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Bacillus licheniformis-based intensive fermentation of Tibetan tea improved its bioactive compounds and reinforced the intestinal barrier in mice
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Tibetan tea changes during microorganism fermentation. Research on microorganisms in Tibetan tea has focused on their identification, while studies on the influence of specific microorganisms on the components and health functions of Tibetan tea are lacking. Bacillus licheniformis was inoculated into Tibetan tea for intensive fermentation, and the components of B. licheniformis-fermented tea (BLT) were detected by liquid chromatography with tandem mass spectrometry (UHPLC-TOF-MS), and then the effects of BLT on intestinal probiotic functions were investigated by experiments on mice. The results revealed the metabolites of BLT include polyphenols, alkaloids, terpenoids, amino acids, and lipids. Intensified fermentation also improved the antioxidant capacity in vivo and the protective effect on the intestinal barrier of Tibetan tea. In addition, the enhanced fermentation of Tibetan tea exerted intestinal probiotic effects by modulating the relative abundance of short-chain fatty acid-producing bacteria in the intestinal flora. Therefore, intensive fermentation with B. licheniformis can improve the health benefits of Tibetan tea.
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1 Introduction

Tibetan tea is a typical dark tea with a history of over 1,300 years. It is produced by post-fermentation, distinguishing it from other teas in terms of its sensory quality. Tibetan tea is dark brown in appearance, orange–red in color when prepared, and has a unique aroma. It tastes refreshing and sweet rather than bitter or astringent (Zhu et al., 2020; Zhou et al., 2022). Tibetan tea is generally processed in four steps: fixation (kill-green), kneading, pile-fermentation, and drying, of which pile-fermentation is the most crucial step. During pile-fermentation, microorganisms grow alternately and produce extracellular enzymes under high-temperature and high-moisture environments, which change the biochemical composition of the tea by inducing various biochemical reactions and metabolic pathways and producing new compounds, resulting in the unique sensory characteristics and health functions of the tea (Li et al., 2018; Zheng et al., 2020; Liu et al., 2022). Consequently, microorganisms have a vital influence on the quality of Tibetan teas. Tibetan tea contains various bioactive substances, including tea polyphenols, tea polysaccharides, and theabrownin, leading to various health benefits associated with its consumption, such as antioxidant, lipid-lowering, immunomodulatory, and antihypertensive effects (Chen et al., 2018; Zheng et al., 2020; Zhu et al., 2020).

Numerous studies have demonstrated the beneficial effects of tea on the intestinal flora (Liu et al., 2018, 2020; Bond and Derbyshire, 2019; Zhou et al., 2021). The gut microbiota comprises ~1014 microorganisms in the human gut, which is an indispensable metabolic and endocrine organ acquired by human beings. The gut microbiota can produce rich metabolites, such as short-chain fatty acids (SCFAs), which have important effects on the human immune and metabolic systems (Rowland et al., 2018; Adak and Khan, 2019). Tibetan tea and its functional ingredients can regulate intestinal flora and maintain intestinal health by promoting the growth of beneficial bacteria, inhibiting pathogenic bacteria, and regulating the content of intestinal flora metabolites (Samynathan et al., 2023; Tan et al., 2023).

Furthermore, microbial fermentation can enhance the biological characteristics of raw materials and improve the beneficial health benefits of natural plant products through biotransformation. Using probiotics to ferment plants can improve the edible value and flavor of raw materials and enhance their beneficial characteristics (Yong et al., 2019; Park et al., 2023). The pile-fermentation process of Tibetan tea is characterized by high-temperature solid-state fermentation, during which thermophilic microorganisms promote the transformation of compounds in the tea leaves (Li et al., 2018). Bacillus licheniformis is the dominant bacterium involved in the fermentation of Tibetan tea. It is a probiotic bacterium with high-temperature tolerance; it can grow in a high-temperature environment and possesses phytase, protease, cellulase, and xylanase activities (Qi et al., 2023).

This study isolated and purified B. licheniformis from Tibetan tea and aimed to investigate the effect of intensive fermentation caused by B. licheniformis on the chemical composition and bioactive functions of Tibetan tea. This study provides a theoretical basis for the development of Tibetan tea with health-improving functions.



2 Materials and methods


2.1 Preparation of B. licheniformis bacterial suspension and fermentation of Tibetan tea

The bacterial strain CX2 was previously isolated and identified from Tibetan tea. A phylogenetic tree, shown in Supplementary Figure S1 and constructed using MEGA 11, revealed a 99.54% sequence similarity between strain CX2 and KP743132.1 Bacillus licheniformis strain YM6. Both strains clustered together on the same branch, identifying strain CX2 as B. licheniformis.

B. licheniformis was inoculated in LB Broth and cultured at 37°C with a shaking speed of 180 rpm for 24 h. The bacterial count was determined, and the culture was diluted with normal saline to achieve a concentration of 103 CFU/mL. Subsequently, 1% of the bacterial suspension was inoculated into a tea culture medium and incubated at 37°C with a shaking speed of 180 rpm for 4 days. Among them, the tea culture medium was prepared by extracting 100 g Tibetan tea with 2 L distilled water at 100°C for 30 min. The mixture was then filtered through four layers of gauze and sterilized at 121°C for 20 min.

Tibetan tea (15 g) was placed in a 100 mL conical flask and 1 mL of the bacterial suspension was added, while 1 mL of distilled water was added to the control group. They were mixed evenly and processed for intensive fermentation at 37°C for 2 days, 50°C for days 3 and 4, and 65°C for days 5–7.



2.2 Preparation of Tibetan tea extracts

First, 10 g Tibetan tea (including Tibetan tea after enhanced fermentation by B. licheniformis and non-fermented Tibetan tea) was ground and passed through an 80-mesh sieve. Extraction was carried out in 100°C water (1:10, w/v) for 30 min with gentle stirring, and repeated extractions. Subsequently, all aqueous extracts were combined and centrifuged for 10 min at 1,760 × g. The filtrate was concentrated with a rotary evaporator and freeze-dried after being frozen at −80°C for 12 h. Finally, the resulting sample was stored at −80°C for subsequent analyses.



2.3 Untargeted metabolomics

The chemical compositions of non-fermented and fermented Tibetan teas were determined using liquid chromatography with tandem mass spectrometry (LC–MS/MS). All tea samples were injected into a UHPLC–TOF–MS system (Shimadzu, Tokyo, Japan). The detailed instrumentation and procedures used here were described previously (Wang et al., 2023). Untargeted metabolomics analysis was performed using SCIEX OS 2.0. The data were fitted using principal component analysis (PCA) to identify the overall distribution of the samples. The orthogonal partial least squares-discriminant analysis (OPLS-DA) model was established based on PCA for differential metabolite studies of the samples, and the results were plotted as heat maps using the OmicStudio tools at https://www.omicstudio.cn.



2.4 Mouse model experiment

Male C57BL/6 mice (18–22 g) aged 6 weeks and in good health were obtained from SPF Biotechnology Co., Ltd. (Beijing, China). The animal experiments were conducted strictly following the guidelines of SPF Biotechnology Co., Ltd. and were approved by the Laboratory Animal Ethics Committee (approval number: swmu20220137).

All mice were housed in the cage lined with dry shavings and maintained in the standard environment (temperature, 22–25°C; humidity, 40–60%; 12/12 h light/dark cycle) with free access to food and water. After a week of adaptive feeding, 18 six-week-old SPF male mice were randomly divided into three groups, with six in each group: control group, fed 0.2 mL of double distilled water (C); non-fermented Tibetan tea group, fed 0.2 mL of non-fermented Tibetan tea (TT); and tea fermented using B. licheniformis group, fed 0.2 mL of Tibetan tea that was intensively fermented using B. licheniformis (BLT). The prepared dry powder was dissolved in water to obtain a 12 mg/mL Tibetan tea solution, which was administered daily via intragastric gavage. Treatment was administered for 2 weeks. After the treatment period, the mice were fasted overnight and sacrificed by decapitation. The liver and colon tissues, and colon contents were quickly collected aseptically. All samples were stored at −80°C until further analyses.



2.5 Measurements of antioxidant capacity in vivo

The liver tissue was rinsed with ice-cold saline and weighed. The sample was then subjected to homogenization with phosphate-buffered saline buffer (pH 7.4) to obtain 10% (w/v) of the sample to be tested. The content of antioxidant enzymes including T-AOC, GSH, and CAT in the liver were detected using the commercial assay kits (Solarbio, Beijing, China) following the pre-set standard protocols.



2.6 Histological assays

The colon tissue was promptly immersed in a 4% polyformaldehyde solution for fixation. Subsequently, the tissues were dehydrated, embedded in paraffin, and sectioned. The colon tissue sections were stained with hematoxylin–eosin (H&E). Furthermore, Alcian Blue–periodic acid Schiff (AB–PAS) staining was used to label goblet cells in the colon sections. The resulting sections were observed under a light microscope equipped with a camera.



2.7 qRT-PCR analysis

The liver and colon tissues were used to extract total RNA using the FastPure® Cell/Tissue Total RNA Isolation Kit (RC112, Vazyme Biotech Co., Ltd, Nanjing, China) according to the manufacturer's instructions. The RNA samples were assessed for A260/A280 values using a NanoDrop One Ultra-Micro Spectrophotometer (Thermo Scientific, USA), aiming for 1.8–2.0. For cDNA synthesis, the Hiscript® III RT SuperMix for qPCR (+gDNA wiper) (Vazyme Biotech Co., Ltd., Nanjing, China) was employed. Taq Pro Universal SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China) was used to quantify gene expression; the specific primer sequences are presented in Table 1. The 2−ΔΔCt method was employed for data analysis, with the β-actin gene (Actb) serving as the internal control.


TABLE 1 RT-qPCR primer sequences.
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2.8 DNA extraction and amplicon sequencing of gut microbiota

Fresh and sterile intestinal contents were collected from each group of the mice, and genomic DNA extraction was conducted using the E.Z.N.A.® Stool DNA Kit (Omega Bio-Tek, GA, USA). Subsequently, the concentration and purity of the DNA samples were determined using 1% agarose gel electrophoresis. The DNA samples were then placed in a centrifuge tube and diluted to 1 ng/mL in sterile water. Taking the diluted genomic DNA as the template, specific primers (515F and 806R) with Barcode and PHUSION® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs) were used to amplify the specific regions. The samples were then mixed equivalently according to the concentration of the PCR products, and detection was conducted using 2% agarose gel electrophoresis. The target bands were recovered using an adhesive recovery kit (QIAGEN, Hilden, Germany).

The library was built using the NEBNext® Ultra™ IIDNA Library Prep Kit, and the completed library was subjected to Qubit and Q-PCR quantification. After the library was qualified, NovaSeq6000 was used for up-sequencing.



2.9 Bioinformatics analyses based on the high throughput sequences of the gut microbiota

The reads of the samples were spliced using FLASH (V1.2.11, http://ccb.jhu.edu/software/FLASH/) to obtain Raw Tags. The Raw Tags were then quality-controlled using Fastp software to obtain high-quality Clean Tags. The Clean Tags were checked against the database using Usearch software (V10, http://www.drive5.com/usearch/) to detect chimeras and remove them to obtain the final validated data, the Effective Tags. For the Effective Tags obtained above, the DADA2 module in the QIIME2 software was used, and sequences with an abundance of less than five were filtered out to obtain the final Amplicon Sequence Variants (ASVs) and feature tables. Then, the classify-sklearn module in the QIIME2 software was used to compare the ASVs and databases to obtain the species information of each ASV. QIIME2 software was used to calculate the Shannon, Simpson, and Pielou_e indices. For beta diversity, species with statistically significant differences between groups were analyzed using the linear discriminant analysis (LDA) effect size (LEfSe).



2.10 Statistical analyses

The statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). All experimental data are expressed as mean ± standard error. Significance is presented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




3 Results


3.1 Intensive fermentation using B. licheniformis improved the chemical composition of Tibetan tea

Changes in the chemical components of fermented and non-fermented Tibetan tea were compared using non-targeted metabolic analysis. Total ion chromatograms for both groups of samples were displayed in the Supplementary Figure S2. Ninety-eight metabolites were detected in both groups of teas. The PCA revealed distinct regions in the distribution of the principal components of Tibetan tea metabolites after intensive fermentation with B. licheniformis when compared with the control group (Figure 1A). This finding indicated a marked difference in the chemical composition of the fermented Tibetan tea and the control group. The model parameters were PC1: 96.2% and PC2: 1.9%. Moreover, the total variance of the samples was 98.1%, indicating a good model fit. The distribution of the control and intensively fermented Tibetan tea groups was evident in the OPLS-DA score plot (Figure 1B), indicating considerable differences in the chemical compositions. Additionally, a visual heatmap of the dynamic changes in 87 differential metabolites was created using VIP ≥ 1 as the screening criterion (Figure 1C). Among these 87 metabolites (Supplementary Table S1), flavonols (mainly kaempferol, quercetin, and myricetin), catechins, phenolic acids (including gallic acid, caffeic acid, ferulic acid, and salicylic acid), terpenoids, alkaloids, and lipids were identified. In general, the levels of fatty acids and some catechins in Tibetan tea decreased, whereas those of other metabolites increased after B. licheniformis enhanced fermentation.


[image: Figure 1]
FIGURE 1
 Chemical components of Tibetan tea after fermentation with Bacillus licheniformis. (A) PCA score plot; (B) OPLS-DA score plot; (C) heatmap of differential metabolic markers. PCA, principal component analysis; OPLS-DA, orthogonal partial least squares-discriminant analysis.




3.2 In vivo antioxidant activity

The contents of the antioxidant enzymes (CAT, GSH, and T-AOC) in the liver of mice were determined to evaluate the antioxidant activity of Tibetan tea after intensive fermentation with B. licheniformis. Oral gavage of Tibetan tea increased the antioxidant activity in mice (Figures 2A–C). Additionally, CAT and GSH levels were considerably increased (p < 0.01) in BLT compared to TT, with 3,097 U/g (p < 0.01) and 2,836 μg/g (p < 0.01), respectively. The content of T-AOC increased significantly from 9.631 U/g in C to 17.62 U/g in TT (p < 0.01) and 12.31 U/g in BLT (p < 0.01).


[image: Figure 2]
FIGURE 2
 Administration of Tibetan tea by fermentation with Bacillus licheniformis promotes the antioxidant and anti-inflammatory capacity of the liver. (A–C) antioxidant enzymes; (D–I) expression of antioxidant and inflammatory related genes. *p < 0.05; **p < 0.005; ****p < 0.0001.




3.3 Expression levels of critical genes in mouse liver

The liver has metabolic and antioxidant functions and exhibits good antioxidant activities. Therefore, changes in the expression levels of antioxidant and inflammatory genes in the liver were measured. Glutathione (GSH) and Cu/Zn superoxide dismutase (Cu/Zn-SOD) genes in the liver of mice were upregulated (p < 0.01) after Tibetan tea administration, with BLT group showing upregulated expression (p < 0.05) (Figures 2D–I). Treatment with Tibetan tea markedly decreased the expression levels of the pro-inflammatory genes (inducible nitric oxide synthase, iNOS; cyclooxygenase-2, COX-2) in the liver of the mice. In addition, the mRNA expression levels of inhibitor kappa B-alpha (IκBα) and nuclear factor κB (NF-κB) were decreased. However, there was no significant difference between BLT and TT group.



3.4 Effect of fermented Tibetan tea on colon histomorphology

Colon tissue development was evaluated using H&E and AB-PAS staining. Representative micrographs of staining results of colonic sections are presented in Figure 3. The colonic mucosal muscle layer was shown to be intact from the inside to the outside, with neatly placed glands and an unbroken crypt, and there was no evidence of inflammatory cell infiltration. The structural stratification of the colonic canal wall was evident. In addition, AB-PAS staining revealed that goblet cells in the colon were arranged in an orderly fashion and increased in number after the Tibetan tea intervention.


[image: Figure 3]
FIGURE 3
 Effects of Tibetan tea after fermentation with Bacillus licheniformis on colon development (A) Hematoxylin and eosin-stained sections of colon tissue; (B) Alcian blue periodic acid–Schiff (AB/PAS)-stained sections of colon tissue.




3.5 Impact of fermented Tibetan tea on expression of colonic immunity-related genes

The effects of Tibetan tea on inflammatory reactions and the intestinal barrier were investigated (Figure 4). Intensive fermentation of Tibetan tea with B. licheniformis substantially increased the expression of occludin, claudin-1, ZO-1, and ZO-2, which are essential genes in the tight junctions (TJs) of the intestine. Mucin plays a crucial role in the formation of the mucus barrier (Yeom et al., 2020). The levels of mucin 1 and mucin 2 increased substantially in BLT, with a 2.09- and 2.87-fold higher expression compared to CT, indicating that intensive fermentation promoted mucin expression in the colon. Additionally, Tibetan tea intervention reduced the expression of TNF-α and NF-κB in the colon, indicating a reduction in inflammation. However, there was no significant difference observed between TT and BLT.
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FIGURE 4
 Expression level of intestinal barrier and inflammatory related genes in the colon. (A) Occludin; (B) Claudin-1; (C) ZO-1; (D) ZO-2; (E) mucin-1; (F) mucin-2; (G) TNF-α; (H) NF-κB. *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001.




3.6 Effects of intensively fermented Tibetan tea on the gut microbiota

A total of 1,434,667 reads were obtained from the raw data by sequencing. Filtering Raw Tags for low quality and short length resulted in 1,414,584 reads. The final ASVs were then obtained based on the valid data by noise reduction through DADA2 and filtering out sequences. The average valid tags per sample was 66,379 reads, with an efficiency rate of 83%. The common and distinctive ASVs between various groups were assessed based on the results of ASVs acquired by noise reduction and study requirements.

As shown in Figures 5A, B, 1,444 ASVs were detected in the whole sample, 1,078, 875, and 796 in CT, TT, and BLT, respectively, and 395, 132, and 128 unique ASVs. There were fewer ASVs in BLT than in CT, indicating that the intensive fermentation of Tibetan tea by B. licheniformis lowered the quantity of ASVs in the intestinal flora.


[image: Figure 5]
FIGURE 5
 Effect of Tibetan tea on gut microbiota composition. (A, B) Venn plot of amplicon sequence variants (ASVs): each circle in the figure represents a group, the number of overlapping circles represents the number of ASVs shared between the groups, and the number of unique ASVs without overlapping parts represents the number of ASVs unique to the group; (C) Pielou_e index; (D) Shannon index; (E) Simpson index.


Alpha diversity contains several indicators that reflect the richness and diversity of microbial communities. The Pielou_e index represents microbial evenness, with a larger Pielou_e representing more even species. The Pielou_e index of Tibetan tea was higher (p < 0.01) (Figure 5C). The Shannon and Simpson indices reflect microbial diversity, with the Simpson index being more sensitive to species evenness and the Shannon index being more sensitive to species richness. After receiving Tibetan tea treatment, the Shannon and Simpson indices both showed an upward trend (Figures 5D, E), indicating that species richness and homogeneity of intestinal flora improved.

Based on the species annotation and abundance information of all samples at the genus level, the top 35 genera in terms of abundance were selected and clustered at both species and sample levels based on their abundance information in each sample and plotted as a heat map into eight phyla (Figure 6A). At the phylum level (Figure 6B), Proteobacteria made up 51.5% of the total bacteria in the CT group, with higher percentages of Firmicutes and Bacteroidota (21.3 and 24.2%, respectively), whereas the sum of the relative abundance of Firmicutes and Bacteroidota in the TT and BLT groups accounted for more than 80% of the total bacteria and was the absolute dominant phylum in both groups. In contrast, after intensive fermentation, the relative abundance of the Proteobacteria reduced dramatically (p < 0.01) and it was no longer the dominant bacterium in the intestinal flora at the phylum level.


[image: Figure 6]
FIGURE 6
 Changes in the relative abundance of bacteria in the microbial community after ingesting Tibetan tea. (A) Heatmap of top 35 genera in genus level abundance; (B) Bacterial taxonomic profiling at the phylum and genus (C) level; linear discriminant analysis (LDA) effect size (LEfSe) diagram of the significant taxonomies between three groups, including LDA value distribution histograms (D) and cladistics (E).


At the genus level, the relative abundance of Pseudomonas in the CT group reached 50% (Figure 6C). However, it was only 3.2 and 0.4% in the TT and BLT groups, respectively, indicating that intensively-fermented Tibetan tea substantially reduced the relative abundance of Pseudomonas in the intestinal flora. The relative abundance of Muribaculaceae in the CT group was only 18.2%, whereas that in the TT and BLT groups was 31.1 and 37.2%, respectively, showing a marked upward trend compared to the CT group. The dominant genera in the BLT group were Muribaculaceae (37.2%), Lachnospiraceae_NK4A136_group (3.0%), Lactobacillus (2.2%), and Dubosiella (2.1%). The relative abundance of these beneficial bacteria was substantially higher in the BLT group than in the CT and TT groups.

The three groups were evaluated using LEfSe to identify biomarkers with statistical differences between the groups. The length of the bar chart displays the effect size of the various species (i.e., the LDA score). LEfSe analysis revealed 20 biomarkers differed among the three groups (Figures 6D, E). There were 13 characteristic microbes in the Tibetan tea group, of which f_Prevotellaceae, f_Oscillospiraceae, o_Oscillospirales, f_Lachnospiraceae, o_Lachnospirales, p_Firmicutes, c_Clostridia were shown to be abundant in the TT group. Moreover, some bacteria with statistically significant differences, including the g_Lachnospiraceae_NK4A136_group, c_Bacilli, f_Ruminococcaceae, g_Muribaculaceae, f_Muribaculaceae, p_Bacteroidota, c_Bacteroidia, o_Bacteroidales, were observed in the intestinal flora of the BLT group and became biomarkers in the BLT group.

Figure 7 illustrates the correlation between the 15 compounds with substantial increases in their relative concentration in fortified, fermented Tibetan tea and the 10 genera with the most significant changes in the relative abundance of the intestinal microbes. Lactobacillus, Dubosiella, Muribaculaceae, Lachnospiraceae_NK4A136_group, and Blautia were positively correlated with chemical substance content (p < 0.01); Pseudomonas was negatively correlated with chemical substance content (p < 0.01); Escherichia–Shigella was correlated with EGCG, Epicatechin, L–Phenylalanine; (–) –EGC content was negatively correlated (p < 0.05); and Desulfovibrio was negatively correlated with EGCG and ECG content (p < 0.05).


[image: Figure 7]
FIGURE 7
 Correlation analysis between chemical substances with substantial changes in relative content and the most differentially-abundant taxa of mouse intestinal microflora after ingestion of Tibetan tea intensively-fermented using Bacillus licheniformis. *p < 0.05; **p < 0.005.





4 Discussion

Intensified fermentation increases the chemical composition in Tibetan tea. The biological activity of tea is directly correlated to its chemical composition. The functional components of Tibetan tea are primarily derived from three sources. First, they are formed during the natural growth of tea plants. Second, when produced, Tibetan tea interacts with microorganisms in high-temperature and high-humidity settings through pile-fermentation, drying, and other processes. The tea and its components undergo a complex series of transformations, developing a range of new compounds or metabolites. Third, the metabolic compounds are produced by the tea's microbial community (Li et al., 2018; Zheng et al., 2020; Liu et al., 2022). This study used B. licheniformis for the enhanced fermentation of Tibetan tea. The chemical composition results showed that after fermentation, the main metabolites in Tibetan tea included polyphenols, alkaloids, terpenoids, amino acids, and lipids.

The antioxidant capacity of tea is primarily based on the biological activity of polyphenols. After intensive fermentation, the content of polyphenols in Tibetan tea became richer and more diverse, with up to 55 types, including flavonoids, catechins, and phenolic acids. Naringin, a flavanone glycoside with anti-inflammatory and hepatoprotective properties, has been detected in fermented Tibetan tea (Shilpa et al., 2023). Although catechins are the main contributors to the antioxidant effects of tea, they also have various biological activities, such as hypolipidemic and immune regulation properties (Tang et al., 2019). After fermentation, Tibetan tea contains various phenolic acids, including gallic, caffeic, p-coumaric, chlorogenic, and salicylic acids. Amino acids in Tibetan tea play an important role in the sensory quality of tea infusions.

As hydrophobic metabolites, lipids affect the quality of tea infusions. Untargeted metabolomics analysis based on UHPLC-Q-TOF showed that the levels of paullinic, erucic, and linoleic acids decreased after fermentation, which may be due to their decomposition and conversion into aromatic substances during fermentation. However, the levels of eicosadienoic acid, ricinoleic acid, mead acid, and 3β-O- (8-hydroxyoctanoyl)-12-oleanene increased after fermentation.

Tea is a major source of alkaloids and the presence of alkaloids contributes considerably to its sensory quality. Of the alkaloids, caffeine has a bitter flavor and works together with catechins and amino acids to make the tea infusion bitter and then mellow (Bi et al., 2016). In addition, 5,7-dihydroxycoumarin and α-spinasterol have antibacterial activities, and α-spinasterol can inhibit the activities of COX-1 and COX-2 (Yang et al., 2017). Four terpenoids, including β-amyrone, icariside B5, β-amyrin, and 2-hydroxydiplopterol, which are important for tea aroma, were detected in fermented Tibetan tea. β-Amyrone is a triterpene that exerts anti-inflammatory activities by inhibiting the expression of COX-2 (De Almeida et al., 2015). After intensive fermentation, these chemical components in Tibetan tea become the characteristic components, enhancing the anti-oxidation, anti-inflammation, and other health benefits of the tea. To confirm the enhancement of the health functions of Tibetan tea by intensive fermentation with B. licheniformis, relevant indices were examined in this study.

After fermentation, the antioxidant capacity of Tibetan tea was increased. After food is consumed, the liver participates in synthesis and metabolism (Kandimalla et al., 2016). Antioxidant enzymes, such as CAT and GSH, which maintain normal oxidation levels in the body, are part of the endogenous antioxidant system in the liver. Decreased levels of these antioxidant-active substances can negatively affect the liver (Wu et al., 2021b). The intragastric administration of Tibetan tea increased the levels of the antioxidant enzymes, CAT and GSH, in the livers of mice, including an increase in T-AOC levels. Specifically, intensive fermentation with B. licheniformis had a more marked effect on the increase in CAT and GSH levels than the non-fermented Tibetan tea group. This result suggests that the ingestion of Tibetan tea fermented using microorganisms enhances the antioxidant capacity of the liver by boosting antioxidant enzyme activity. In this study, Tibetan tea considerably increased the mRNA expression of GSH and Cu/Zn-SOD and the effect was greater with fermented Tibetan tea. This observation indicates that the intensive fermentation of Tibetan tea with a probiotic led to an improvement in its antioxidant capacity.

NF-κB is a transcription factor that can regulate several genes involved in inflammation and secretes pro-inflammatory cytokines, which cause inflammation. Inflammatory factors, iNOS and COX-2, participate in the biosynthesis of NO and prostaglandins, respectively, and are downstream of the NF-κB pathway. When liver damage occurs, the NF-κB pathway is activated, resulting in high expression of the downstream inflammatory factors, iNOS and COX-2, thereby promoting liver injury and escalating liver inflammation. The activation of NF-κB, a major signaling pathway regulating the transcription of inflammatory mediators in macrophages, leads to the expression of the IκBα gene (Oh et al., 2020; Wu et al., 2022). Compared to the control group, the administration of Tibetan tea resulted in a substantial decrease in the expression of IκBα, iNOS, COX-2, and NF-κB genes, indicating that Tibetan tea inhibited the NF-κB pathway and suppressed inflammation. Intense fermentation of Tibetan tea using B. licheniformis substantially increased the levels of antioxidant enzymes and upregulated the expression levels of antioxidant-related genes, demonstrating that probiotic fermentation enhanced the antioxidant properties of the tea. There was no discernible difference between the Tibetan tea and enhanced fermentation group regarding the inhibitory effects on pro-inflammatory genes.

The mucosal layer, epithelial cells, and tight intercellular junctions form the intestinal barrier, which shields the body from potentially harmful metabolites, bacteria, and antigens. Immune regulation of the intestinal barrier is crucial. More precisely, the physical and biological functions of the intestinal epithelium, such as the expression of mucus and epithelial and endothelial connections, are crucial for maintaining the intestinal barrier (Tilg et al., 2022). The colon tissue has a more abundant microbiota, with a stronger ability to ferment to produce various microbial metabolites. This enriched microbiota and microbial fermentation products are important for gut health and host metabolism (Zhang et al., 2019). Therefore, the changes in colon-related parameters were measured. Staining of colonic sections revealed that Tibetan tea treatment increased the number of goblet cells, indicating that the intestinal barrier was effectively protected. These specialized cells can secrete mucus, thereby facilitating lubrication and safeguarding the intestinal mucosa. After Tibetan tea treatment, the mRNA expression of the intestinal shielding-related genes, occludin, claudin-1, mucin-1, mucin-2, ZO-1, and ZO-2, in the colon increased substantially. The upregulation was more pronounced in the BLT group. This finding demonstrates that Tibetan tea fermented using B. licheniformis enhances TJs and intestinal mucosal barriers by upregulating TJ protein and mucin-related mRNA expression.

TNF-α, a pro-inflammatory factor that can be expressed through the NF-κB pathway, triggers inflammation. Increased levels of TNF-α also induce mucosal inflammation and mechanical barrier damage in the intestine (Chen et al., 2021). In the current study, the expression of TNF-α and NF-κB genes in the colon was inhibited by the administration of Tibetan tea, demonstrating its anti-inflammatory effect. Tibetan tea and intensively fermented Tibetan tea showed no discernible differences in inhibition.

Enhanced fermented Tibetan tea promotes a healthy function by regulating intestinal flora. There are extensive and intimate interactions between the liver and gut, and the disruption of the intestinal flora leads to the overgrowth of harmful bacteria, which causes immune abnormalities of the intestinal barrier. The intestinal microbiota in humans has emerged as a key player in the regulation of the intestinal barrier and metabolic diseases. Intestinal homeostasis can be directly influenced by dietary composition and nutrient intake, which can modify the intestinal structure. Components that are difficult for the human body to absorb directly operate in the presence of the intestinal flora (Forgie et al., 2019; Lin et al., 2019). Therefore, the effect of fermented Tibetan tea on the intestinal microflora was studied further. The species richness and evenness of the intestinal microflora in mice were increased substantially by administering Tibetan tea, indicating that Tibetan tea had a significant intervention effect. Furthermore, β-diversity analysis revealed that intervention with fortified fermented Tibetan tea substantially increased the proportion of beneficial microorganisms, such as Muribaculaceae, Lachnospiraceae_NK4A136_group, Lactobacillus, and Dubosiella, in the intestinal tract. Moreover, it decreased the proportion of pathogenic bacteria, such as Proteobacteria, which has a noteworthy pro-inflammatory effect on the mucosal surface and was observed to have a disruptive effect on the epithelial barrier in animal models (Tilg et al., 2022). Host and microbial genomes jointly regulate and produce metabolites, such as SCFAs and bile acids, to maintain the health of living organisms. The related genera of SCFA-producing bacteria in the intestine and their metabolically-produced SCFAs play critical roles in the maintenance of host intestinal barrier functions (Sina et al., 2009; Li et al., 2021). Muribaculaceae, which are beneficial microorganisms in the gut flora of mice and members of the Bacteroidetes, extend the lifespan of mice and produce acetate and propionic acid by fermentation. Increased Muribaculaceae abundance prevents lipid metabolism disorders, inflammation, and intestinal barrier malfunction (Wu et al., 2021a; Li W. et al., 2023). Lachnospiraceae_NK4A136_group is a butyrate-producing bacterium that ferments plant polysaccharides into SCFAs and ethanol. It is a potential probiotic with anti-inflammatory properties. It also contributes to the repair of the intestinal mucosa and is associated with bile acid metabolism. Butyrate-producing gut bacteria can improve host immunity, guarantee barrier integrity, and control energy metabolism. Butyrate can influence neutrophil function and metastasis, inhibit inflammatory cytokines in vascular cells, increase the expression of TJ proteins in colonic epithelial cells, and decrease the expression of cytokines and chemokines in human immune cells (Ma et al., 2020; Zhong et al., 2021). As a probiotic, Lactobacillus can improve the intestinal barrier in several ways, such as by boosting mucus formation, stimulating cathelicidin and antibacterial factor release, preventing microbial elements involved in epithelial adherence (for example, in secretory immunoglobulin A), and increasing the expression of closure and TJ proteins.

Previous studies have revealed that Dubosiella can produce SCFAs, which are crucial in regulating metabolism, enhancing intestinal immunity, and promoting anti-inflammatory responses in the body (Ai et al., 2021). In the BLT group, LEfSe analysis revealed that Lachnospiraceae_NK4A136_group, Bacilli, Ruminococcaceae, and Bacteroidota were critical biomarkers. Ruminococcaceae are SCFA-producing bacteria that produce formic and acetic acids. The abundance of Ruminococcaceae is positively correlated with intestinal motility and a high abundance reduces intestinal cell damage and proinflammatory cytokine production in the colon (Li L. et al., 2023). Therefore, the ingestion of Tibetan tea, which underwent enhanced fermentation using B. licheniformis, increased the relative abundance of SCFA-producing genera in the mouse colon, promoting intestinal development, preserving the integrity of the intestinal mucosal barrier, and safeguarding intestinal morphology (Figure 8).


[image: Figure 8]
FIGURE 8
 Effects of Tibetan tea regulation after fermentation with Bacillus licheniformis in the intestine and liver.




5 Conclusions

The probiotic B. licheniformis was used to intensify the fermentation of Tibetan tea. The results indicated that intensive fermentation of Tibetan tea led to an increase in bioactive substances such as polyphenols, alkaloids, terpenoids, and amino acids while reducing catechins and lipids. The fermentation process significantly boosted the antioxidant enzymes (CAT, GSH, T-AOC) in the liver and up-regulated the expression of antioxidant-related genes, such as GSH and Cu/Zn SOD, indicating enhanced antioxidant capacity. Consumption of intensified fermented Tibetan tea also positively influenced intestinal flora by increasing the abundance of probiotic bacteria such as Lachnospiraceae_NK4A136_group, Muribaculaceae, and Lactobacillus, while decreasing harmful bacteria like Proteobacteria and Pseudomonas. Furthermore, fermentation of Tibetan tea with B. licheniformis led to an increase in SCFAs-producing genera in the gut microbiota, reinforcing the integrity of the intestinal barrier, enhancing mucosal immunity, and ultimately improving intestinal immunomodulation. These effects were supported by the detection of elevated expression levels of genes related to the intestinal barrier in the colon. Therefore, these insights provided a compelling empirical framework for advancing the production methodologies of Tibetan tea to maximize its health benefits.

Previous research in the field of dark tea has predominantly focused on Pu-erh tea, while studies on Tibetan tea have primarily centered on its bioactive properties. Research on microbial fermented tea has mainly delved into fungi and molds, with limited attention on bacteria. In this study, Bacillus licheniformis, a bacterium isolated from Tibetan tea, was used to ferment Tibetan tea, examining the impact of this process on its chemical composition and health benefits. An intriguing discovery in this study of the impact of B. licheniformis on the fermentation process was the significant increase in SCFAs-producing genera in the gut, potentially enhancing the intestinal barrier. However, one downside regarding our methodology was the lack of examination of SCFA content in the intestine, which warrants further investigation in future studies.
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