis; T2DM, type 2 diabetes mellitus; N/A,not applicable; SCFA, short chain fatty acid; DAO, diamine oxidase; ZO-1,zonula Occludens-1; IL,interleukin; TNF-octumor
necrosis factor-o; IFN-y. interferon-yMIP, macrophage inflammatory protein; CXCL 1, Chemokine (C-X-C motif) Ligand 1; MCP, monocyte chemokine-1; NF-xB, nuclear factor of kappa B;
Stat 1, signal transducer and activator of transcription 1; CRP, C-reactive protein; IxKo/: IxkB kinase o/ B; IxB, inhibitor of NF-xB; MDA, malondiialdehyde; COX-2, cyclooxygenase 2; MPO,
myeloperoxidase; PI3K, phosphoinositide 3-kinase; HIF-1, hypoxia inducible factor-1.
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ltems Control DSs CA +DSS CA + DSS + DADS DSS + DADS
OTUs 598.83 + 27.72 462.67 + 41.47 484.5 + 63.4 470.83 + 33.09 572.57 £ 72.04
Chaot 771.81 + 56.89 677.52 + 42.86 687.99 + 53.67 64259 + 43.3 808.85 + 62.42
Goods_coverage 0.99502 + 0.00066 0.9948 + 0.00027 0.99486 + 0.00028 0.99556 + 0.00042 0.99445 + 0.00034
Observed_species 598.8 + 29.95 459.1 + 38.36 478.87 + 58.82 468.18 + 29.91 593.93 + 58.77
Shannon 5.43 + 0.49 353 +0.6 4.8 +0.54 5.07 +0.96 59+0.3
Simpson 0.93 + 0.03 0.75+0.12 0.92 +0.02 0.9 +0.07 0.96 + 0.01
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Treatment Pretreatment Posttreatment Reduction P

TCM NIHSS 4383 +277 222 +203 211+£1.76 0.000***
Fire-heat score 18.59 + 5.06 8.89 £ 4.01 9.7 £2.35 0.000***
mRS < 2, n (%) 5 22 = 0.000***
Bl > 85, n (%) 3 13 = 0.006™

WM NIHSS 27 +248 191 +221 0.78 + 0.85 0.001***
Fire-heat score 16.91 + 6.13 13.78 + 5.71 3.13 £ 1.89 0.000***
mRS < 2, n (%) 13 18 - 0.208
Bl > 85, n (%) 6 12 - 0.13

“5 < 0.01, *p < 0.001.





OPS/images/fcimb.2022.771748/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2022.771748/fcimb-12-771748-g001.jpg
Followun.






OPS/images/fcimb.2022.771748/fcimb-12-771748-g002.jpg
<

BKF AKF

AP

BP

AP BKF AKF

B

BKF  AKF

AP

[3

BKF  AKF

A

BP

soraads paaIasqO.






OPS/images/fcimb.2022.827129/fcimb-12-827129-g001.jpg
PCoA 2 (16.43%)

o

Relative abundance (%)

50.0%:

40.0%:

30.0%

20.0%:

10.0%

0.0%

Bacteroides

Type-A Type-B

PCoA 1 (24.47%)

D

Shannon

PCoA

Type-A Type-B

E

mRs

* pre-WM
4 pre-ITCWM
= Type-A

Type-A Type-B

Relative abundance (%)

0%

NOLOMKO—FOINOM—OAONO

OO OO OISR A OON——ONI—
EEEBEEEEEEEBEEW Seseesees

Relative abundance (%)

75%

50%

25%

0%

Veillonella

I Eggerthella
Bilophila

| Turicibacter
Desulfovibrio

I Lactobacillus

1| Fusobacterium
Anaerostipes

[ Eubacterium
Butyricimonas

M Paraprevotelia
Dialister

[ streptococcus

| Megasphaera
Megamonas

W suteerelia

~ Odoribacter

| Lachnospira
Akkermansia

1] Enterococcus
Collinsella
Clostridium
Dorea
Coprococeus

[l Parabacteroides

Prevotella

Oscillospira

' Gemmiger
Blautia

[ Phascolarctobacterium

 Alistipes

I Roseburia
Faecalibacterium
Bifidobacterium

B Ruminococcus

B Bacteroides






OPS/images/fcimb.2022.827129/fcimb-12-827129-g002.jpg
Streptococcus

Type-A Type-B
P=0.09 4 *k
154
3
&
210
z 2
0.5 i
0.0
WM  ITCM WM ITCM
Type-A Type-B
*x 0.3
221 0.2
§ 0.04
£ 0.1
©
-4
2]
-0.2{
0.0
-0.4{
-01
WM ITCM WM ITCM
Type-A Type-B
00075 % _x
0.03
0.0050{ 0.02
0.00251 0.01
0.0000 0.00
-0.0025 oo

WM TeM

WM ITéM

0.1

=4
=)

Bacteroides
S

0.02

0.01

Dorea

0.00

-0.01

Type-A

Type-B

WM ITCM WM ITCM
Type-A Type-B
** 03 *%
0.2
0.1

| o
WM ITCM WM ITCM
Type-A Type-B
XK * 0.005{
0.000
-0.0051
-0.0101
-0.0151
WM ITGM WM ITGM

©

Fire—heat score—
(]

3

0.075

0.050

Blautia

0.025

0.000

0.06

0.03

0.00

Bifidobacterium

-0.03

Type-A

Type-B

%k k

WM ITCM WM ITCM
Type-A Type-B
* %

0.010

0.005

0.000

-0.005

! -0.010
WM ITCM WM ITCM
Type-A Type-B

* %k

0.1

0.0{

0.1
WM ITCM WM ITGM

Coprococcus

Lactobacillus

Type-A

Type-B

WM ITCM WM ITCM
Type-A Type-B
0.04 y*p** yp
0.015
0.029 0.010
0.005
0.00
0.000
-0.021 -0.005
WM ITCM WM ITCM
Type-A Type-B
*
0.075
0.044
0.050
0.02
0.025
0.00{ == 0.000]
WM ITCM WM ITCM






OPS/images/fcimb.2022.827129/fcimb-12-827129-g003.jpg
[+

ANM

NOLI
aoueoIUBIS
-9100S Jeay—all4

-SSHIN | 1

Bacteroides
Bifidobacterium

| — | Clostridium

Coprococcus

Dorea

Lactobacillus
Phascolarctobacterium
Roseburia

Streptococcus

Turicibacter

Parabacteroides
Pseudoramibacter_Eubacterium

0.05

-0.05





OPS/images/fcimb.2022.827129/table1.jpg
ITCM group (n = 27) WM group (n = 23) P

Male, n (%) 15 (55.6%) 15 (65.2%) 0.569
Age, year 62.11 £15.32 56.22 + 8.73 0.102
BMI, kg/m? 25.31 +3.28 2572 + 4.44 0.953
Smoke, n (%) 12 10 1
Drinking, n (%) 9 7 0.303
Hypertension, n (%) 18 (66.7%) 17 (73.9%) 0.758
Diabetes, n (%) 7 (25.9%) 8 (34.9%) 0.548
Hyperiipidemia, n (%) 5 (18.5%) 4(17.4%) 1
Stomach, n (%) 6 (22.2%) 4 (17.4%) 0.736
Folic acid, ng/mL 725257 9.869 + 5.355 0.097
VitB12, pg/mL 375.63 + 294.52 413.667 + 253.991 0.383
HCY, pmol/L 16.98 + 10.29 16.3 + 9.926 0.778
HbA1C, % 585+ 117 641+ 1.93 0.572
GLU, mmol/L 586+ 12 6.37 + 2.37 0.984
TG, mmol/L 1.57 £0.67 1.66 + 0.87 0.8
TCH, mmol/L 4.02 +0.87 412+ 08 0.69
HD, mmol/L 1.06+0.19 1.06 + 0.23 0.778
LDL, mmol/L 247 +09 2.51+0.68 0.884
CRP, mg/I 8.55 +7.98 17.461 + 46.374 0.085
Cr, umol/L 68.74 + 19.79 62.74 + 16.11 0.35
BUN, mmol/L 296.26 + 94.5 302.78 + 65.99 0.748
UA, umol/L. 4.82 +1.58 438+ 1.26 0.34
AST, UL 23.19+6.87 2391 +9.77 0.853
ALT, IU/L 28.41+£17.53 2322 + 16.31 0.552
Fib, g/ 3.62 + 0.98 3.57 + 1.505 0.567
D-Dimer, ug/ml 0.75 + 0.94 1.161 + 2.366 0.651
TBA, pmol/L. 445+ 376 3.73+3.41 0.34
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Reverse Primer (5’-3))
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Group AST (UL) ALT (U/L) Cr (umol/L)

BUN (mmol/L)

Control 80.7 + 59.5 289+ 69 34.3:14.4
T2DM 2158 + 85.1* 74.4 + 345" 93.0 + 22.0"
Metformin 87.1 + 46.2" 35.4 + 11.9* 53.0 + 16.5"
PDJQ low-dose 173.7 £ 38444 465+ 23.7" 718+ 1604
PDJQ middle-dose 126.1 +73.2" 389+ 156" 61.8 +20.0"
PDJQ high-dose 106.6 + 43.5™ 37.6 + 15.8" 50.6 + 12,2

36+06
83+2.1"
50+1.0"
6.0 +1.8"
5.7 +15"
5.4+ 1.7

Control, T2DM, Metformin, PDJQ low-dose, PDJQ middle-dose and PDJQ high-dose (n = 10 per group) groups. Data are presented as the mean + SD. *0 < 0.01 as compared to the
control group; *p < 0.05 as compared to the T2DM group; **p < 0.01 as compared to the T2DM group; “p < 0.05 as compared to the Metformin group; ““p < 0.01 as compared to the

Metformin group.
AST, aspartate aminotransferase; ALT, alanine aminotransferase; Cr, creatinine; BUN, blood urea nitrogen.
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Group FINS (u IU/mL) HOMA-IR

Control 6.1+35 15+1.0
T2DM 15.0 + 4.6 16.6 + 6.1%*
Metformin 7.0 £3.8" 3.0+1.8*
PDJQ low-dose 1.7+55 8.7 £ 52908
PDJQ middle-dose 88+ 2.7 5.8+ 22700
PDJQ high-dose 7.5+32" 422"

Control, T2DM, Metformin, PDJQ low-dose, PDJQ middle-dose and PDJQ high-dose (n =
10 per group) groups. Data are presented as the mean + SD. **p < 0.01 as compared to
the control group; *p < 0.01 as compared to the T2DM group; ““p < 0.01 as compared
to the Metformin group.

HOMA-IR, homeostatic model assessment of insulin resistance; FINS, fasting insulin.
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Group TC (mmol/L) TG (mmol/L) HDL (mmol/L) LDL (mmol/L)

Control 180+56.2 21+07 89+27 18+0.5
T2DM 271+ 12.4% 5.4+25% 49+23* 39+ 13"
Metformin 13.8 +5.2" 27 £1.4% 7619 2.2+06"
PDJQ low-dose 17.7 £10.7 45:114 55+148 26+1.4
PDJQ middle-dose 14.6 + 8.5 35£1.2 7.7 20" 2.3+08"
PDJQ high-dose 14.0 = 3.3" 29:09" 8.1+ 1.7 2.3+:09"

Control, T2DM, Metformin, PDJQ low-dose, PDJQ middle-dose and PDJQ high-dose (n = 10 per group) groups. Data are presented as the mean + SD. *#p < 0.05 as compared to the
control group; *p < 0.01 as compared to the control group; *p < 0.05 as compared to the T2DM group; *'p < 0.01 as compared to the T2DM group; “p < 0.05 as compared to the
Metformin group.

TG, triglyceride; TC, total cholesterol: HDL, high density lipoprotein; LDL, low density lipoprotein; T2DM, type 2 diabetes mellitus; PDJQ, Pi-Dan-Jian-Qing decoction.
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Group Mice Weight (g) Spleen index (mg/g) Thymus index (mg/g) Lung W/D Ratio

Control 19.30 + 0.66 4.81+045 3.15+0.29 4.63 + 063
Model 16.77 + 1.72* 424 +064 2.27 £ 0.29" 774 £107"
QFY (L) 17.60 = 1.41 4.11+046 224 +0.19 6.85 + 058
QFY (H) 17.89 + 1.30 4.89 +0.94 2.82 +0.28" 5.30 + 0.53"

Data were expressed as mean + SD (n = 7). Significant difference from the Control group was designated as **P < 0.01. Significant difference from the Model group was designated as *P <
0.05, **P <0.01.
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No. Rt (min)

1 17
2 1.8
3 1.4
4 1
5 1.2
6 1.3
7 141
8 5.9
9 8.4
10 1.2
1 6.0
12 12
13 13
14 1.4
15 6.0
16 8.1
17 15
18 1.4
19 4.1
20 6.6
21 13
22 8.9
23 1.3
24 14
25 20
26 14.5
27 13
28 17

m/z

1451
2281
146.1
133.1
1311
125.0
464.3
203.1
209.1
133.0
191.0
115.0
120.1
1321
1221
194.1
116.1
1471
153.0
221.1
105.0
216.1
167.0
132.0
180.1
5423
105.0
154.1

Formula

CeH14N202
CoH13N304
C7H1sNO2
CsH12N202
CaHgNoOs
CaHeOs
CoeHagNOs
C11H12N20,
CioH12N203
C4HeOs
CeHgO7
C4H404
C4HgNOg
CaHoNaO
CgH11N
Ci0H11NOg
CsHgNO,
CsH10N20g
CsHaN4O2
C11H12Nz05
CsHeOs
CoHaCINOs
CsHaNaOs
CsHgNO3
CgH11NOg
CogHsoNO7P
CsHeO4
CgHgN3O2

Metabolites

L-lysine
Deoxycytidine
Acetylcholine
Ornithine
Asparagine
D-Glyceraldehyde
Glycocholic acid
DL-Tryptophan
L-Kynurenine
D-(+)-Malic acid
Gitric acid

Fumaric acid
L-Threonine
Creatine
2-Phenylethylamine
Phenylacetylglycine
D-Proline
D-(-)-Glutamine
Xanthine
5-Hydroxytryptophan
L-(-)-Glyceric acid
D-Galactosamine
Uric acid
Hydroxyproline
L-Tyrosine

Lysopc 20:4
L-(-)-Glyceric acid
L-Histidine

Control, T2DM and PDJQ high-dose (n = 6 per group) groups.
#0 < 0.05 as compared to the control group; *0 < 0.01 as compared to the control group; *p < 0.05 as compared to the T2DM group; *'p < 0.01 as compared to the T2DM group; 1, content
increased; |, content decreased; vs, versus; C, control group; T, T2DM group; P, PDJQ high-dose group; R, retention time; VIP, variable importance of projection; FC, fold change.

a: Tryptophan metabolism; b: Histidine metabolism; ¢: Glycerolipid metabolism; d: Glyoxylate and dicarboxylate metabolism; e: TCA cycle; f: Phenylalanine, tyrosine and tryptophan

biosynthesis; g: Tyrosine metabolism.
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Group SOD (U/mL) MDA (nmol/mL) GSH-Px (umol/L)

Control 1751 £21.0 43108 96.9  12.0
T2DM 116.6 + 31.0" 13.1 = 6.1% 60.8 + 16.8"*
Metformin 166.0 + 32.5 62+19" 90.3 £ 21.0"
PDJQ low-dose 1325 + 3354 10.2 + 4624 705 + 1814
PDJQ middle-dose 156.8 + 47.9" 851254 83.2 + 25.5*

PDJQ high-dose 159.8 + 28.9" 69+15" 84.2 + 13.6"

Control, T2DM, Metformin, PDJQ low-dose, PDJQ middle-dose and PDJQ high-dose (n = 10 per group) groups. Data are presented as the mean = SD. *p < 0.01 as compared to the
control group; *p < 0.05 as compared to the T2DM group; **p < 0.01 as compared to the T2DM group; “p < 0.05 as compared to the Metformin group.
SOD, superoxide dismutase; MDA, methane dicarboxyiic aldehyde; GSH-Px, glutathione peroxidase.
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Oligo name Sequence (5’ to 3°) Product size (bp)

B-actin Forward CGT AAA GAC CTC TAT GCC AAC A 163
B-actin Reverse AGC CAC CAA TCC ACA CAG AG

IL-1B Forward CAA CCA ACA AGT GAT ATT CTC CAT G 152
IL-1J3 Reverse CAT TCT GTC TCG AGC CCA CC

IL-6 Forward GCT GGA AGT CTC TTG CGG AG 80
IL-6 Reverse GCT GGA AGT CTC TTG CGG CG

IL-10 Forward ACT GGC ATG AGG ATC AGC AG 350
IL-10 Reverse AGA AAT CGA TGA CAG CGC CT

NF-«B Forward CCT CTC TCG TCT TCC TCC AC 94
NF-KB Reverse GTT TGC GGA AGG ATG TCT CC

TNF-o Forward GCA TGA TCC GAG ATG TGG AAC TGG 113
TNF-o; Reverse CGC CAC GAG CAG GAA TGA GAA G

IFN-y Forward GAG TAT TGC CAA GTT TGA GGT 123
IFN-7y Reverse CAG CGA CTC CTT TTC CGC T

TLR4 Forward GTT CTC TCA TGG CCT CCA CT 123

TLR4 Reverse GCA GGG ATT CAA GCT TCC TG
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Characteristic White Coating Group Yellow Coating Group P
(n=22) (n=16)
Age in years, median (min-max) 30 (22-34) 30 (21-38) 0.756
Gender
Male n (%) 16 (72.73) 8 (50) 0.187
Ferale n (%) 6(27.27) 8(50)
Severity of fatty liver
Mid fatty liver, n (%) 7(31.82) 6 (37.50) 0.120
Moderate fatty liver, n (%) 10 (45.45) 10 (62.50)
Severe fatty liver, n (%) 5(22.73) 0 (0.00)
ALT, U/L, median (min-max) 46.5 (20.75, 71) 33.50 (24.00, 95.25) 0.976
AST, U/L, median (min-max) 28 (20.75, 39.25) 26.00 (20.00, 41.25) 0.745
CHOL, mmol/L, median (min-max) 4.88 (4.16, 5.66) 4.51 (4.08, 5.36) 0.383
TG, mmol/L, median (min-max) 1.69 (1.10, 2.32) 1.69 (1.27, 2.29) 0.894
HDL-C, mmol/L, median (min-max) 1.06 (0.95, 1.15) 1.00 (0.99, 1.21) 0.756
LDL-C, mmol/L, median (min-max) 3.12 (2.48, 3.94) 2.66 (2.33, 3.36) 0.132
HOMA-IR, mmol/L, median (min-max) 3.83(2.38, 7.14) 4.69 (3.34, 7.61) 0.533
MONO%, median (min-max) 5.5 (4.93, 6.55) 7.15 (6.43, 8.38) 0.010
MHR (MONO%/HDL-C) 5.01 (4.27, 6.36) 6.34 (5.60, 9.55) 0.019
Weight (kg) 97.46 + 19.89 92.50 + 12.17 0.383
Protein (kg) 12.02+1.95 1147 £ 2.05 0.206
Minerals (kg) 4.15 £ 0.64 3.89 + 0.66 0.235
BFM (kg) 36.78 + 13.54 35.89 + 6.79 0.810
SLM (kg) 57.24 +9.42 53.37 + 9.56 0.222
FFM (kg) 60.67 + 9.93 56.60 + 10.10 0.224
SMM (kg) 34.29 + 591 31.756 + 6.22 0.209
BMI (kg/m?) 32.93 + 5.66 32.65 + 3.09 0.856
Overweight n (%) 4(18.18) 0(0) 0.124
Obesity n (%) 18 (81.82) 16 (100)
PBF (%) 36.94 + 8.07 38.90 + 6.06 0.418
BMR (kJ/m?-h) 1681 + 214 1693 + 218 0.224
WHR 0.98 +0.08 0.97 + 0.05 0.566
VFA (cm?) 165.09 + 61.69 166.05 + 35.27 0.956
Circumference of the neck (cm) 40.40 + 3.38 39.80 +2.85 0.563

AST, aspartate aminotransferase; ALT, alanine aminotransferase; CHOL, cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; MONO, monocytes; HOMA-IR, homeostasis model assessment-insulin resistance; BFM, body fat mass; SLM, soft lean mass; FFM, fat-free mass; SMM, skeletal

muscle mass.
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Group

White Coating Group
Yellow Coating Group
p-value

L*a*b* color model parameters of tongue coating

L* a* b*
66.73 £7.76 9.16 +3.32 1.80 + 3.45
48.32 + 9.52 16.88 +2.94 9.53 + 3.81

0.000 0.000 0.000
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Index Class RT Equati R2 ng LLOQ uLoQ
AA SCFA 5918 y = 0.973708 X + 0.442955 09996124 1/x 0.02 20
PA SCFA 6.448 y = 0357051 x + 0.027106 0999585212 1x 0.02 20
BA | scEa 6612 y = 1606677 x 0999867439 1/x | oo 20
BA SCFA | 6997 y = 10035359 x + 0.163830 0999793938 1ix 0.05 20
VA SCFA 7.25 y = 12.378349 x - 0.034708 0999799192 1/x 0.05 20
VA SCFA 7.706 y = 6223082 x + 0.136725 0999832054 1/x 0.05 20
cA SCFA | 8502 ¥ = 2534667 x 0999927206 1/x 0.05 20

Index is the name of the substance; the equation is linear; R2 is the coefficient of determination; weighting is the weight; LLOQ (ug/mL) and ULOQ (ug/mL) are the lower limits of
quantification, and the upper limit of quantification, respectively can be accurately quantified.
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ss df MS Fs

C-M 0.0700192 (0.0721107) 1(6) 0.0700192 (0.0120185) 5.82598 0.018%
C-p 0.0737904 (0.0825321) 1(6) 0.0737904 (0.0137553) 536449 0.052
Cc-z 0.0712606 (0.179587) 1(6) 0.0712606 (0.0299312) 2.38081 0.06

M-P 0.0153254 (0.0523039) 1(6) 0.0153254 (0.00871732) 1.75804 0.094
M-Z 0.105141 (0.149326) 1(6) 0.105141 (0.0248876) 4.22464 0.001**
P-Z 0.148381 (0.159775) 1(6) 0.148381 (0.0266291) 557215 0.021*

$S s the total variance, also known as the sum of squared deviations; df is the degree of freedom; MS is the mean square (difference), i.e. SS/df; Fs s the F test value; p-value is P-value,
less than 0.05 indicates between groups Significant difference. Inside the parentheses are the values corresponding to the residuals. * is P<0.05; ** is P<0.01.
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[Ireatment Control Risk Ratio  Weight

Subgroups/Study Yes No Yes No with 95% CI (%)
Herbal formulas + FOLFOX vs. FOLFOX

Jia etal.(2021) 40 12 41 13 —i— 1.01[0.82,1.25] 22.83
Xia et al.(2021) 52 8 28 32 —l——1.86[1.39,2.48] 19.02
Wang et al.(2018) 35 5 29 1 — 1.21[0.96,1.51] 22.20
Heterogeneity: ° = 0.08, I’ = 83.88%, H’ = 6.20 i 1.30[0.92,1.83]

Test of 6, = 6: Q(2) = 11.11, p = 0.00

Herbal formulas + RTX-based Chemotherapy vs. RTX-based Chemotherapy

Nan et al.(2016) 17 6 16 9 —— 1.15[0.79,1.69] 14.95
Zhang et al.(2018) 26 5 22 6 —l— 1.07[0.83,1.37] 21.01
Heterogeneity: T° = 0.00, I = 0.00%, H* = 1.00 B 1.09[0.89,1.34]

Test of 6, = 8;: Q(1) = 0.12, p = 0.73

Overall = 1.22[0.99,1.50]

Heterogeneity: T° = 0.04, I’ = 68.73%, H* = 3.20
Test of 6, = 8;: Q(4) = 12.17, p = 0.02

Test of group differences: Q.(1) = 0.71, p = 0.40

08 1 25
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[Ireatment Control Risk Ratio  Weight

Subgroups/Study Yes No Yes No with 95% CI (%)
Herbal formulas + FOLFOX vs. FOLFOX

Jia et al.(2021) 26 26 24 30 —im— 1.13[0.75,1.68] 28.96
Xia et al.(2021) 39 21 18 42 ——217[1.41,3.33] 27.52
Wang et al.(2018) 14 26 12 28 _ 1.17[0.62,2.20] 18.16
Heterogeneity: ° = 0.09, I’ = 61.24%, H’ = 2.58 T 1.44[0.92,2.25]

Test of 6, = 6: Q(2) = 5.34, p = 0.07

Herbal formulas + RTX-based Chemotherapy vs. RTX-based Chemotherapy
Nan et al.(2016) 9 14 9 14 ——@——— 1.00[0.49,2.06] 15.36
Zhang et al.(2018) 7 24 6 22 — @ —— 1.05[0.40,2.76] 9.99
Heterogeneity: 1° = 0.00, I* = 0.00%, H’ = 1.00 1.02[0.57,1.81]

Test of 6, = 6;: Q(1) = 0.01, p = 0.93

Heterogeneity: T° = 0.06, I’ = 42.85%, H> = 1.75
Test of 6, = 8;: Q(4) = 6.57, p = 0.16

e
Overall T 1.32[0.94,1.86]
_—_

Test of group differences: Q.(1) = 0.87, p = 0.35
05 1 -
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Ireatment Control
Study Yes No Yes No

Risk Ratio  Veight
with 95% CI (%)

Baietal.(2017) 23
Sun et al.(2020) 8
Liu et al.(2019) 18
Yue et al.(2016) 20

Overall

Heterogeneity: T = 0.00, I = 0.00%, H” = 1.00

22 12 32
30 32
42 51
45 57

Testof 6, = 6;: Q(3) = 0.82, p=0.84
Testof 8 =0:z=3.75,p=0.00

—.—

L
.

—

1.87[1.07,3.28] 39.31
1.46[0.58,3.71] 14.25
2.00[0.98,4.09] 24.13

——2.50[1.19,5.26] 22.31

1.96[1.38,2.79]

4 1 96
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Ireatment Control Risk Ratio  VWeight
Subgroup/Study Yes No Yes No with 95% CI (%)
Herbal formulas + FOLFOX vs. FOLFOX
Wang et al.(2014) 39 29 16 —&——— 1.34[1.051.72] 9.30
Zhong et al.(2019) 35 27 14 I m———— 1.30[1.01,1.67] 880
Heterogeneity: 1° = 0.00, I = 0.00%, H’ = 1.00 —— 1.32[1.11,1.58]
Test of ;= 6;: Q(1) =0.04, p = 0.84
Herbal formulas + 5-FU+CF+Paclitaxel vs. 5-FU+CF+Paclitaxel
Li et al.(2010) 33 3 7 —E——— 0.95[0.77,1.18] 11.46
Lin et al.(2017) 27 27 7 —R—— 0.97[0.76,1.25] 9.1
Heterogeneity: 1° = 0.00, I” = 0.00%, H* = 1.00 R 0.96[0.82,1.13
Test of 6, = 8;: Q(1) = 0.01, p = 0.91
Herbal formulas + other chemotherapy vs. other chemotherapy
Li et al.(2016) 40 10 36 14 —T 1.11[0.89,1.39] 10.82
Xie et al.(2020) 56 52 4 - - 1.08[0.99,1.17] 29.25
Jia et al.(2017) 51 8 42 17 — 1.21[1.00,1.47] 13.27
Heterogeneity: 1° = 0.00, I = 0.00%, H’ = 1.00 <> 1.10[1.02,1.18]
Test of 6, = 6;: Q(2) = 1.32, p = 0.52
Herbal formula + Apatinib vs. Apatinib
Wang et al.(2019) 28 2 20 10 —®—1.40[1.07,1.83] 7.99

Heterogeneity: =000, =.%H =.
Test of ;= 6;: Q(0) =0.00,p=.

Overall
Heterogeneity: 1° = 0.00, I” = 34.19%, H’ = 1.52
Test of 6, = 6;: Q(7) = 11.12, p = 0.13

Test of group differences: Q,(3) = 9.74, p = 0.02

10

i | 40

- 1.14

1.07,1.83]

1.04,1.24]
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TC, mmol/L 5.16 £ 0.61 5.12 £ 0.57 5.21 £ 0.44 4.2 +0.49%

TG, mmol/L 2.72 +0.34 2.78 + 0.31 2.89 + 0.36 1.25 + 0.21°%*

LDL-C, mmol/L 322 £0.56 3.25+£0.37 3.14 £ 0.30 2.57 £0.33**

HDL-C, mmol/L | 1.48 +0.21 1.40 £ 0.18 1.46 + 0.24 1.80 + 0.18**

The data are shown as the mean + S.E.M, **P <0.01 and **P<0.001 vs start period of the same
group.
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Fecal samples should be collected immediately after defecation.

Before sampling, the urine should be discharged to avoid contamination.

The feces should be collected in a dry and clean special bedpan. Avoid using sitting or squatting toilets.

A sterile sampling device should be used to collect the feces. There should be no disinfectant or sewage in the excrement collector. Avoid the use of metal
containers.

The excreted feces should be classified according to the Bristol fecal classification method. It is recommended to collect 3-4 grade feces. Under special
circumstances, hard feces of grades 1-2 can be collected. However, collection of sparse grade 5-7 feces should be avoided, especially grade 7 feces should not be
collected unless there is a particular research need.

The excreted feces on the inner side of the middle and posterior segments should be taken. In order to prevent the adverse effects of feces contacting external
microorganisms, the surface layer of the feces should not be taken.

The sample collection volume is approximately 1-2 grams. If the sample volume required for the research is larger, it should be divided into multiple collections not to
exceed 1-2 grams per collection.
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Ireatment Control Risk Ratio  VVeight
Subgroup/Study Yes No Yes No with 95% CI (%)
Herbal formulas + FOLFOX vs. FOLFOX
Wang et al.(2014) 28 17 17 28 —_— 1.65[1.06,2.55] 8.76
Zhong et al.(2019) 27 14 16 25 —— 1.69[1.09,2.62] 8.65
Heterogeneity: 1° = 0.00, I” = 0.00%, H* = 1.00 T 1.67[1.22,2.28]
Test of 6, = 6;: Q(1) = 0.01, p = 0.94
Herbal formulas + 5-FU+CF+Paclitaxel vs. 5-FU+CF+Paclitaxel H
Li et al.(2010) 25 17 23 17 —@— 1.04[0.72,1.49] 12.48
Lin et al.(2017) 22 13 21 13 —@—— 1.02[0.70,1.47] 12.33
Heterogeneity: 1° = 0.00, I = 0.00%, H’ = 1.00 T 1.03[0.79,1.33
Test of 6, = 8 Q(1) = 0.00, p = 0.95
Herbal formulas + other chemotherapy vs. other chemotherapy
Li et al.(2016) 27 23 22 28 t———— 1.23[0.82,1.84] 10.26
Jia et al.(2017) 34 25 21 38 —_—— 1.62[1.08,2.43] 10.12
Xie et al.(2020) 5 6 36 20 —— 1.39[1.12,1.72] 33.09
Heterogeneity: 1° = 0.00, I = 0.00%, H’ = 1.00 < 1.40[1.18,1.66]
Test of 6, = 8;: Q(2) = 0.90, p = 0.64
Herbal formulas + Apatinib vs. Apatinib
Wang et al.(2019) 17 13 9 21 ————®%—————189[1.01,355] 432
Heterogeneity: T° = 0.00, I° = %, H’ = . e | 39 [1.01,3.55
Test of 6, = 6;: Q(0) =-0.00,p=".
overall > 1.35[1.18,1.54]

Heterogeneity: 1° = 0.00, I = 4.26%, H’ = 1.04
Test of 6, = 6;: Q(7) = 8.22, p = 0.31

Test of group differences: Q,(3) = 7.31, p = 0.06
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Components Composition

Ash content (g/100g) 4.25
Moisture (g/100g) 3.56
Carbohydrate (g/100g) 63.7
Protein (g/100g) 9.47
Fat (g/100g) 1.07
Fiber (g/100g) 17.9
Soluble fiber (g/100g) 5.6
insoluble fiber (g/100g) 12.3
Vitamin E (mg/kg) 13.7
Vitamin K (1g/100g) 253
Vitamin B1(mg/100g) 0.52
Vitamin B2 (mg/100g) 0.21
Vitamin C (mg/100g) 0.3
Folate (ug/100g) 47.1
Sodium (mg/kg) 900
Potassium (mg/kg) 872
Magnesium (mg/kg) 630
Iron (mg/kg) 32.67
Zinc (mg/kg) 12
Manganese (mg/kg) 10
Calcium (mg/kg) 1350
Phosphorus (mg/100g) 260
Iodine (mg/kg) 0.06
Chromium (mg/kg) 1.5
molybdenum(mg/kg) 41
Linoleic acid (g/100g) 0.12
choline(mg/100g) 2.1
L-carnitine (mg/kg) 3.9
Taurine (mg/100g) 1.48
Energy (kJ/100g) 1263.66
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Ireatment Control

Outcomes/Study Yes No Yes No

Risk Ratio
with 95% CI

VWeight

(%)

Intestinal obstruction

Yoshikawa et al.(2015) 3 93 2 97
Akamaru et al.(2015) 1 40 2 38
Heterogeneity: T° = 0.00, I = 0.00%, H’ = 1.00
Test of 6, = 6;: Q(1) = 0.59, p = 0.44

Diarrhea

Yoshikawa etal.(2015) 2 94 1 98
Heterogeneity: 1° = 0.00, I = %, H’ = .

Test of 8, = 6;: Q(0) = 0.00, p = .

Ventosity

Yue et al.(2019) 1 39 4 36
Heterogeneity: T = 0.00, I’ = %, H’ =

Test of 6, = 8: Q(0) = -0.00, p = .

Nausea and vomiting

Yoshikawa etal.(2015) 1 95 1 98
Yue et al.(2019) 3 37 4 36
Heterogeneity: T° = 0.00, I = 0.00%, H’ = 1.00
Test of 8, = 6;: Q(1) = 0.04, p = 0.84

Overall
Heterogeneity: T° = 0.00, I = 0.00%, H’ = 1.00
Test of 8, = 6;: Q(5) = 2.47, p = 0.78

Test of group differences: Q.(3) = 1.85, p = 0.61
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Community heatmap analysis on Genus level
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Ireatment Control Mean Difr. Vveignht
Study/Subgroups N Mean SD N Mean SD with 95% CI (%)
Herbal formulas + ERAS vs. ERAS
Chen et al.(2020) 40 11.85 1.62 44 1393 17 —— -2.08 [-2.79,-1.37] 36.55
Cao et al.(2020) 30 11.59 3.44 30 13.74 3.58 —— |-2.15[-3.93,-0.37] 20.37
Heterogeneity: T° = 0.00, I° = 0.00%, H’ = 1.00 - -2.09 [-2.75,-1.43]
Testof 6= 6; Q(1)=0.01, p=0.94
Herbal formulas + EN vs. EN
Li et al.(2020) 55 12.35 341 55 1649 425 ——— -4.14 [-5.58,-2.70] 24.87
Yu et al.(2019) 45 1282 403 45 1655 539 — W —— -3.73[-5.70,-1.76] 18.21

Heterogeneity: T° = 0.00, I° = 0.00%, H’ = 1.00
Test of 8, = 8; Q(1) = 0.11, p = 0.74

Overall
Heterogeneity: T° = 0.74, I’ = 60.35%, H’ = 2.52
Test of 6, = 8; Q(3) = 7.94, p = 0.05

Test of group differences: Qy(1) =7.82, p =0.01

-4.00 [-5.16,-2.84]

-2.91[-4.01,-1.80]
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Taxonomy Pathway ID Pathway Name KO KO function
L. acidophilus ko02024 Quorum sensing K03217 YidC/Oxa1 family membrane protein insertase
K03076 Preprotein translocase subunit SecY
ko02010 ABC transporters K05847 Osmoprotectant transport system ATP-binding protein
K16785 Energy-coupling factor transport system permease protein
L. murinus ko02024 Quorum sensing K03076 Preprotein translocase subunit SecY
ko02010 ABC transporters K05847 Osmoprotectant transport system ATP-binding protein
K16785 Energy-coupling factor transport system permease protein
L. johnsonii k002024 Quorum sensing K03217 YidC/Oxa1 family membrane protein insertase
K03076 Preprotein translocase subunit SecY
k002010 ABC transporters K05847 Osmoprotectant transport system ATP-binding protein
K16785 Energy-coupling factor transport system permease protein
L. reuteri ko02024 Quorum sensing K03217 YidC/Oxa1 family membrane protein insertase
K16785 Energy-coupling factor transport system permease protein
B. pseudolongum ko02010 ABC transporters K16785 Energy-coupling factor transport system permease protein
K17318 Putative aldouronate transport system substrate-binding protein
K17320 Putative aldouronate transport system permease protein
R. ilealis k002024 Quorum sensing K03217 YidC/Oxa1 family membrane protein insertase
K03076 Preprotein translocase subunit SecY
k002010 ABC transporters K05847 Osmoprotectant transport system ATP-binding protein
K16785 Energy-coupling factor transport system permease protein
K17318 Putative aldouronate transport system substrate-binding protein
K17320 Putative aldouronate transport system permease protein
T. sanguinis ko02024 Quorum sensing K03217 YidC/Oxa1 family membrane protein insertase
ko02010 ABC transporters K16785 Energy-coupling factor transport system permease protein
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Conditions Compounds/

Diarrhea

Diarrhea

Diarrhea

Diarrhea

Colitis

Colitis

Colitis

Colitis

Colitis

Dose/Period

Extracts
Atractylodes Ginseng and Atractylodes 1:1 40 mg/
macrocephala  kg/d; 42days
volatile oil and
total
ginsenosides
Shenzhu Saponins and polysaccharides 126.7
capsule mg/kg/day, 176.3 mg/kg/day,
(Contains Atractylodes macrocephala volatile oil
ginseng) and polysaccharides 35.3ul/kg/day,
192.3mg/kg/day; 64days
Fermented 0.125-2 g/kg/day; 5days
ginseng
Ginseng 100 mg/kg; 7days
polysaccharide
Ginseng 228 mg/kg/day; 7 days
polysaccharide
Ginseng 50-200 mg/kg
polysaccharide
Ginsenoside
Rk3
Ginsenoside 30 and 60 mg/kg/day; 56 days
Rk3
Red ginseng 4 mi/kg; 14 days

and coix seed

Models

5-fluorouracil
induced
Kunming mice

Chemotherapy-
induced
Kunming mice

8D rats

Lincomycin
hydrochloride-
induced Balb/c
mice
DSS-induced
8D rats

DSS-induced
SD rats

C57BlY
6JFandd mice

HFD-C57BL/6
mice

TNBS-induced
Wistar rats

Gut microbiota

Up

Fir, Lac

Fir, Lac,
Clo,
Des,
Allo

Lac, Bif,
Ent, Bac

Fir, Act,
Lac, Str

Bif, Clo,
Lep, Lac

Pro, All

Bac, All,
Bla

Bac,
Lac,
Rum,
Par,
Mur,
Pre, Ara,
But

Lac, Bif

Down

Bac,
Pro,
Rum,
Ana,
Des
Bac,
Pro,
Prevo

Pro,
Bac

Ent,
Bac

Fir, Akk

Fir

Fir, Pro,
Hel,
Clo,
Ak,
Ent,
Ana,
Ace
Col

Mechanisms

Reduces diarrhea index, thymus, and spleen
index, improves the pathological changes of
colon, increases body weight by reducing the
content of TNF-o,, IFN-y, IL-6, IL-1B, IL-17 in
serum

Improves the body weight by decreasing diarrhea
rate, thymus spleen index and colonic
pathological changes

Inhibits the NF-xB pathway to reduce
inflammation and inhibits the expression of. TLR4,
increase weight by lowering the liver index
Reduces water intake and body weight by
improving the morphology of intestinal mucosa

Reduces anal prolapse, surrounding hyperemia by
decreasing MPO activity, serum IL-1B, IL-6, TNF-
o levels, and increasing IL-4, IL-10 levels.
Ameliorates intestinal mucosal tissue injury and
intestinal inflammation by enhancing mTOR
dependent autophagy, inhibiting NF-xB
inflammatory pathway, and decreasing il-6, TNF-o.
and IL-8 inflammatory factors.

Repairs intestinal barrier dysfunction by increasing
the expression of tight junction proteins (ZO-1,
Occludin and Claudin-1), reducing colonic
inflammatory cytokine levels, and suppressing
TNF-a, IL-1pB, and IL-6 overproduction.

Inhibits the NF-xB pathway, the expression of
McP-1, STAMP2, NADPH, TNF-o,, TLR4 and
increases the expression of ZO-1, Occludin and
SCFAs to decrease the serum levels of TNF-a, IL-
1B, IL-6, LPS.

Improves bloody stools and body weight.by
decreasing MCV and MCH and reducing DA,
MPO, MDA levels.

Mur, Muribaculaceae; Pre, Prevotellaceae; Ara, Arabidopsis; Allo, Alloprevotella; Prevo, Prevotae TNBS, trinitro-benzene-sulfonic acid.

Refs.

(Wang
etal,
2019a)

(Wang
etal,
2019b)

(Qu
etal,
2021)

Qi
etal,
2019)

(Shen
etal,
2018)
(Wang
etal,
2021)

(Bai
etal,
2021)

(Chen
etal,
2021)

(Guo
etal,
2015)
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Conditions Compounds/ Dose/ Models Gut microbiota Mechanisms Refs.
Extracts Period
Up Down
NAFLD Ginseng extract 200 HFD-induced Bac, Eps, Ver Fir, Inhibits the NF-kB/Ikf pathway, and increases the expression  (Liang
mg/kg C57BL/6J male Pro, of ZO-1, Occludin, CPT-1a to decrease the level of TC, TG, etal.,
mice Act AST, ALT, LDL-C, TNF-a, IL-1B, IL-6, FAS, ACC-1 in serum 2021)
and liver.

Alcoholic Fermented ginseng 390 Alcohol feeding- Bif, Lac, Akk, Pep,  Reduces the TNF-o, IL-6, LPS, ALT, AST levels of serum to (Fan
liver injury mg/kg/ C57BL/6N Rum, Eub, BIil, Col, decrease the liver index. etal.,
day; 56 Deh, Sut, All, Ent, 2019)

days Osc, Dor Par
Liver conjugate Fe@Fe ; O 70 mg/ Dimethylnitrosamine- Bac, Ver, Rum,  Fir, Increases the lifetime and alleviate the pathological state of (Ren
cancer 4 nanoparticles with ~ kg; 490 induced C57BL/6 AKk, Bar Lach, liver by inhibiting the proliferation of tumor cells. etal,
ginsenoside Rg3 days mice Rik 2020)

(NpRgg3)

Eub, Eubacterium; Erys, Erysipelotrichaceae; Kle, Klebsiella; Meg, Megamonas; Dia, Dialister; Eps, Epsilonbacteraeota; Act, Actinobacteria; Deh, Dehalobacterium; Sut, Suterella; All,
Allobaculum; Osci, Oscillospira; Pep, Peptostreptococcaceae; Col, Colibacillus; Ent, Enterococcus; Lach, Lachnospiraceae; Rik, Rikenella.
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Conditions Compounds/ Dose/ Models Gut microbiota Mechanisms Refs.

Extracts Period
Up Down

Obesity Ginseng extract 4g; 56 days Obesity middle-  Bif, Fae, Reduces the BW, BMI and GLU, TC, TG of the serum. (Song
aged Korean Bla etal.,

women 2014)
Metabolic Korean red ginseng 6000 mg/  patients with Bac Fir, Pro Improves metabolic syndrome by reducing systolic blood (Seong
syndrome  powder day; 56 metabolic pressure, serum lipid metabolism markers TC and LDL levels etal,
days syndrome and insulin resistance. 2021)

NAFLD KRG powder 4.5mg/g; 2 Patients with Bif, Esc, ~ Fir, Fae,  Reduces AST, ALT, TC, TG, y-GT levels in the liver. (Hong
capsules (including  g/day; 28 nonalcoholic Eub, Par, Meg, etal,

Rg1, Rb1, Rg3) days statohepatitis Erys, Kle Dia 2021)
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Trend

Adduct MetaboName Calezd s Error Formula sD sD sD
+FGL +FGH +EZ
1 13.403 [M-H]- Phosphatidylinositol 18 885.54987 -0.62 C47H83013P . . - il
1 2 5714 [M+H]+ 5-Hydroxyindole-3-Acetic Acid 192.06552 -2.24 CI0HINO3 ghid - - - ‘
‘ 3 1.286 [M-H]- D-Gluconic Acid 195.05103 -6.77 C6H1207 e -
‘ 4 1.268 M)+ Sn-Glycero-3-Phosphocholine 258.10956 2.01 C8H2INOG6P o G e ™
‘ 5 1.435 [M+K]+ Xylose 189.01598 -1.69 C5H1005 . - ¥ i
\> 6 | 13409  [M+Hac-H]- Phosphatidylserine 18 83452905 -0.80 C46H78NO10P e bl
7 1.294 [M-H! Dihydroxyacetone Phosphate 168.99075 -9.70 C3H706P o, e - ki
8 5.852 [M-H]- 3-Indoxyl Sulfate 212.0023 -4.81 C8H7NO4S i = - ™
9 4018 [M+H]+ Tyrosine 182.08118 -0.49 CY9H1INO3 o - - -
10 1372 [M-H20-H] 3-Sulfino-L-Alanine 152,002 -8.03 C3H7NO4S i = - s
11 1.361 [M-H]- (5-L-Glutamyl)-L-glutamine 27410446 | -3.54 C10H17N306 it - o -
12 5.124 [M-H]- 3"-Dephosphocoenzyme A 686.1416 -490 | C21H35N7013P2S | | - - =
13 | 4656 M+K]+ Thiamine Diphosphate 448.04001 -1.85 C12H19]j407PZS f* - - -
14 1252 M]+ Choline 104.10645 8.55 C5H14NO o - e -
15 | 1234 M+H]+ Arginine 17511896 | -3.77 C6H14N402 " - - -
16 134 M+H]+ 5,6-Dihydro-5-Methyluracil 129.06586 031 C5H8N202 i - e -
17 | 5166 M+H]+ Indoline 120.08077 075 C8HIN o - - -
18 | 1449 M-H]- Alpha-D-Glucose-1,6-Diphosphate 33898877 | -1.27 C6H14012P2 T e - -
19 6.82 M+H]+ Thiamine 304.07547 9.44 [CI2HI7N40S)+ | |* - - -
20 | 5199 M+H]+ Threonylleucine 233.151 -9.99 C10H20N204 * - - -
21 5.86 M-HJ- Hippurate 178.05 -1.68 C9HINO3 g i T* ges
22 | 1375 M+H]+ Proline 1160706 129 C5HINO2 £ - - -
23 | 5442 M-H]- 3-(4-Hydroxyphenyl)lactate 181.05063 5.25 C9H1004 1 - - -
24 | 2277 M+H]+ Methionine 150.058 173 CSHIINO2S i - - -
25 273 M-H]- Adenosine-3-Monophosphate 346.05582 -5.29 CI10H14N507P * e e e
26 | 9173 [M"Hfmo] Glycohyocholic Acid 488.29901 1.62 C26H43NO6 1* - - -
27 | 2731 [2M-H]- Deoxyguanylic Acid 693.12292 9.51 C10H14N507P 1 e el 1™
28 | 1285 [M-H]- Mucic Acid 209.03029  -5.69 C6H1008 f* 1 - iy
29 | 2134 [M-H]- Uridine 5-Monophosphate 32302859 | -0.19 C9H13N209P i * o -
30 | 8279 [M+NH4]+ Cholic Acid 426.32141 -4.93 C24H4005 it - - -
31 | 11587 [M-H]- Linoleic Acid 27923294 | -0.86 CI8H3202 1* W - I
32 1401 M+H]+ Thiazolidine-4-Carboxylic Acid 134.02702 194 C4H7NO2S * - " =
33 | 5328 M+H]+ Indole-3-carbaldehyde 14606004 | -1.78 COH7NO i g - - -
34 1631 M+H]+ Thymidine-5"-Diphosphate 403.03021 727 | CIOHI6N2011P2 | 1* - his -
35 | 13403 2M-H]- Phosphatidylinositol Lyso 20 619.28888 375 C29H49012P o e - -
36 752 M-H]- Prostaglandin E1 35323334 | -2.18 C20H3405 * - - -
‘ 37 5.262 M+H]+ Leucylproline 229.15511 -5.15 CI11H20N203 i - - o
‘ 38 | 13.399 M-H]- Phosphatidylglyceride 16 74751819 229 C40H77010P it - b -
‘ 39 1304 M+H]+ Betaine 11808626 | -0.34 C5HIINO2 " o - -
‘ 40 | 5166 M+H]+ Phenylalanine 16608626 | -2.89 C9H11NO2 T - - -
| a1 | 3455 M-HJ- Guanceine:seDiphdsphosBetasL 58807495 | -281 | CIGH25N5015P2 | |* = e rer
Fucose
42 | 1554 M+H]+ Beta-D-Fructose 1,6-Bisphosphate 341.00333 -2.61 C6H14012P2 i i - -
13| 2166 M-HJ- Guancsine 3'-Diphosphate-D- 60406989 | 223 | CI6H25N5016P2 | | - ~ e
Mannose
44 1316 M+H]+ L-Argininosuccinate 291.12991 -3.78 C10H18N406 P - - -
45 | 13404  [M+Hac-H]- Phosphatidylinositol 16 857.51855 -4.34 C45H79013P g - - il
46 2,609 M-H]- cis-Aconitate 173.00916 -8.67 C6H606 i - - 1

"1" and "|" indicate relative increasing or decreasing trends of metabolites, and "-" indicates no significant difference between the two groups. “p<0.05, “*p<0.01,

#*p<0.001 indicate statistically

significant differences between the control group and the sleep deprivation (SD) group. *P<0.05, **p<0.01, ***p<0.001 indicate statistically significant differences between the treatment groups
(SD+FGL/SD+FGH/SD+EZ) and the SD group.
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Conditions

Obesity

Obesity

Obesity

Obesity

Obesity

T2DM

T2DM

T2DM

T2DM

T2DM

Compounds/
Extracts

Ginseng extract

Water extract of
red and white
ginseng

KRG extract

Rb1 and
salvianolic acid B

Monascus ruber
fermented
ginseng

Ginsenoside T19

Ginsenoside Rg5

Red ginseng,
Aronia, shiitake
mushroom,
nattokinase
BuZangTongLuo
decoction

Ginseng
polysaccharides
+Rb

Dose/Period

10 mg/kg; 56
days

5.5 mi/kg; 70
days

235 mg/kg; 28
days

Rb1 20 mg/kg +
salvianolic acid B
100 mg/kg; 5
days

200-400 mg/kg/
d 28 days

10-60 mg/kg; 42
days

1.0 mg/mL; 28
days

0.5-1 g/kg; 84
days

5 g/kg/day; 21
days

Polysaccharides
0.2-1g/kg Rb
160 mg/kg; 30
days

Models

db/db
mice

HFD-
induced
BALB/c
mice
HFD-
induced
C57BL/6
mice
HFD-
induced
C57BL/6
mice
HFD-
induced
SD rats

HFD
+STZ-
induced
C57BL/6
mice
db/db
mice

HFD-
induced
SD rats

HFD-
induced
C57BL/6J
mice

HFD-
induced
Wister rats

Gut microbiota

Up

Efa

Lac,
Bac,
Para

Ver,
AKK,
Par,
Muc
Fir, Bac,
Cor, Adl

Bac,
Pre

Pro,
Bac

Bac,
Lac, All,
Bar,
Cop,
Par
Bac,
Des

Bac,
Pro,
Ver, Bif,
Akk

Fir

Down

Fir

Pro, Def, Lac,
Hel, Bar, All,
Osc

Hel, Muc,
Def, Dor

Fir, Mur

Fir, Cop, Str,
Rum, Ana,
Ros, Aci

Fir, Clo, Hel,
Fla, Pse, Dor,
Ace, Bil, Ros,
Sci

Fir, Clo, Ery

Fir, Bla, Wei,
Esc, Shi, Kur

Bac

Mechanisms

Increases myristoleic acid, brown adipose tissue activation and
beige fat formation to reduce adiposity.

Increases UCP1 and LCFAs levels to decrease body weight, LPS,
IFN-y, IL-1B, IL-6, IL-10.

Up-regulates insulin and leptin levels to down-regulate body
weight, fat, GLU, Insulin resistance, GOT, GPT.

Declines the serum GLU, TC, TG, LDL-C, FFA and reduces the
BW.

Decreases the relative expression levels of SREBP-2 and HMG-
CoA reductase, TC contents in blood and liver, increases the
expression level of CYP7A1 to improve lipid levels in blood and
lipid metabolism disorders.

Decreases the levels of GLU, OGTT, ITT, TC, TG and LDL by
increasing the expressions of GLUT4, PI3K, AKT, GSK3p and
AMPK

Inhibits the NF-kB pathway to decrease IL-6, IL-1B levels of serum,
decreases the expression of TLR4 and increases the expression of
Occludin, ZO-1, IkB-o.. to decrease liver index, Glu.

Decreases GLU and insulin resistance by inhibiting islet B cell
apoptosis and increasing bone mineral density.

Reduces the Water and food intake to control GLU.

Increases B-glucosidase activity to lower blood sugar levels.

Refs.

(Quan
etal,
2020)
(Zhou
etal,
2020)

(Lee
etal,
2021)

(Bai
etal.,
2021)

(Zhao
etal,
2021)

Xu
etal,
2020)

(Wei
etal,
2020)

(Yang
etal,
2018)

(Zheng
etal,
2020)

[(5]
etal,
2018)

Bif, Bifidobacterium; Fae, Faecalibacterium; Bla, Blautia; Efa, Efaecalis; Lac, Lactobacillus; Fir, Firmicutes; Bac, Bacteroidetes; Para, Parabacteroides; Ver, Verrucomicrobia; Akk,
Akkermansia; Muc, Mucispirillum; Pro, Proteobacteria; Def, Deferribacteres; Hel, Helicobacter; Bar, Barnesiella; All, Allistipes; Osc, Oscillbacter; Cor, Coriobacteriaceae; Adl, Adlercreutzia;
Dor, Dor; Cop, Coprobacter; Par, Parasutterella; Clo, Clostridium; Fla, Flavonifractor; Pse, Pseudoflavonifractor; Ace, Acetatifactor; Bil, Bilophila; Ros, Roseburia; Sci, Scilibacter; Str,
Streptococcus; Rum, Ruminococcus; Ana, Anaerotruncus; Ros, Roseburia; Aci, Acidobacteria; Des, Desulfovibrio; Ery, Erysipelothrix; Ver, Verrucomicrobia; Bla, Blautia; Wei, Weissella;
Esc, Escherichia; Shi, Shigella; Kur, Kurthia; STZ, streptozocin.
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Category Mean (HFFD) Mean (NC)  95.0% lower CI  95.0% upper Cl  Difference between means p-value
alpha-Linolenic acid metabolism 0.015560353  0.002938945 0.004363418 0.020879399 0.012621409 0.007794797
Pertussis 0.082692666  0.021797423 0.020738964 0.10105152 0.060895242 0.008115229
Nucleotide excision repair 0.358741223  0.416833767 -0.097146444 -0.019038644 -0.058092544 0.008952555
Synthesis and degradation of ketone bodies  0.02113517  0.030816229 016311732 -0.003050386
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Category Mean (HFFD) Mean (NC)  95.0% lower CI  95.0% upper Cl  Difference between means p-value

Translation proteins 0.874890023  0.930738032 -0.072877101 -0.038818918 -0.05584801 6.53E-05

Protein export 0.570890696  0.648995841 -0.104925004 -0.051285285 -0.078105144 0.000150275
Inorganic ion transport and metabolism 0.314941567  0.205608464 0.071004319 0.147661887 0.109333103 0.00017334
Arachidonic acid metabolism 0.027333234  0.009168234 0.011749403 0.024580597 0.018165 0.000182417
Sulfur relay system 0.277160852  0.189979502 0.05603477 0.118327932 0.087181351 0.000197334
Ubiquitin system 0.011082686  0.002531344 0.005394877 0.011707808 0.008551342 0.000246426
Aminoacyl-tRNA biosynthesis 1.042870217  1.210518376 -0.230561541 -0.104734776 -0.167648159 0.000275528
Pyrimidine metabolism 1.698997381  1.981432841 -0.389283154 -0.175587765 -0.28243546 0.000290889
Biosynthesis of unsaturated fatty acids 0.170103188  0.089659632 0.049894747 0.110992365 0.080443556 0.000298439
Caprolactam degradation 0.060707558  0.015310048 0.02814692 0.062648099 0.045397509 0.000299682
Transcription related proteins 0.012791271  0.004541361 0.005114328 0.011385492 0.00824991 0.000300132
Ribosome 2.1258525 2532428518 -0.562643781 -0.250508255 -0.406576018 0.000320728
Chagas disease (American trypanosomiasis)  0.008481049 1.74E-05 0.005211346 0.0117159 0.008463623 0.000323007
Methane metabolism 1.195459714  1.377981386 -0.254712831 -0.110330513 -0.182521672 0.000391433
African trypanosomiasis 0.009076382  0.001118353 0.004532621 0.011383439 0.00795803 0.000679797
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Sample Raw reads Q20(%)* Q30(%)* Clean reads Clearance(%) Q20(%)° Q30(%)°

NC1 50963 97.41 95 44489 127 98.92 97.65
NGC2 42772 97.49 95.12 37398 12.6 98.91 97.62
NC3 61282 97.45 95.06 53638 125 98.94 97.66
NC4 54857 97.47 95.08 48129 123 98.93 97.64
NG5 48538 97.45 95 42467 125 98.91 97.62
HFFD1 50924 97.35 94.88 43974 13.6 98.9 97.65
HFFD2 48476 97.4 94.97 42165 13.0 98.88 97.61
HFFD3 41431 97.55 95.23 36101 129 98.94 97.72
HFFD4 62077 97.44 95.03 53476 13.9 98.87 97.57
HFFD5 50172 97.34 94.88 43684 129 98.9 97.6
HFFD-Y1 48949 97.42 95.01 42587 13.0 98.9 97.59
HFFD-Y2 52449 97.52 95.18 45909 125 98.91 97.63
HFFD-Y3 43235 97.24 94.73 37811 125 98.9 97.59
HFFD-Y4 30244 97.33 94.83 26157 13.5 98.86 97.52
HFFD-Y5 53039 97.42 95.03 46556 122 98.9 97.64

aQuality control results of Raw reads; ®Quality control results of Clean reads.
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Gene

Actin

FADS1

FADS2

ACOX1

ACOX2

Description
actin
fatty acid desaturase 1
fatty acid desaturase 2
acyl-CoA oxidase 1

acyl-CoA oxidase 2

Gene id

11461

76267

56473

11430

93732

Primers (5'—3)

Forward GGGAAATCGTGCGTGACA
Reverse CAAGAAGGAAGGCTGGAAAA
Forward AGCACATGCCATACAACCATC
Reverse TTTCCGCTGAACCACAAAATAGA
Forward AAGGGAGGTAACCAGGGAGAG
Reverse CCGCTGGGACCATTTGGTAA
Forward TAACTTCCTCACTCGAAGCCA
Reverse AGTTCCATGACCCATCTCTGTC
Forward CACCCTGACATAGACAGTGAAAG
Reverse CTGGGTCACGTTGGATGAGG
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Name Website

Databases
The Plant List http://www.theplantlist.org/
Chinese Pharmacopoeia http://db.ouryao.com/yd2015/
Medicinal Plant Names Services https://www.kew.org/science/our-science/science-services/medicinal-plant-names-services
UNITE https://unite.ut.ee/
SILVA https://www.arb-silva.de/
QIME http://qgiime.org/
Software
Trim Galore https://github.com/FelixKrueger/TrimGalore
FLASH2 https://www.dgtech.com/flash2/
Mothur http://mothur.org/
Usearch http://www.drive5.com/usearch/
R project https://www.r-project.org/
SPSS 22.0 https://www.ibm.com/
Metastats http://metastats.net/

Lefse https://huttenhower.sph.harvard.edu/lefse/
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Chinese name

Huangqi
Yinyanghuo
Fuling
Baizhu
Heshouwu
Shanzha
Haizao
Yujin
Taoren

Botanical ID*

161231
161102
161208
161208
170216
161130
170205
161206
161006

Botanical name®

Astragalus mongholicus bunge.
Epimedium brevicornu Maxim.

Poria cocos(Schw.)Wolf
Atractylodes macrocephala Koidz.
Fallopia multiflora (Thunb.) Haraldson
Crataegus pinnatifida Bunge
Sargassum pallidum (Turn.) C.Ag.
Curcuma aeruginosa Roxb.

Prunus persica (L.) Batsch

Genus Family®

Leguminosae
Berberidaceae
Polyporaceae
Compositae
Polygonaceae
Rosaceae
Sargassaceae
Zingiberaceae
Rosaceae

Used part

Dried root

Dried rhizome
Dried sclerotium
Dried rhizome
Dried root
Mature fruit
Dried frond
Dried root
Mature seed

Weight (g)

30
12
15
12
10
24
10
10
10

Region

Inner Mongolia
Shanxi
Zhejiang
Zhejiang
Zhejiang
Shandong
Shandong
Sichuan
Shandong

“The herb name has been checked by The Plant List (http://www.theplantiist.org), Chinese Pharmacopoeia (http://db.ouryao.com/yd2015/), and Medicinal Plant Names Services (https://
www.kew. org/science/our-science/science-services/medicinal-plant-names-services).
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gastric emptying rate (% ) = (net stomach weight/gross stomach weight ) x 100 %
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fecal water content (% )

it of the feces/wet weight of the feces) x 100 %
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Outcome
No. of participants
(studies)

Perioperative gastric cancer
Time to bowel sound recovery (herbal medicine + ERAS vs.

ERAS)
No. of participants: 120 (2 RCTs)

Time to first flatus (herbal medicine + EN vs. EN)
No. of participants: 200 (2 RCTs)

Time to first defecation (herbal medicine + EN vs. EN)
No. of participants: 200 (2 RCTs)

Time to first oral feeding (herbal medicine + EN vs. EN)
No. of participants: 200 (2 RCTs)

Time to out-of-bed activity (herbal medicine + EN vs. EN)
No. of participants: 120 (2 RCTs)

Duration of hospitalization (herbal medicine + ERAS vs.
ERAS)
No. of participants: 204 (2 RCTs)

Duration of hospitalization (herbal medicine + EN vs. EN)
No. of participants: 200 (2 RCTs)

Advanced gastric cancer

ORR (herbal medicine + FOLFOX vs. FOLFOX)
No. of participants: 172 (2 RCTs)

ORR (herbal medicine + 5-FU+CF+paclitaxel)
No. of participants: 151 (2 RCTs)

ORR (herbal medicine + other chemotherapy vs. other
chemotherapy)
No. of participants: 330 (3 RCTs)

DCR (herbal medicine + FOLFOX vs. FOLFOX)
No. of participants: 172 (2 RCTs)

DCR (herbal medicine + 5-FU+CF+paclitaxel)
No. of participants: 151 (2 RCTs)

ORR (herbal medicine + other chemotherapy vs. other
chemotherapy)

No. of participants: 330 (3 RCTs)

KPS improvement rate (herbal medicine + 5-FU+CF
+paclitaxel vs. 5-FU+CF+paclitaxel)

No. of participants: 129 (2 RCTs)

Perioperative colorectal cancer

Time to first flatus (herbal medicine + SC vs. SC)
No. of participants: 153 (3 RCTs)

Postoperative colorectal cancer

Mean PFS (Quxie Capsule vs. control)
No. of participants: 140 (2 RCTs)

KPS improvement rate (herbal medicine + chemotherapy vs.
chemotherapy)
No. of participants: 416 (4 RCTs)

Advanced colorectal cancer

ORR (herbal medicine + FOLFOX vs. FOLFOX)
No. of participants: 306 (3 RCTs)

ORR (herbal medicine + RTX-based chemotherapy vs. RTX-
based chemotherapy)

No. of participants: 105 (2 RCTs)

DCR (herbal medicine + RTX-based chemotherapy vs. RTX-
based chemotherapy)

No. of participants: 105 (2 RCTs)

KPS improvement rate (herbal medicine + chemotherapy vs.
chemotherapy)

No. of participants: 187 (3 RCTs)

Relative effect
(95% CI)

RR 1.67
(1.21 to 2.30)

RR 1.03
(0.79 to 1.33)

RR 1.40
(1.18 to 1.66)

RR 1.32
(1.11 to 1.58)

RR 0.96
(0.82 to 1.13)

RR 1.10
(1.02 to 1.18)

RR 1.56
(1.17 to 2.09)

RR 1.96
(1.38 t0 2.79)

RR 1.44
(0.92 to 2.25)

RR 1.02
(0.57 to 1.81)

RR 1.09
(0.89 to 1.34)

RR 1.62
(1.13 to 2.32)

Anticipated absolute eftects (95% CI)

Without herbal
medicine

Mean: 20.03 h

Mean: 31.20 h

Mean: 30.15 h

Mean: 40.63 h

Mean: 12.84 h

Mean: 13.85 days

Mean: 16.52 days

38.4%

59.5%

47.9%

65.1%

81.1%

78.8%

45.3%

Mean: 56.94 h

Mean: 17.28 months

16.9%

35.1%

29.4%

74.5%

29.0%

With herbal
medicine

64.1%
(46.4 to 88.3)

61.2%
(47 t0 79.1)

67.0%
(56.5 to 79.5)

86.0%
(72.3 to 100)

77.8%
(66.5 to 91.6)

86.7%
(80.4 to 93)

70.7%
(53 to 94.7)

33.1%
(23.3 t0 47.2)

50.5%

(32.3 to 78.9)

30.0%
(16.8 to 53.2)

81.2%
(66.3 to 99.8)

47.0%
(32.8 to 67.4)

Difference

MD 1.63 h
shorter

(2.62 fewer to 0.65
fewer)

MD 9.69 h
shorter

(10.89 fewer to
8.48 fewer)

MD 0.72 h
shorter

(1.68 fewer to 0.25
more)

MD 2.74 h
shorter

(3.94 fewer to 1.54
fewer)

MD 2.11h
shorter

(3.04 fewer to 1.19
fewer)

MD 2.09 days
fewer

(2.75 fewer to 1.43
fewer)

MD 4 days fewer
(5.16 fewer to 2.84
fewer)

25.7% more

(8.1 more to 49.9
more)

1.8% more

(12.5 fewer to 19.6
more)

19.2% more

(8.6 more to 31.6
more)

20.8% more

(7.2 more to 37.8
more)

3.2% fewer

(14.6 fewer to 10.5
more)

7.9% more

(1.6 more to 14.2
more)

25.4% more

(7.7 more to 49.4
more)

MD 3.26 h
shorter

(13.75 fewer to
7.23 more)

MD 8.7 months
more

(3.27 more to
14.13 more)

16.2% more
(6.4 more to 30.3
more)

15.4% more

(2.8 fewer to 43.8
more)

0.6% more

(12.6 fewer to 23.8
more)

6.7% more

(8.2 fewer to 25.3
more)

18.0% more

(3.8 more to 38.3
more)

Certainty

Low™

Low™

Low™

OO

Low™®

[ele]

Low™

OO0

Low™

[elele]
Very low’

ab.c

[e]ele]
Very low™"

a

[ele]

Low™

[o/e]

Low™

OO0
Very low™"

o

[e]ele]
Very low™"

ce

000
Very low*"

[e]ele]
Very low*"

[elele]
Very low™"

Cl, confidence interval; MD, mean difference; ERAS, enhanced recovery after surgery; RCTs, randomized controlled trials; EN, enteral nutrition; ORR, objective response rate; DCR, disease
control rate; KPS, Karnofsky performance status; PFS, progression-free survival.

*All studies were assessed as having ‘Some concerns’ risk of bias.
"Small study sample size.

°95% CI overlaps no effect (RR of 1.0).

dClinical heterogeneity exists.

“Statistical heterogeneity exists, I* > 50%.

The bold was generated in the original form of the SoF table in the GRADE system.
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Outcomes/subgroups

Perioperative GC

|

-

bl

o

. Time to bowel sound recovery

Herbal formulas + ERAS vs. ERAS
Herbal formulas + SC vs. SC

. Time to first flatus

Herbal formulas + ERAS vs. ERAS
Herbal formulas + SC vs. SC
Herbal formulas + EN vs. EN

. Time to first defecation

Herbal formulas + ERAS vs. ERAS
Herbal formulas + SC vs. SC
Herbal formulas + EN vs. EN

. Time to first oral feeding

Herbal formulas + EN vs. EN

. Time to out-of-bed activity

Herbal formulas + EN vs. EN
Duration of hospitalization

Herbal formulas + ERAS vs. ERAS
Herbal formulas + EN vs. EN

7. KPS score

Herbal formulas + ERAS vs. ERAS
8. Safety outcomes
8.1 Intestinal obstruction

Herbal formulas + SC vs. SC
8.2 Diarrhea

Herbal formulas + SC vs. SC
8.3 Ventosity

Herbal formulas + SC vs. SC
8.4 Nausea and vomiting

Herbal formulas + SC vs. SC
Postoperative GC
1. 2-year survival rate

Herbal formulas + FOLFOX4 vs. FOLFOX4
2. QoL

Herbal formulas + FOLFOX4 vs. FOLFOX4
3. KPS score

Herbal formulas + FOLFOX4 vs. FOLFOX4
4. Safety outcomes
4.1 Leucopenia

Herbal formulas + FOLFOX4 vs. FOLFOX4
4.2 Anemia

Herbal formulas + FOLFOX4 vs. FOLFOX4
4.3 Thrombocytopenia

Herbal formulas + FOLFOX4 vs. FOLFOX4
4.4 Diarrhea

Herbal formulas + FOLFOX4 vs. FOLFOX4

4.5 Nausea and vomiting
Herbal formulas + FOLFOX4 vs. FOLFOX4

4.6 Anorexia
Herbal formulas + FOLFOX4 vs. FOLFOX4
4.7 Hepatic and renal dysfunction
Herbal formulas + FOLFOX4 vs. FOLFOX4
4.8 Peripheral neurotoxicity
Herbal formulas + FOLFOX4 vs. FOLFOX4
Advanced GC
1. mPFS
Herbal formulas + ECF chemotherapy vs. ECF chemotherapy
2. mOS
Herbal formulas + ECF chemotherapy vs. ECF chemotherapy
3. ORR
Herbal formulas + FOLFOX vs. FOLFOX
Herbal formulas + 5-FU+CF+paclitaxel vs. 5-FU+CF+paclitaxel
Herbal formulas + other chemotherapy vs. other chemotherapy
Herbal formulas + apatinib vs. apatinib
4. DCR
Herbal formulas + FOLFOX vs. FOLFOX
Herbal formulas + 5-FU+CF+paclitaxel vs. 5-FU+CF+paclitaxel
Herbal formulas + other chemotherapy vs. other chemotherapy
Herbal formula + apatinib vs. apatinib
5. QoL score
Herbal formula + TXELOX regimen vs. TXELOX regimen
6. Performance status
6.1 KPS score
Herbal formulas + chemotherapy/apatinib vs. chemotherapy/apatinib
6.2 KPS improvement rate
Herbal formulas + 5-FU+CF+paclitaxel vs. 5-FU+CF+paclitaxel
Herbal formula + TS chemotherapy vs. TS chemotherapy
7. Safety outcomes
7.1 Leucopenia
Herbal formulas + chemotherapy vs. chemotherapy
Herbal formulas + apatinib vs. apatinib
7.2 Neutropenia
Herbal formulas + chemotherapy vs. chemotherapy
Herbal formulas + apatinib vs. apatinib
7.3 Thrombocytopenia
Herbal formulas + chemotherapy vs. chemotherapy
Herbal formulas + apatinib vs. apatinib
7.4 Anemia
Herbal formulas + chemotherapy vs. chemotherapy
Herbal formulas + apatinib vs. apatinib
7.5 Nausea and vomiting
Herbal formulas + chemotherapy vs. chemotherapy
7.6 Diarrhea
Herbal formulas + chemotherapy vs. chemotherapy
Herbal formulas + apatinib vs. apatinib
7.7 Anorexia
Herbal formulas + chemotherapy vs. chemotherapy
Herbal formulas + apatinib vs. apatinib
7.8 Hepatic dysfunction
Herbal formulas + chemotherapy vs. chemotherapy
Herbal formulas + apatinib vs. apatinib
7.9 Fatigue
Herbal formulas + chemotherapy vs. chemotherapy
Herbal formulas + apatinib vs. apatinib

Perioperative CRC

. Time to bowel sound recovery

Herbal formulas + EN vs. EN

™

. Time to first flatus
Herbal formulas + ERAS vs. ERAS
Herbal formulas + EN vs. EN
Herbal formulas + SC vs. SC

-

Time to first defecation

Herbal formulas + ERAS vs. ERAS
Herbal formulas + EN vs. EN
Herbal formulas + SC vs. SC

=

Duration of hospitalization

Herbal formulas + ERAS vs. ERAS
Herbal formulas + EN vs. EN
Herbal formulas + SC vs. SC

bdd

. Time to first oral feeding
Herbal formulas + SC vs. SC
6. Safety outcomes
6.1 Nausea and vomiting
Herbal formulas + EN vs. EN
6.2 Diarrhea
Herbal formulas + EN vs. EN
Herbal formulas + SC vs. SC
6.3 Fever
Herbal formulas + EN vs. EN
6.4 Erythema
Herbal formulas + EN vs. EN
Postoperative CRC
1. Mean PFS
Quxie Capsule vs. control
2. KPS score
Herbal formulas + chemotherapy vs. chemotherapy
3. KPS improvement rate
Herbal formulas + chemotherapy vs. chemotherapy
4. Safety outcomes
4.1 Leucopenia
Herbal formulas + chemotherapy vs. chemotherapy
4.2 Neutropenia

Herbal formulas + chemotherapy vs. chemotherapy

4.3 Anemia

Herbal formulas + chemotherapy vs. chemotherapy
4.4 Thrombocytopenia

Herbal formulas + chemotherapy vs. chemotherapy
4.5 Nausea and vomiting

Herbal formulas + chemotherapy vs. chemotherapy
4.6 Diarrhea

Herbal formulas + chemotherapy vs. chemotherapy
4.7 Peripheral neurotoxicity

Herbal formulas + chemotherapy vs. chemotherapy

Advanced CRC

. L-year survival rate

Quxie Capsule + standard treatment vs. standard treatment

»

. 2-year survival rate

Quxie Capsule + standard treatment vs. standard treatment

-

. 3-year survival rate
Quxie Capsule + standard treatment vs. standard treatment
4. mOS
Quxie Capsule + standard treatment vs. standard treatment
5. ORR
Herbal formulas + FOLFOX vs. FOLFOX

Herbal formulas + RTX-based chemotherapy vs. RTX-based
chemotherapy

6. DCR
Herbal formulas + FOLFOX vs. FOLFOX

Herbal formulas + RTX-based chemotherapy vs. RTX-based
chemotherapy

7. QoL score

Herbal formulas + chemotherapy vs. chemotherapy
8. QLQ-C30 score

Herbal formulas + chemotherapy vs. chemotherapy
9. KPS score

Herbal formulas + chemotherapy vs. chemotherapy
10. KPS improvement rate

Herbal formulas + chemotherapy vs. chemotherapy
11. Safety outcomes
11.1 Myelosuppression

Herbal formulas + chemotherapy vs. chemotherapy
11.2 Nausea and vomiting

Herbal formulas + chemotherapy vs. chemotherapy
11.3 Diarrhea

Herbal formulas + chemotherapy vs. chemotherapy
11.4 Hepatic and renal dysfunction

Herbal formulas + chemotherapy vs. chemotherapy

Number of trials Number of
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112
112
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151
330
60
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151
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60
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442
129
100
619

60

128
60

241
60

129
60

693

379
60

326
60

280
60

82
60
110
69
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153
69
170
82
69
60

51
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110

110
102

110
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416

487

149

316
308
487
220
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54
54
54
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306
105

306
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157
106
273

187

295
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Effect estimate

MD = -1.63, 95% CI (-2.62, ~0.65)

D = -22.36, 95% CI (-25.05,
-19.67)

D = -9.69, 95% CI (-10.89, —8.48)

D = -6.65, 95% CI (-8.88, —4.42)

D = -0.72, 95% CI (~1.68, 0.25)

D =-2.74, 95% CI (-3.94, -1.54)

MD = -2.11, 95% CI (-3.04, -1.19)

MD = -2.09, 95% CI (-2.75, —1.43)
MD = -4.00, 95% CI (-5.16, —2.84)

MD = 4.58, 95% CI (3.53, 5.63)

RR = 1.02, 95% CI (0.25, 4.21)

RR = 2.06, 95% CI (0.19, 22.37)

RR = 0.25, 95% CI (0.03, 2.14)

RR = 0.80, 95% CI (0.23, 2.86)

RR = 1.03, 95% CI (0.91, 1.16)

MD = 0.94, 95% CI (0.70, 1.18)

MD = 0.94, 95% CI (7.55, 11.03)

RR = 0.78, 95% CI (0.50, 1.20)

RR = 0.66, 95% CI (0.33, 1.31)

RR = 0.54, 95% CI (0.16, 1.82)

RR = 0.50, 95% CI (0.26, 0.97)

RR = 049, 95% CI (0.30, 0.80)

RR = 0.61, 95% CI (0.44, 0.85)

RR = 0.75, 95% CI (0.28, 2.02)

RR = 0.46, 95% CI (0.22, 0.97)

MD = 0.34, 95% CI (0.20, 0.48)

MD = 0.24, 95% CI (0.13, 0.35)

RR = 1.67, 95% CI (1.21, 2.30)
RR = 1.03, 95% CI (0.79, 1.33)
RR = 140, 95% CI (1.18, 1.66)
RR = 1.89, 95% CI (1.01, 3.55)

RR = 1.32, 95% CI (1.11, 1.58)
RR = 0.96, 95% CI (0.82, 1.13)
RR = 1.10, 95% CI (1.02, 1.18)

RR = 1.40, 95% CI (1.07, 1.83)

MD = 3.62, 95% CI (3.31, 3.93)

RR = 1.56, 95% CI (1.17, 2.09)
RR = 1.39, 95% CI (0.88, 2.20)

RR = 0.83, 95% CI (0.70, 0.98)

RR = 0.29, 95% CI (0.12, 0.69)

RR = 0.73, 95% CI (0.56, 0.95)
RR = 0.30, 95% CI (0.09, 0.98)

RR = 0.82, 95% CI (0.48, 1.39)
RR = 0.25, 95% CI (0.06, 1.08)

RR = 0.56, 95% CI (0.35, 0.89)
RR = 0.25, 95% CI (0.08, 0.80)

RR = 0.62, 95% CI (0.45, 0.85)

RR = 0.70, 95% CI (0.53, 0.91)
RR = 0.22, 95% CI (0.05, 0.94)

RR = 0.73, 95% CI (0.51, 1.06)
RR = 0.11, 95% CI (0.01, 0.82)

RR = 0.63, 95% CI (0.18, 2.17)
RR = 0.25, 95% CI (0.06, 1.08)

RR = 0.49, 95% CI (0.31, 0.77)
RR = 0.13, 95% CI (0.02, 0.94)

MD = -4.74, 95% CI (-6.08, —3.40)

MD = -10.61, 95% CI (~16.77, —4.45)

D = -3.26, 95% CI (-13.75, 7.23)

MD = -12.12, 95% CI (~17.16, ~7.08)

MD = -2.29, 95% CI (-3.16, —1.42)

MD = -1.50, 95% CI (-3.29, 0.29)
MD = -0.46, 95% CI (-1.18, 0.26)

D = -6.45, 95% CI (-14.23, 1.33)

RR = 2.00, 95% CI (0.19, 21.42)

RR = 1.00, 95% CI (0.06, 15.59)
RR = 0.70, 95% CI (0.04, 11.33)

RR = 0.33, 95% CI (0.01, 8.01)

RR = 0.33, 95% CI (0.01, 8.01)

MD = 8.70, 95% CI (3.27, 14.13)

RR = 1.96, 95% CI (1.38, 2.79)

RR = 0.83, 95% CI (0.71, 0.98)

RR = 0.92, 95% CI (0.82, 1.02)

RR = 1.00, 95% CI (0.91, 1.11)

RR = 0.78, 95% CI (0.55, 1.09)

RR = 0.68, 95% CI (0.50, 0.92)

RR = 0.53, 95% CI (0.22, 1.29)

RR = 0.84, 95% CI (0.61, 1.17)

RR = 1.55, 95% CI (1.15, 2.08)

RR = 3.02, 95% CI (1.25, 7.28)

RR = 1.16, 95% CI (0.08, 17.60)

RR = 1.44, 95% CI (0.92, 2.25)
RR = 1.02, 95% CI (0.57, 1.81)

RR = 1.09, 95% CI (0.89, 1.34)

MD = 6.93, 95% CI (6.87, 6.99)

RR = 1.62, 95% CI (1.13, 2.32)

RR = 0.58, 95% CI (0.42, 0.79)

RR = 0.67, 95% CI (050, 0.91)

RR = 0.41, 95% CI (0.25, 0.67)

RR = 0.51, 95% CI (0.33, 0.79)

IZ

84.00%
99.02%
0

93.29%

60.27%

80.29%

12.32%

99.89%

12.65%

54.57%

18.85%

54.69%

37.18%

96.15%
69.26%

97.57%
95.40%

39.55%

64.42%

99.95%

0.00%

27.72%

0.01%

54.84%

81.41%

82.94%

61.24%

83.88%

0

96.02%

99.22%

GC, gastric cancer; CRC, colorectal cancer; ERAS, enhanced recovery after surgery; SC, supportive care; EN, enteral nutrition; KPS, Karnofsky performance status; QoL, quality of life;

mPFS, median progression-free survival; mOS, median overall survival; ORR, objective response rate; DCR, disease control rate; PES, progression-free survival; RR, risk ratio.
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Formulas

Shenlingbaizhu
powder (Li et al,,
2020a)

Daikenchuto
(Hanada et al.,
2021)

Danggui Buxue
Decoction (Shi
et al., 2021)
Gegen Qinlian
decoction (Li
et al., 2020b)
Livjunzi
decoction
(Cheng et al.
2021a)

Quxie Capsule
(Sun et al., 2020)

Sijunzi decoction
(Zhang et al.,
2020)

Sijunzi decoction
(Sun et al,, 2012)

Disease

Gastric
cancer

Colon cancer

Colon cancer

Colorectal
cancer

Advanced
gastric cancer

Advanced
colorectal
cancer

Postoperative
colorectal
cancer
Postoperative

colorectal
cancer

Microbiota upregulating

Lactobacillus, Bifidobacterium, bacillus/coccus ratio

Bacteroidetes, Epsilonbacteraeota, Bacteroides,
norank_f_Muribaculaceae, Alloprevotella,
Prevotellaceae_UCG-001, Parabacteroides

Bacteroides, Akkermansia, Prevotella

Escherichia coli

Actinobacteria, Lachnospiraceae, Prevotella_9,
Clostridia

Bifidobacterium, Lactobacillus

Bifidobacterium, Bifidobacterium/Escherichia coli
ratio

Microbiota downregulating

Escherichia coli, Enterococcus, Staphylococcus, Peptostreptococcus

Serratia and Bilophila (belonging to the phylum Proteobacteria)

Firmicutes/Bacteroidetes, Patescribacteria, Odoribacter, and Alistipes,
Lachnospiraceae_NK4A136_group, unclassified_f_Ruminococcaceae,
Lactobacillus, unclassified_f_Lachnospiraceae, Ruminococcaceae_UCG-014

Megamonas, Veillonella

Bifidobacterium, Lactobacillus, Enterococcus faecalis

Bacteroides, Escherichia-Shigella, Bacteroidetes, Gammaproteobacteria
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Parameters Control (n = 6) Model (n = 6) Treatment (n = 5)

Weight (g) 224.67 +8.29 308.83 + 15,70 285.00 + 17.00"
E2 (ng/L) 44.98 + 3.85 46.74 + 5.35 45.70 + 1.83

T (ng/mi) 0.69 £ 0.02 1.05 +0.14" 117 £027
FSH (hg/l) 8.10 (751, 9.29) 8.96 (8.58, 10.61) 8.75 (8.12, 9.58)
LH (hg/L) 21.47 £ 1.89 26.79 £ 5.20 27.03 £ 2.26
LH/FSH 2,60 + 0.41 2.89+0.78 3.00 + 0.44
Glu (mmol/) 4.98 + 0.41 6.08 + 1.00° 592 + 0.30
FINS (miU/) 20.38 + 0.83 20.02 + 1.60 19.32 + 0.86
HOMA-IR 451 +0.40 5.71+0.78 5.08 + 0.32
HOMA-beta 283,66 (206.35, 385.51) 141,79 (125.38, 260.29) 170,47 (139.24, 179.85)
LPS (ng/L) 67.71 + 2.80 79.48 + 10.14 71.39 + 14.17
TNF-at (og/mi) 71.71 £ 9.50 79.08 £ 11.31 56.28 + 14.73

Data are presented as mean + SD or as medians with interquartile ranges.

E2, estradiol; T, testosterone; FSH, follicle-stimulating hormone; LH, luteinizing hormone; LH/FSH, the ratio of LH to FSH; Glu, fasting plasma glucose; FINS, fasting plasma insulin; HOMA-
IR, homeostasis model assessment of insulin resistance; HOMA-beta, homeostasis model assessment for beta-cell function; LPS, lipopolysaccharide; TNF-a, tumor necrosis factor-o.
"p < 0.05, *'p < 0.01 for control vs. model group.

#n < 0.05 for model vs. treatment group.
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Disease

Hyperlipidemia

Hyperlipidemia

T2DM

Obesity and
Insulin Resistance

T2DM

Insulin Resistance

T2DM

Atherosclerosis

Hyperlipidemia

hyperglycemia

Subjects

HFD-fed hamsters

B6 mice

db/db mice

HFD-fed rats

KKAy Mice

HFD-fed rats

db/db mice

High-Fat Diet-Fed
ApoE~/- Mice

HFD-fed hamsters

db/db mice

Dosage

100mg/kg/d for
6weeks

40mg/kg/d for 35
days

100mg/kg/d for
55 days

100mg/kg/d for 8
weeks

100mg/kg/d for 8
weeks

200mg/kg/d for 8
weeks

136.5mg/kg/d for
19 weeks

50mg/kg/d for 13
weeks;
100mg/kg/d for
13 weeks

500r200mg/kg/d
for 2 weeks

210mg/kg for 4
weeks

Outcome

TC|
TGl
LDL |

TC|
TGl
LDL |
TBA |
LPS|
Weight|

FBG |
HbAlc |

FBG|

FINS|
HOMA-IR|
HbAlc|
HOMA-IR|

TGl

LDL |

FBGl

insulin resistancel

food intake |, weight |, blood

glucose| HbAlc|

atherosclerotic lesions |
TC|
LDL |

TC|
TGl
LDL |
Weight
HbAlc)
TG
LDL-c}
FFA|

Changes in Gut
Microbiota

Bacteroides? Escherichia-
Shigellat
Bifidobacterium?

A.muciniphilat
Sporobacter termitidist
Alcaligenes faecalist
Escherichia coli
Desulfovibrio|,
Parabacteroides
distasonis|

Verrucomicrobiat
A.muciniphilat
Saccharibacteria |,
Deferribacteres|
Actinobacteria|
Firmicutes|

Blautia 1
Allobaculum?t

Vibrio desulfuricus|
Enterobacter|

Bifidobacterium?
Escherichia colit

Butyricimonas?
CoprococcusT
Ruminococcust

Roseburiat

Blautiat
Allobaculum?t
Alistipest

uricibacterf

phylum Firmicutest
phylum Bacteroidetes?

bacteroideae
Clostridium,

Potential
Mechanism

NR?

mucus 1
SCFAs

mucin-2}

LBP}

LPS|

LPS|

SCFAs|,LPS|

SCFAs|

BAst

BAs?

Reterences

Yan Wang et al. (2017a)

Kai He et al. (He et al.,
2016a)

Cai Na Lietal. (Li et al.,
2020)

Xu Zhang el al (Zhang
et al., 2012).

Hui Cao et al. (Cao et al.,
2020)

Liu, D, et al. (Liu et al,,
2018)

Zhang, W., et al. (Zhang
et al,, 2019)

Wu, M, etal. (Wu et al,
2020)

Gu, S, etal. (Lietal,
2020)

Li, M,, et al.
(Debose-Boyd and Ye,
2018)

This table lists the effects of BBR on laboratory indicators and gut microbiota with different doses in metabolic diseases, and the main potential mechanisms of BBR.
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gender Age (years) PAS (score) Pre-BMD

Male/Female
Control 5/17 79.77 %4253 160.39 + 6.543 -2.845 + 0.222 -2.577 £ 0.148*
Treatment 417 79.29 + 3.635 161.99 +7.214 -2.814 £ 0.176 2262 +0.132*

PAS, Physical Activity Scale for the Elderly; Pre-BMD, Pretreatment bone mineral density; Aft-BMD, Bone mineral density after treatment. * Represents a statistically significant within group
difference before and after treatment (P < 0.05). “Represents a statistically significant difference between the groups before and after treatment (P < 0.05)
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Conditions Compounds/ Dose/Period Models Gut microbiota Mechanisms Refs.

Extracts
Up Down
Spleen Ginseng and 0.4 mg/mL Wistar rats Fir, Bac,  Act, Reverse carbohydrate metabolism, signal transduction, and (%}
deficiency Jujube seeds Lac, Bif Pro, amino acid metabolism. etal,
syndrome Str, 2020)
Esc,
Shi,
Ent, Vei
Exercise- Fermented ginseng 50 mg/kg/d 28  SD rats Bac, Ver, Fir, Pro, Decreases hypoxanthine and isoprostane, increases protein (Zheng
induced fatigue  leaf days Def Act, expression of Pax7 and MyoD1, decreases gene expression of et al.,
MyHC-I and MyHC-lIb, ameliorates the levels of acetic acid, 2021)
propionic acid, total short chain fatty acids, TNF-o. and IL-10.
Sports fatigue  Ginseng extract 1.42 g/kg; 14 Exercise- Bac, Lac, Fir, Ana Decreases the levels of IL-1pB, LA, CP, LDH, BUN and GLU by (Zhou
days induced Bif, Str, inhibiting the expression levels of TUDCA, TCDCA, UDCAS, etal,
fatigue SD Clo, Cop CDCAB and TGRS, further regulating the metabolism of butyric ~ 2021)
rats acid and tryptophan.
Neuroprotection Ginsenoside Rb1 50 mg/kg; 13 PGF-SDrats Lac Increases the levels of A subunit and B subunit in GABA and (Chen
days IL-1B, IL-6, TNF-o. to reduce neurological deficit and cerebral etal,
infarct area. 2020)
Memory Dushen Tang 0.3 g/kg/d; D-gal- Bac Lac Inhibits nerve damage and exerts antiaging effects by activating ~ (Wang
impairment 49days induced SD the cAMP signaling pathway. etal,
rats 2021)
Parkinson’s Korean red 100 mg kg MPTP- Eub Ver, Prevents MPTP-induced dopaminergic neuronal death, (Jeon
disease ginseng extract induced PD Rum, activation of microglia and astrocytes, and accumulation of o~ etal,
mice Akk synuclein in the SN, and the regulation of inflammation-related 2020)
factors in the colon.
Alzheimer's Qishen Wan 5.6-22.4g/kg  SDrats Akk, Lac,  Ali, Reduces AB;_42 concentration and decreases the levels of NF-  (Xiong
disease formula (contain Bif Lach kB, TNF-a, and IL-6 to reduce pathological damage of etal,
ginseng) hippocampus. 2022)
Alzheimer's Ginsenoside Rg1 7.5-30 mg/kg;  Conventional  Pro, Ent,  Fir, Str,  Inhibits the expression of Tau in hippocampus and cortex to (Wang
disease 56 days tree shrews  Esc Lac, improve learning and memory. etal,
Pas 2020)
Colon cancer Ginsenoside Rb3 20 mg/kg; 56 Apc Min/+ Lac, Bif,  Clo, Decreases the expression levels of INOS, N-cadherin, FOXP3, (Huang
and Rd days mice Rum, Hel, CXCL10, and increases the expression levels of arginase-1 and et al.,
Bac, Des, But, TREm-2 to reduce serum IL-1B, IL-6, IL-12, IL-17 and IL-23 2017)
Pre, Pse, Fae, size and number.
Acid Dys
Breast cancer  Ginsenoside and 2,205 g ICR mice Bif, Akk,  Bac, Inhibits the NF-xB pathway, promotes the expression of (Zhu
Cyclophosphamide ginsenosides Ver, Fir, Lach, Caspase-3, Nrf2 and tight junction protein to reduce tumor etal,
extract/6000g Lac, Act, Odo, volume and improve the pathological status of small intestine. 2021)
ginseng crude Ent Pre
drug, 1 h
Non-small cell ~ Ginseng 200 mg/kg PD-1 knock-  Mur, Ery, Pre, Reduces tumor weight, increases the levels of IFN-y, TNF-o., (Huang
lung cancers polysaccharides in mice Bur Esc, GZMB and the expression of CLCA3, TFF3, AGR2, Zg16, etal,
Lac, Pla2g10, Guca2a. 2021)
Rik,
Ach
Allergic rhiniis ~ Fermented red 20 mg/kg; 30  BALB/c mice Bac, Act  Fir Promotes the expression of IgE and inhibits the (Kim
ginseng and days myeloperoxidase activity to reduce eosinophils. etal,
ginsenoside Rd 2019)
Anxiety and Bifidobacterium 10-25 mg/kg/ 2,4, 6-TNBS-  Pro, Fir, Bac, Inhibits the NF-xB pathway, the expression levels of BDNF and (Han
depression fermented red day; 5 days induced Bac, Ent, Myeloperoxidase activity to reduce IL-6, TNF-o. and depressive et al.,
ginseng and C57BL/6 Parap, Lach, behavior. 2020)
ginsenoside Rd mice Mur, Ali Rum,
Col
Metabolism and  Ginseng extract 100 mg/kg; Wistar Rats ~ Bif, Lac,  TM7 Reduces the levels of IL-2, IL-6, IgG and IgM proinflammatory (Sun
gut microbial 238 days Meth, factors and increases the levels of IL-4, IL-10 and IgA anti- etal,
influence Para inflammatory factors by improving the immune system. 2018)

Vei, Veillonella; Meth, Methylobacteriaceae; Pas, Pasteurellaceae; Lep, leptum; Odo, Odoribacter Parap, Paraprevotella; Ali, Alistipes; Pse, Pseudomonas; Acid, Acidoides; But,
Butyricimonas; Cam, Campylobacter; Dys, Dysgonomonas.
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Rank  Countries Np TC H-index Institutions Np TC H-index

1 China 716 12325 48 Nanjing University of Chinese Medicine (China) 63 1178 19
2 USA 58 2598 24 Beijing University of Chinese Medicine (China) 59 719 15
3 South Korea 44 886 16 Chinese Academy of Sciences (China) 47 949 16
4 Japan 26 503 14 Shanghai University of Traditional Chinese Medicine (China) 46 719 16
5 Australia 12 234 6 China Academy of Chinese Medical Sciences (China) 43 1259 17
6 Germany 7 192 6 Guangzhou University of Chinese Medicine (China) 39 581 14
7 India 5 83 4 Chengdu University of Traditional Chinese Medicine (China) 37 509 11
8 UK 4 111 4 Shanghai Jiao Tong University (China) 35 1099 17
9 Netherlands 4 33 3 China Pharmaceutical University (China) 32 602 13
10 Poland 4 112 4 Sun Yat-sen University (China) 22 307 11
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Set Results Refinement

1 1087 Query formulation:
Step 1: #1 TI OR AB OR AK =(“Gut Microbi*” OR “Gut Microflora” OR “Gut Flora” OR “Gut Microbial Flora” OR “Gut Microecology” OR “Intestinal
Microbi*” OR “Intestinal Microflora” OR “Intestinal Flora” OR “Intestinal Microbial Flora” OR “Intestinal Microecology” OR “Gastrointestinal
Microbi*” OR “Gastrointestinal Microflora” OR “Gastrointestinal Flora” OR “Gastrointestinal Microbial Flora” OR “Gastrointestinal Microbial
Communit*” OR “Gastrointestinal Microecology” OR “Fecal Microbi*” OR “Fecal Microflora” OR “Fecal Flora” OR “Fecal Microbial Flora” OR “Faecal
Microbi*” OR “Faecal Microflora” OR “Faecal Flora” OR “Faecal Microbial Flora” OR “Gut Bacteri*” OR “Intestinal Bacteri*” OR “Gastrointestinal
Bacteri*” OR “Fecal Bacteri*” OR “Faecal Bacteri*” OR “Enteric Bacteri*”)
Step 2: #2 TI OR AB OR AK =(“Chinese medicine*” OR “Chinese herb*” or “Chinese drug*” OR “Chinese herbal medicine*” OR “Chinese medicinal
herb*” OR “Chinese herbal drug*” OR “traditional Chinese medicine*” OR “TCM*” OR “Chinese medicinal plant*” OR “Chinese materia medica” OR
“Chinese decoction” OR “Chinese formula” OR “Chinese prescription*” OR “Chinese patent medicine*” OR “Chinese herbal formula*” OR “Chinese
herbal compound*” OR “Chinese herbal prescription*” OR “Chinese herbal ingredient*” OR “Chinese Herbal Preparation*” OR “Herbal medicine*” OR
“Traditional medicine*”)
Step 3: #1 AND #2
Indexes =SCI-EXPANDED

2 858 Refined by PUBLICATION YEARS: (2004-2021)
3 854 Refined by LANGUAGES: (ENGLISH)
4 830 Refined by DOCUMENT TYPES: (ARTICLES OR REVIEW ARTICLES)

The wildcard

as used in place of any number of characters for the most comprehensive search of relevant literature.
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Characteristics PDC obesity group (n=30) non-PDC obesity group (n=30) BC control group (n=30) P-value
Sex 0.875
Male 138 15 14

Female 17 15 16

Age 0.515
25-35 10 11 13

36-45 20 19 17

Height(cm) 167.20 + 9.249 167.50 + 8.484 167 +9.186 0.970
Weight (kg) 90.75 + 13.74 85.18 + 9.383* 60.33 + 8.08 <0.001
BMI (kg/m?) 32.39 + 3.837** 30.38 + 2.389" 21.54 + 1.592 <0.001
Body fat (%) 34.67 + 5.249* 32.63 + 5.476* 24.35 + 5.991 <0.001
VFI 16.5(8,27) * 14(9,25) * 5(2,10) <0.001
SBP 129.1 + 12.04 124.2 + 141 122.9 + 14.05 0.176
DBP 86.73 + 9.896 84.37 + 10.44 81.5 + 9.906 0.138
Neck circumference 39.28 + 3.374* 37.58 + 3.464" 33.48 + 2.269 <0.001
Waist circumference 100.2 + 8.886™ 94.53 + 6.844" 76.89 + 5.348 <0.001
Hip circumference 111.7 + 9.668* 106.3 + 5.647* 93.3 + 4.075 <0.001
WHR 0.8992 + 0.060* 0.8895 + 0.051* 0.8243 + 0.048 <0.001
Insulin 22.93 + 17.43" 19.52 + 18.68 10.56 + 13.24 0.015
FBG 5.339 + 1.818 5.42 +1.185 4.743 + 0.539 0.091
TC 4.644 + 0.660 4.62 + 0.796 4.248 + 0.788 0.078
TG 1.521 + 0.945* 1.427 £ 0.728* 0.930 + 0.462 0.005
HDL-C 0.984 +0.126 1.014 £ 0.127 1.051 + 0.1944 0.241
LDL-C 3.124 £ 0.635* 2.986 + 0.672* 2.547 + 0.7003 0.003
hs-CRP 4.25 + 3.76" 4.777 + 5.236* 1.563 + 0.9554 0.003
UA 366.6 + 93.29" 341.4 +88.83 286.6 + 87.02 0.003
FFA 0.391 £ 0.151 0.389 + 0.171 0.360 + 0.150 0.703

Continuous, normally distributed variables among the three groups were analyzed by one-way analysis of variance. The Kruskal-Wallis H-test was applied for data of this type that was not

normally distributed. The x2 test compared categorical variables. Compared with the PH constitution group: *P<0.05; compared with the Non-PDC obesity group: *P<0.05.
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Primers 5'-3’ (forward) 5'-3' (reverse)

IL-1B CTGAACTCAACTGTGAAATGC ~ TGATGTGCTGCTGCGAGA
IL-6 GTTCTCTGGGAAATCGTGGA TGTACTCCAGGTAGCTA
TNF-a GCCTCTTCTCATTCCTGCTT TGGGAACTTCTCATCCCTTTG
GAPDH TGGTGAAGGTCGGTGTGAAC TGAATTTGCCGTGAGTGGAG
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TCM compounds

Geniposide
Rutin
Baicalin

Naringin

Berberine

Procyanidins,
anthocyanins

Tea polyphenols

Protopanxadiol-type
ginsenosides

Rhein
Sennoside

Aconitine (Diester
diterpene alkaloids)

Strychnine

Amygdalin

New metabolites Effects

Genipin Increased the
Quercetin, 4-hydroxybenzoic acid; 3,4-dDihydroxybenzoic acid; 34- dihydroxyphenylacetic acid ~ bioavailability
Deglycosylated baicalein and methylated aglycon oroxylin A

Naringenin, 4-hydroxybenzoic acid, phloroglucinol, 2,4,6-trihydroxybenzoic acid, 4-
hydroxyphenylacetic acid

Dihydroberberine

Phenylacetic acid, mono- and dihydroxyphenylacetic acids, mono- and dihydroxyphenylpropionic
acids, and hydroxybenzoic acid and protocatechuic acid

Hydroxyphenyl-c-valerolactone
Compound K and ginsenoside Rh2

Rheinanthrone
Sennidin

Mono-ester aconitum alkaloids and lipo-alkaloids Reduced the
toxic

16 hydroxystrychnine Increased the
toxic

Mandelonitrile

Reference

(Kang et al., 2012)
(Kim et al., 1998)
(Trinh et al., 2010)
(Kim et al., 1998)

(Feng et al, 2015)
(Moco et al., 2012)

(Chen and Sang, 2014)
(Kim, 2018)

(Takayama et al., 2012)
(Hattori, 1988)

(Wang et al., 2015;
Zhao et al., 2007)

(El-Mekkawy et al.,
1993)

(Carter et al., 1980)





OPS/images/fcimb.2022.907813/fcimb-12-907813-g005.jpg
E3l DSS+COG-H
E&l DSS+COG-M
B DSS+COG-L
[S] DSS+5-ASA

Il Normal
[ DpSsS

2 w2
L)

& & -

(oxd3uy/3u) SON?

(a]

¥
=3 =3 0 =) w - " P
- L) a — — —
(oxd3w/n) Xg-HSD (01dS/n) OdIN

g g8 g8 g ° & & < 45 =
L4 ° - Q ~ - - s =3
(oad3wyn) @os (oad3uy/journ) A

o w

- L] «a —

(oxd3uw/n) OVIN (GoxdS/jourd) ON





OPS/images/fcimb.2022.875513/table1.jpg
Herbal
formula

Xiexin Tang

Chaihu-
Shugan-San

Coptis
chinensis
decoction
Dahuang-
Mudan
decoction
Gegen-Qinlian
decoction

Si Miao
Formula

Huai Hua San

Huanggin
Decoction

Zengye
Decoction

Typical diseases/model

High-fat diet-induced type-2
diabetic Sprague-Dawley rats

High-fat diet-induced
non-alcoholic fatty liver disease
Sprague-Dawley rats

Normal Sprague-Dawley rats

(male)

DSS induced colitis mice

T2D patients

High fat diet induced NAFLD
mouse model

Apc™™* CRC mouse model

UC mouse model

Constipated rat model

Eftects on GM

Increased phyla Proteobacteria and Actinobacteria. Elevated abundance of Alloprevotella,
Barnesiella, Ventriosum group, Lachnospiraceae UCG-001, and Papillibacter was observed.

Decreased level of Enterobacteriaceae, Staphylococcaceae and Veillonella was detected whereas
Anaeroplasma was elevated

Acidovorax, Enterobacter and Veillonella increased whereas Bacteroides and Prevotella were
suppressed.

Firmicutes, Actinobacteria, Butyricicoccus pullicaecorum were promoted, whereas
Proteobacteria and Bacteroidetes were decrease

Promoted abundance of Faecalibacterium spp., Gemmigar, Lachnospiracea_incertae_sedis
Escherichia, Parasutteralla

Enhanced abundance of Akkermansia muciniphila

Promoted abundance of Akkermansia, Barnesiella, Lachnoclostridium, Ruminococcus;
And suppressed Helicobacter species and hydrogen sulfide producing-bacteria

Increased Lactococcus; Decreased
Desulfovibrio and Helicobacter

Decreased Desulfovibrio and Ruminococcus

References

(Wei et al., 2018)

(Liang et al.,
2018)

(Li et al.,, 2015)

(Luo et al,, 2019)

(Xu et al,, 2015)

(Han et al.,
2021)

(Xia et al,,
2020a)

(Li et al., 2020)

(Liu et al,, 2019)
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No.

Title

Understanding the Molecular Mechanisms of the Interplay Between Herbal Medicines
and Gut Microbiota

Gut microbiota, a new frontier to understand traditional Chinese medicines
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Ganoderma lucidum reduces obesity in mice by modulating the composition of the gut microbiota

Gut commensal Parabacteroides goldsteinii plays a predominant role in the anti-obesity effects of
polysaccharides isolated from Hirsutella sinensis

Structural modulation of gut microbiota during alleviation of type 2 diabetes with a Chinese herbal
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in high-fat diet-induced obese mice: potential implication of the gut microbiota
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