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Unlocking the potential of Rosa roxburghii Tratt polyphenol: a novel approach to treating acute lung injury from a perspective of the lung-gut axis
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Introduction: Acute lung injury (ALI) is a serious respiratory disease characterized by progressive respiratory failure with high morbidity and mortality. It is becoming increasingly important to develop functional foods from polyphenol-rich medicinal and dietary plants in order to prevent or alleviate ALI by regulating intestinal microflora. Rosa roxburghii Tratt polyphenol (RRTP) has significant preventive and therapeutic effects on lipopolysaccharide-induced ALI mice, but its regulatory effects on gut homeostasis in ALI mice remains unclear.

Methods: This study aims to systematically evaluate the ameliorative effects of RRTP from the perspective of “lung-gut axis” on ALI mice by intestine histopathological assessment, oxidative stress indicators detection and short-chain fatty acids (SCFAs) production, and then explore the modulatory mechanisms of RRTP on intestinal homeostasis by metabolomics and gut microbiomics of cecal contents.

Results: The results showed that RRTP can synergistically exert anti-ALI efficacy by significantly ameliorating intestinal tissue damage, inhibiting oxidative stress, increasing SCFAs in cecal contents, regulating the composition and structure of intestinal flora, increasing Akkermansia muciniphila and modulating disordered intestinal endogenous metabolites.

Discussion: This study demonstrated that RRTP has significant advantages in adjuvant therapy of ALI, and systematically clarified its comprehensive improvement mechanism from a new perspective of “lung-gut axis”, which provides a breakthrough for the food and healthcare industries to develop products from botanical functional herbs and foods to prevent or alleviate ALI by regulating intestinal flora.
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1 Introduction

Acute lung injury (ALI) is a serious respiratory disease characterized by progressive respiratory failure with high morbidity and mortality. Currently, in addition to respiratory support, ALI lacks effective medication (Gorman et al., 2022). Oxidative stress, a crucial factor in the pathological progress of ALI, is pivotal for maintenance of tissue homeostasis and protection against infections (Ornatowski et al., 2020). A high level of reactive oxygen species (ROS) could damage microvascular barriers and aggravate pulmonary edema by exceeding the body’s scavenging capacity (Meng et al., 2022).

Intestinal microbiota and their metabolites affect antibacterial action, immunoregulation and nutrient metabolism of human body (Huang et al., 2019; Iddrisu et al., 2022). Gut microecological imbalance, related to pulmonary disease, can disrupt the integrity of the intestinal barrier, activate the systemic immune system, and aggravate immune damage to the lung. This interaction between the lung and gut is called the “lung-gut axis” (Wedgwood et al., 2020). Therefore, maintaining intestinal homeostasis is essential to ameliorating lung disease. Short-chain fatty acids (SCFAs) are generated by symbiotic intestinal flora. As a vital energy source for intestinal epithelial cells, they play a significant role in maintaining microecological homeostasis of intestine and immune balance of host, and modulating gut pH value, and are “star” molecules which regarded as potential novel targets for ALI therapy (de Vos et al., 2022; Hou et al., 2022; Huang et al., 2022).

Functional foods, including flavonoids, polyphenols, terpenoids and other natural active ingredients, have the properties of regulating oxidative stress, protecting lung and ameliorating the disturbance of intestinal flora (He et al., 2021). Consequently, the food and healthcare industries are increasingly focusing on developing products to prevent or alleviate ALI by regulating intestinal flora from the plant-based functional herbal medicine and foods.

Rosa roxburghii Tratt (RRT) is an underutilized nutritional crop from the Rosaceae family with high medicinal properties and primarily distributed in the mountainous areas in southwest China. Phytochemical analyses confirmed that RRT contains organic acids, flavonoids, polyphenols and other natural active ingredients, with functional activities incomparable to other fruits (Wang et al., 2021). RRT exhibits a diversity of biological characteristics against immune disorder, inflammatory disease and tumors, and can also regulate gut microbiota dysfunction caused by hyperlipidemia and diabetes (Wang et al., 2020; Ji et al., 2022). RRT polyphenol (RRTP), including phenolic acids, coumarins, lignans, tannins, and flavonoids, is one of the most important active components of RRT. In our previous study, we confirmed that RRTP has a significant preventive and therapeutic effect on ALI mice induced by lipopolysaccharide (LPS) (Tang et al., 2022, 2023), and it is a functional food resource with great potential for adjuvant therapy of ALI. In addition, the intestinal flora of ALI mice has been found to be dysfunctional (Tang et al., 2021), and plant-based foods containing polyphenol have also been shown to alleviate inflammatory diseases by regulating intestinal homeostasis (Wu et al., 2021).

Accordingly, in order to further reveal the amelioration mechanism of RRTP on ALI, we hypothesized that RRTP had an intervention effect on intestinal microflora of LPS-treated ALI mice in this study. This intervention effect may shed light on adjuvant and complementary therapy development for ALI. To validate this hypothesis, we systematically estimated the effects of RRTP on intestinal tissues of ALI mice through intestine histopathological assessment, oxidative stress indicators detection and SCFAs production, and then explored the modulatory mechanisms of RRTP on intestinal homeostasis by metabolomics and gut microbiome of cecal contents.



2 Materials and methods


2.1 Reagents and chemicals

According to our previous research (Tang et al., 2022), RRTP is extracted from RRT fruit and preserved in microbiology and biochemical pharmaceutical engineering research center of Guizhou Medical University. Lipopolysaccharide (LPS, Escherichia coli serotype 055:B5) was purchased from Sigma-Aldrich. Acetonitrile and methanol (UPLC-grade) were collected from Merck.



2.2 Animals and drug administration

All animal experiments were performed in accordance with the Animal Care and Use Guidelines of Guizhou Medical University, and the protocols were reviewed and approved by the Animal Ethics Committee of institution (License No. SYXK (Qian) 2018-0001). Specific pathogen-free (SPF) male BALB/c mice were obtained from Changsha Tianqin Biotechnology Co., Ltd. (License No. SCXK (Xiang) 2019-0013, Hunan, China), and acclimatized in a standard mice laboratory with free access to water and food for 7 days. Animals were performed daily administration of physiological saline or RRTP. RRTP extracts dissolved in physiological saline gavage for 7 days at 10 mL/kg/d. Thirty minutes after the last administration, mice were anesthetized by intraperitoneal injection (10% chloral hydrate), and LPS (2 mg/kg) was administered by oropharyngeal instillation to establish ALI mice. Instead of LPS, physiological saline was given to the normal group. After the addition of LPS, the mice were sacrificed 24 h later, and gut tissues and cecal contents were collected and stored at −80°C for further analysis. The schematic of animal experiment protocols was depicted in Figure 1A.
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FIGURE 1
 Comprehensive evaluation of RRTP on intestinal homeostasis in ALI mice. (A) Schematic of animal experiment protocols. PS: physiological saline. LPS: lipopolysaccharide. (B) Representative micrographs of histological sections of the gut tissues in LPS-induced ALI mice. (H&E staining, original magnification ×200). (C) Pathological score of histological sections. *Compared with the model group, ***P < 0.001.




2.3 Histopathological assessment

The gut tissues were washed with PBS, fixed with 4% paraformaldehyde, dehydrated with ethanol, embedded with paraffin wax and cut into 4 μm thick sections. After successive staining with hematoxylin-eosin (H&E), histopathological alteration was evaluated with an optical microscope.



2.4 Determination of oxidative stress indicators

A supernatant was obtained for biochemical measurement of intestinal tissues after homogenization and centrifugation in cold PBS, and its protein concentration was detected according to the manufacturer’s instructions. The activity of glutathione (GSH), myeloperoxidase (MPO), superoxide dismutase (SOD) and malondialdehyde (MDA) in gut tissues were measured to evaluate the degree of oxidative stress damage in ALI mice. Oxidative stress detection kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



2.5 Measurement of short chain fatty acids

SCFAs were extracted from cecal contents with 1 mL aqueous solution. After centrifugation at 10,000 rpm for 10 min, the supernatant was collected, and SCFAs were extracted from the supernatant with 1 mL diethyl ether. Finally, the diethyl ether solution was detected by gas chromatography (GC).

The separation of SCFAs was carried out with GC system (7890B, Agilent) equipped with a DB-WAX capillary column (30 × 0.53 mm, 1 μm, Agilent). The temperature of injection port and detector were 270°C and 280°C, respectively. Injection volume was 2 μL. The initial temperature of the capillary column was set at 100°C for 1 min and then increased to 150°C at a rate of 5°C per minute for 7 min. The quantification of acetic acid, propionic acid and butyric acid was conducted by comparison with chemical standards.



2.6 Cecal contents metabolomics analysis

Endogenous metabolites in cecal contents were detected by UHPLC-Q-Exactive Plus Orbitrap-MS (Thermo Fisher Scientific). Briefly, 50 mg cecal contents was extracted with the precooled mixture of acetonitrile, methanol and aqueous solution (2:2:1). After homogenization, vortex and centrifugation at 4°C for 20 min, the supernatant was filtered through 0.22 μm membrane for metabolomics analysis.

The separation of metabolites was conducted on a 1.8 μm C18 column (2.1 × 100 mm, ZORBAX Eclipse Plus, Agilent, United States) with flow rate was 0.3 mL/min. The optimized gradient elution procedure (phase A: 0.1% formic acid H2O; phase B: 0.1% formic acid acetonitrile) was as follows: 0–2.5 min, 2–2% B; 2.5–5 min, 2–40% B; 5–12 min, 40–100% B; 12–16 min, 100–100% B; 16–16.1 min, 100–2% B; 16.1–19 min, 2–2% B. Temperature of capillary and aux gas heater were 320°C and 350°C, respectively. Ion spray voltage was 3.5/2.8 kV (+/−), S-lens RF level was 50, dynamic exclusion was 3 s, and the data was analyzed in both negative and positive modes from 100 to 1,500 m/z. Compound Discoverer 3.2 was used to pretreat MS data, including retention time correction, peak matching and peak recognition. Primary and secondary mass spectrum fragment information from KEGG and HMDB databases was used to identify metabolites. In addition, components were validated by MS2 spectroscopy using an internal metabolite spectrum library. An analysis of intestine-related metabolic pathways implicated in ALI after RRTP preventive treatment was carried out using MetabolAnalyst 5.0. Metabolic pathways with an impact value greater than 0.1 were considered significant.



2.7 16S rDNA amplicon sequencing

A CTAB method was used to extract genome DNA from cecal contents samples and 1% agarose gels were used to verify DNA purity and concentration. Bacterial 16S rDNA gene was amplified by PCR using specific primers. All PCR reactions were carried out with DNA template (10 ng), forward and reverse primers (2 μM) and Phusion® High -Fidelity PCR Master Mix (15 μL, New England Biolabs). During thermal cycling, initial denaturation was carried out at 98°C for 1 min, followed by 30 cycles of denaturation for 10 s, annealing for 30 s, and elongation for 30 s. PCR products were purified with Gel Extraction Kit (Qiagen, Germany). The sequencing libraries were prepared following the manufacturer’s instructions using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States) and index codes were also added to the libraries. Finally, Illlumina NovaSeq platform was used to sequence the library and generate 250 bp paired-end reads.



2.8 Statistical analysis

A statistical analysis was carried out using GraphPad Prism 9.0 and SPSS 23.0. For metabolomics analysis, ANOVA and student’s t-test were used to evaluate differences, with p < 0.05 considered significant. R packages (2.15.3) and QIIME were used for 16S rDNA amplicon sequencing analysis. Alpha diversity, including ACE (Abundance-based Coverage Estimator), observed-species, Chao1, and PD_whole_tree, were evaluated using OTU table in QIIME. PCA analysis in beta diversity was performed using the ade4 package and ggplot2 package in R to reduce the dimension of the original variables.




3 Results and discussion


3.1 RRTP alleviated pathological injury of intestinal tissues

Intestinal tissues were evaluated using H&E for morphological and histological changes. After physiological saline inhalation, the intestinal tissues of normal mice showed no significant histological changes (Figure 1B). Interestingly, in LPS-treated ALI mice, the gut tissues showed significant inflammatory zinfiltration, congestion as well as gut villus damage in the model group. It should be noted that after early intervention with RRTP, histopathological score of gut tissues in ALI mice was significantly decreased (Figure 1C), and the severity of pathological changes was significantly attenuated. Therefore, RRTP-mediated intestine-protection may be essential for maintaining intestinal tissues morphology.



3.2 RRTP attenuated oxidative stress damage of intestinal tissues

Excess ROS can cause the peroxidation of unsaturated fatty acid in the lipid layer of cell membranes, which stimulates neighboring epithelial or endothelial cells and amplifies tissue damage (Wang et al., 2020). Therefore, uncontrolled and prolonged oxidative stress response increases the risk of tissue injury in multiple organs, a characteristic feature of several inflammation-related lung diseases (Kawanishi et al., 2017). Accordingly, quantitative measurement of representative oxidation-related indicators of SOD, MPO, MDA and GSH in intestine samples is helpful to reveal whether RRTP can maintain intestinal homeostasis by alleviating oxidative stress response in intestinal tissues to achieve the prevention and treatment of ALI. The levels of oxidative stress indicators in the model group and the normal group were significantly different, indicating that the oxidative stress response was disturbed in the intestinal tissues of ALI mice. Notably, the increase of MPO and MDA and the decrease of SOD and GSH were remarkably restrained in ALI mice after early intervention with RRTP (Figures 2A–D), suggesting that RRTP played a direct role in the ALI therapy by inhibiting over-activated oxidative damage to maintain intestinal homeostasis.
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FIGURE 2
 Comprehensive evaluation of RRTP on oxidative stress and SCFAs in ALI mice. (A-D) The levels of SOD, MDA, MPO and GSH. (E-G) Analysis of SCFAs in the cecal contents of the ALI mice. *Compared with the model group, *P < 0.05, **P < 0.01, ***P < 0.001.




3.3 RRTP strengthened the intestinal barrier by regulating SCFAs

SCFAs, one of the most important metabolites produced by intestinal flora, are a class of organic fatty acids with no more than 6 carbon atoms, mainly including acetic acid, propionic acid and butyric acid. Many studies have confirmed that SCFAs, particularly butyric acid, can maintain intestinal homeostasis and the dynamic balance of oxidation-antioxidant response, enhance intestinal barrier (Wang et al., 2022), and they can also reduce inflammation by activating immune cells and epithelial cell receptors after entering lung tissue through blood circulation (Dang et al., 2019; Yoo et al., 2020). Consequently, we detected the SCFAs concentration in the cecum of ALI mice to investigate whether the mitigatory effects of RRTP on ALI was connected with the production of SCFAs. Our results manifested that the SCFAs concentration in cecal contents of LPS-treated ALI mice was lower than that of the normal mice, and after early intervention with RRTP, the cecal SCFAs contents of ALI mice was significantly increased (Figures 2E–G). These results revealed that RRTP strengthened the intestinal barrier by increasing the contents of intestinal SCFAs to achieve a palliative effect of RRTP on ALI.



3.4 RRTP improved cecal contents metabolic disorders

Metabolic profiling data were analyzed without grouping using PCA to determine cecal contents samples distribution and the model’s reliability. Compared with the model group, RRTP metabolomics data showed good separation without molecule selection, suggesting that RRTP have significant intervention effects on cecal contents metabolic disorders in ALI mice (Figure 3A). Supervisory pattern OPLS-DA was applied to identify differences in metabolic profiling between the two groups (Supplementary Figure S1), and its degree of reliability and fit was determined by 200 permutations. The results showed that Q2 and R2 were less than the original value, and the intersection of the vertical axis with Q2 regression line was also less than 0 (Supplementary Figure S2). In general, the pattern was reliable, stable, and not overfit, making it suitable for metabolites prediction. Differentially expressed metabolites (DEMs) were defined as variables that significantly contributed to grouping (p < 0.05, VIP >1) (Figure 3B). According to the metabolomics of cecal contents, RRTP reversed 40 endogenous metabolites, of which 30 were upregulated and 10 were downregulated (Figure 3C). Among these biomarkers, more than 50% were indoles and their derivatives, amino acids and lipids (Figures 4A–J), and the endogenous metabolites were markedly enriched in five metabolic pathways, including riboflavin metabolism, histidine metabolism, arachidonic acid metabolism, arginine biosynthesis and nicotinate and nicotinamide metabolism (Figure 4K). The results indicated that RRTP modulated the abnormal amino acid metabolism and lipid metabolism of intestine in ALI mice.

[image: Figure 3]

FIGURE 3
 Metabolomics analysis of RRTP on the cecal contents in ALI mice. (A) PCA of metabolomics data in the three groups. (B) Volcano plot of endogenous metabolites in the model group and the RRTP group. (C) Heatmap of 40 differentially expressed metabolites (DEMs).
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FIGURE 4
 Metabolomics analysis of RRTP on the cecal contents in ALI mice. (A-J) The expression level of ten representative metabolites with significant difference between the model group and the RRTP group. (K) Metabolic pathways analyzed by MetaboAnalyst. 1: Riboflavin metabolism; 2: Histidine metabolism; 3: Arachidonic acid metabolism; 4: Arginine biosynthesis; 5: Nicotinate and nicotinamide metabolism. *P < 0.05, **P < 0.01, ***P < 0.001.




3.5 RRTP alleviated the disturbance of gut microbiota

In recent years, the imbalance of intestinal flora has highlighted its role as a pivotal factor of a variety of acute and chronic pulmonary inflammatory diseases, and the disorder of gut microbiota can induce or promote the development of pulmonary inflammation (Frati et al., 2018). The holistic structural alteration of intestinal flora in response to RRTP were illustrated by analysis of the 16S rDNA gene sequencing of microorganic samples isolated from the cecal contents of the normal, model and RRTP mice.

To estimate the differences in bacterial diversity between the three groups, sequences were aligned to evaluate alpha diversity and beta diversity. There are differences in ACE, Chao1, PD_whole_tree and observed species among the three groups of samples (Figure 5A). Both weighted and unweighted PCoA analysis of beta diversity demonstrated a degree of separation of the three groups on the basis of first two PCoA (Figure 5B). These results indicated that RRTP consumption improved the species richness and community diversity of intestinal microflora in ALI mice.

[image: Figure 5]

FIGURE 5
 Systematic assessment of RRTP on gut microbiome diversity and structure in ALI mice. (A) Alpha diversity differences were estimated by the ACE, Chao1, PD_whole_tree, and observed species indices. (B) PCoA plot base of the relative abundance of OTUs showing bacterial structural clustering. Weighted UniFrac PCoA plots. Unweighted UniFrac PCoA plots. (C) Component proportion of bacterial phylum in each group. (D) Four representative bacteria significantly changed at the phylum level. (E) Circle packing diagram of bacteria at the genus level in each group. (F) Circle packing diagram of bacteria at the species level in each group. (G) The relative abundance of Akkermansia_muciniphila in the three groups. *Compared with the model group, *P < 0.05, **P < 0.01, ***P < 0.001.


Microbial taxon classification was used to determine the relative proportions of the phylum-level of dominant taxa. We noticed considerable variation in intestinal flora of samples in each group. Firmicutes (46.68% versus 14.98%), Bacteroidota (36.76% versus 56.16%), Proteobacteria (0.49% versus 21.96%), and Verrucomicrobiota (5.71% versus 2.52%) were enriched in the normal group compared to the model group (Figure 5C). Intriguingly, after early intervention with RRTP, the proportions of Bacteroidota and Proteobacteria in ALI mice were significantly reduced, while Firmicutes and Verrucomicrobiota were significantly increased, and this reversal trend was close to the normal group (Figure 5D). Notably, Verrucomicrobiota was the most predominant phylum in the RRTP group. This finding attracted the great attention of our team members, and further analysis of microflora composition at genus level and species level is helpful to reveal the intervention effects of RRTP on gut microbiota of ALI mice. The results showed that Akkermansia and Akkermansia muciniphila (A. muciniphila) were dominant in the RRTP group at the genus and species level, respectively (Figures 5E–G).



3.6 Correlation analysis

Association analysis of SCFAs with A. muciniphila, pathological score of the gut tissues, oxidative stress indicators and the representative DEMs was performed to better understand the comprehensive amelioration mechanism of RRTP on intestinal homeostasis in ALI mice (Figure 6). SCFAs, especially propionic acid and butyric acid, were closely related to the pathological score, oxidative stress indicators and intestinal endogenous metabolites (including indole and its derivatives, fatty acids) of ALI mice, suggesting that SCFAs as an effective messenger may be involved in the role of RRTP in maintaining intestinal homeostasis by alleviating intestinal tissue pathological damage, attenuating oxidative stress response and improving metabolic disorders. Conspicuously, butyric acid production was also associated with A. muciniphila, the most prominent dominant bacterium of the RRTP group, and this result accurately elucidated that butyric acid and A. muciniphila may play a synergistic role in the complex mechanism of RRTP. In addition, we also noted that A. muciniphila was negatively correlated with histopathological score, the concentration of MPO and MDA, and positively correlated with the concentration of SOD, GSH and endogenous metabolites indole derivatives. It is suggested that A. muciniphila may inhibit excessive oxidative stress response, reduce intestinal tissue injury and increase intestinal indole derivatives to promote intestinal homeostasis.
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FIGURE 6
 Correlation analysis of SCFAs with Akkermansia muciniphila, pathological score of the gut tissues, oxidative stress indicators and the representative DEMs. The orange color curve indicated the significant correlation, the green color curve indicated the statistical difference, and the gray curve indicated no significant correlation. The thickness of the curve and the size of the pentagram represent the size of the correlation coefficient. The thicker the curve (or the larger the pentagram), the greater the correlation coefficient.




3.7 Comprehensive regulation of RRTP on intestinal homeostasis in ALI mice


3.7.1 Suppression of oxidative stress response

Lung tissue damage can easily cause hypoxia in local and adjacent tissues, causing the accumulation of reactive oxygen species, leading to oxidative stress, which in turn leads to the occurrence and aggravation of ALI (Kellner et al., 2017). MDA, a lipid peroxidation product, is a common marker of oxidative damage, while MPO is an accurate evaluative indicator of neutrophil infiltration and aggregation in inflammatory diseases, involved in the development of ALI and lipid peroxidation (Wang et al., 2020). GSH can catalyze the reduced glutathione to scavenge ROS, thereby alleviating tissue damage caused by lipid peroxides (such as MDA) (Day, 2009). SOD can relieve tissue damage by removing metabolic byproducts produced by oxidative injury (Miao and St. Clair, 2009). In this study, we found that the activities of MDA and MPO were significantly increased, while SOD and GSH were remarkably decreased in the model group ALI mice. Intriguingly, after early intervention with RRTP, MDA and MPO decreased significantly, while SOD and GSH increased significantly. The RRTP-regulated lipid and amino acid differential metabolites, including docosahexaenoic acid (Tatsumi et al., 2022; Younes et al., 2022), docosapentaenoic acid (Wang et al., 2019) and histidine (Thalacker-Mercer and Gheller, 2020), identified in our metabolomics study, have effects on reducing inflammation and alleviating oxidative stress. Furthermore, Bacteroidota is one of the most aerobically tolerant anaerobic bacteria, and its relative abundance increases significantly under ascending levels of oxidative stress in the organism (Zafar and Saier, 2021). It is also involved in the release of toxic products in the process of protein decomposition, aggravating the inflammatory response of the body (Jandhyala et al., 2015). RRTP significantly decreased the relative abundance of Bacteroidetes at the phylum level in this study. Accordingly, our results suggested that oxidative stress response of RRTP on intestinal tissues of ALI mice may be achieved through effective modulation of endogenous metabolites and the composition of intestinal flora.



3.7.2 Promotion of Akkermansia muciniphila production

A. muciniphila, a “sentinel of the gut,” has emerged as a promising candidate probiotic colonizing in the mucous layer. It plays an important role in promoting host metabolic function, repairing intestinal barrier, maintaining intestinal homeostasis to reduce tissue inflammation and oxidative stress (Zhang et al., 2019; Ouyang et al., 2020). Excitingly, we found that A. muciniphila was the most significant dominant bacteria in the RRTP group in this study, with a proportion of nearly 50%, indicating that RRTP could maintain intestinal homeostasis by improving the production of A. muciniphila. Given that the production of A. muciniphila is related to multiple improvements in intestinal functions, it comes as no surprise that early RRTP intervention induced A. muciniphila adequacy would provide protection against intestinal tissue injury.



3.7.3 Enhancement of SCFAs concentration

A variety of bacteria under Firmicutes belong to probiotics, which are the dominant bacteria producing SCFAs in intestinal flora and can maintain the homeostasis of gut microbiota (Markowiak-Kopeć and Śliżewska, 2020). In addition, it has been confirmed that A. muciniphila also produce SCFAs, and that the production of SCFAs, especially butyric acid, increases intestinal barrier integrity, restrains intestinal inflammatory and oxidative stress responses and minimizes bacterial translocation (Wang et al., 2022). RRTP significantly increased the relative abundance of Firmicutes at the phylum level in this study. Consequently, our results manifested that RRTP may enhance the production of SCFAs by regulating the composition and structure of gut flora in order to maintain intestinal homeostasis.



3.7.4 Regulation of indole derivatives

Tryptophan metabolites, including indoleacetic acid (IAA), 5-hydroxyindole-3-acetic acid (5-HIAA), indole-3-aldehyde (I3A), indole-3-lactic acid (ILA), and kynurenic acid, can be produced by gut microbiota through tryptophan or kynurenine transformation pathways. These intestinal microbiota-derived tryptophan metabolites play a vital role in maintaining gut homeostasis, as well as attenuating inflammatory-related diseases (Su et al., 2022). I3A can restore mucosal integrity and inhibit inflammation by regulating intestinal microbiome (D’Onofrio et al., 2021; Zhuang et al., 2022). ILA significantly reduced LPS-induced macrophage inflammatory response and oxidative stress response, and is elevated in infant feces, showing protective effect on intestinal epithelial cells (Ehrlich et al., 2020; Meng et al., 2020). In addition, butyrate supplements have been shown to reduce the severity of inflammation in arthritis mice by increasing levels of 5-HIAA (Rosser et al., 2020). In this study, we found the disordered indoles and their derivatives in ALI mice in the metabolomic analysis of cecal contents, and RRTP reversed this disturbance. Characteristically, RRTP significantly increased the intestinal microbiota-derived tryptophan metabolites described above, suggesting that RRTP can promote the remission of lung tissue injury by improving dysregulated metabolism in ALI mice through regulation of intestinal flora.

Cumulatively, RRTP is the active components of a promising underutilized functional food source that can synergistically exert anti-ALI efficacy by significantly ameliorating intestinal tissue damage, inhibiting oxidative stress, increasing SCFAs in cecal contents, regulating the composition and structure of intestinal flora, increasing A. muciniphila and modulating disordered intestinal endogenous metabolites (Figure 7).
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FIGURE 7
 Schematic diagram representing the amelioration mechanism of RRTP improving intestinal homeostasis in LPS-induced ALI mice.






4 Conclusion

This study showed that RRTP has significant advantages in adjuvant therapy of ALI, and systematically clarified its comprehensive improvement mechanism from a new perspective of “lung-gut axis,” which provides a breakthrough for the food and healthcare industries to develop products from botanical functional herbs and foods to prevent or alleviate ALI by regulating intestinal flora.
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