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Administration of turmeric kombucha ameliorates lipopolysaccharide-induced sepsis by attenuating inflammation and modulating gut microbiota
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Our research team previously reported the immunomodulatory effects of kombucha fermentation liquid. This study investigated the protective effects of turmeric kombucha (TK) against lipopolysaccharide (LPS)-induced sepsis and its impact on the intestinal microbiota of mice. A turmeric culture medium without kombucha served as the control (TW). Non-targeted metabolomics analysis was employed to analyze the compositional differences between TK and TW. Qualitative analysis identified 590 unique metabolites that distinguished TK from TW. TK improved survival from 40 to 90%, enhanced thermoregulation, and reduced pro-inflammatory factor expression and inflammatory cell infiltration in the lung tissue, suppressing the NF-κB signaling pathway. TK also altered the microbiome, promoting Allobaculum growth. Our findings shed light on the protective effects and underlying mechanisms of TK in mitigating LPS-induced sepsis, highlighting TK as a promising anti-inflammatory agent and revealing new functions of kombucha prepared through traditional fermentation methods.
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1 Introduction

Kombucha, a traditionally steeped fermented tea beverage with an invigorating flavor, is produced from tea and sugar water fermented by a consortium of acetic acid bacteria, yeast, and lactic acid bacteria (Tran et al., 2020). This brew is enriched in tea polyphenols and organic acids, conferring various health benefits, including antibacterial, anti-inflammatory, and immune enhancement effects (Mousavi et al., 2020). Over the past decade, the bioactive attributes of kombucha have increased its popularity, especially in Western countries, as evidenced by a marked increase in its consumption (Cardoso et al., 2021). Turmeric, endowed with bioactive compounds such as polyphenols, curcumin, and its derivatives, is primarily extracted from the rhizome. It is widely used as a culinary spice or natural food colorant (Fadus et al., 2017) and is recognized for its antioxidant, anti-inflammatory, and anticancer activities (Karimian et al., 2017; Yang et al., 2022).

Sepsis, which is characterized by life-threatening organ dysfunction or failure, arises from an imbalance between inflammation and immunosuppression (Huang et al., 2019). The exacerbation of inflammation in sepsis is primarily driven by cytokines, complement components, and the activation of the coagulation system. Lipopolysaccharide (LPS), which is typically injected intraperitoneally, is pivotal in establishing sepsis models (Singer et al., 2016). The LPS-injected mouse model mirrors the clinical manifestations of early-stage sepsis, characterized by the rapid activation of innate and adaptive immune responses. This activation leads to the release of pro-inflammatory factors and lymphocyte apoptosis, culminating in immune dysfunction or suppression (van der Poll et al., 2017).

Recent studies have ventured into alternative fermentable substrates, including diverse teas, medicinal herbs, plant derivatives, and various sugars. Contemporary kombucha variants include fruit juices, leaves, herbal plants, and dairy products. The pharmacological activity of these fermented products is contingent on the composition and concentration of active substances in the fermentation liquid (Su et al., 2023b). For instance, kombucha fermented with substrates, such as oak leaves, has been noted for its anti-inflammatory efficacy (Vázquez-Cabral et al., 2017). Previous studies have suggested that the prolonged oral administration of kombucha can offer protection against LPS-induced sepsis and modulate the gut microbiota (Li L. et al., 2020; Wang et al., 2019; Wang et al., 2021b). Turmeric kombucha (TK) fermentation liquid functioned as an effective immune modulator in animals experimentally infected with Salmonella typhi (Zubaidah et al., 2021). However, the potential for using TK as a novel approach for sepsis prevention and treatment remains unclear.

Preliminary findings from our research group have revealed that TK has notable anti-inflammatory effects at the cellular level (Su et al., 2023e). Here, to further elucidate its potential for long-term prevention of and protection against sepsis, we utilized an LPS-induced sepsis mouse model to investigate the anti-inflammatory mechanisms of TK.

By connecting bioactive metabolites, gut microbiota modulation, and anti-inflammatory effects, our study offers deeper insights into the mechanisms underlying TK against sepsis. This study not only expands the research on kombucha and turmeric but also suggests that TK could be a promising candidate for long-term prevention and treatment of sepsis, with potential applications in the development of functional beverages.



2 Materials and methods


2.1 Chemicals and reagents

Unless otherwise specified, all chemicals were sourced from Sigma (St. Louis, MO, USA). Turmeric powder was obtained from Guangdong Fengchun Pharmaceutical Co. Ltd (Zhanjiang, China). White sugar was sourced from Shanghai Tangjiu Co., Ltd (Shanghai, China). Lapsang Souchong black tea (Camellia sinensis), characterized by its curled shape, was provided by Fujian Agricultural Reclamation Tea Industry Co., Ltd. The reverse transcription kit, Green qPCR SuperMix, and the Bicinchoninic Acid Protein Concentration Kit were acquired from TransGen Biotech Co., Ltd (Beijing, China). ELISA kits for TNF-α, IL-1β, and IL-6 were procured from Shanghai Excell Biological Technology Co., Ltd (Shanghai, China). All other reagents were of domestic analytical grade.



2.2 Starter culture

The kombucha starter strain, obtained from a local village in Zhangzhou, Fujian Province, China, was cultured and maintained at 25°C, according to the methodology outlined by Wang et al. (2021a).

The starter culture was prepared by inoculating the kombucha strain into a medium with the following composition: 15.0 g/L turmeric powder, 5.0 g/L black tea, and 35.0 g/L white sugar. This mixture was dissolved in boiling water to a final volume of 1 L and allowed to cool before inoculation. The culture was then incubated for 7 days and re-cultured weekly until stable growth of the kombucha starter culture was achieved.



2.3 TK preparation

TK was prepared by dissolving 35 g/L white sugar and 20 g/L turmeric in water, followed by inoculation with a 15% kombucha starter culture. The samples were fermented at 28°C for 7 days and sealed with eight layers of sterilized gauze. Turmeric culture medium without added kombucha served as the control (TW).



2.4 Sample preprocessing and analysis

Samples were mixed thoroughly in a sterile environment, filtered using a 0.22-μm microporous membrane to eliminate microbes and insoluble impurities, and stored at −80°C in sterile tubes.



2.5 Non-targeted metabolomics and data processing

The samples were subjected to liquid chromatography–mass spectrometry analysis at Shanghai Sangon Biotech Co., Ltd. The non-targeted metabolomics analysis was performed using an ACQUITY UPLC I-Class plus system coupled with a high-resolution QE mass spectrometer. Chromatographic separation was achieved using an ACQUITY UPLC HSST3 column (100 mm × 2.1 mm, 1.8 μm) at 45°C, with a mobile phase consisting of water with 0.1% formic acid (Phase A) and acetonitrile with 0.1% formic acid (Phase B), at a flow rate of 0.35 mL/min and an injection volume of 2 μL. Mass spectrometric data were acquired using an electrospray ionization (ESI) source in both positive and negative ion modes. Data were collected using UNIFI 1.8.1 software and analyzed using Progenesis QI v2.3 software, covering baseline correction, peak identification, and normalization. Compounds were identified using the Human Metabolome Database (HMDB), Metlin, and Lipid Map (v2.3) databases. Principal component analysis (PCA) was used to assess overall sample distribution and stability, whereas orthogonal partial least squares discriminant analysis (OPLS-DA) and partial least squares discriminant analysis (PLS-DA) were used to identify metabolic profile differences and differential metabolites. The Pearson correlation coefficient was used to analyze metabolite correlations, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database facilitated metabolic pathway enrichment analysis.



2.6 Animals

Specific pathogen-free C57BL/6 adult mice (age, 8–10 wk; n = 160; balanced sex ratio), each weighing 20 ± 1 g, were obtained from the Animal Facility of Fujian Normal University, China. The environmental conditions were 23–25°C, 40–60% humidity, and the mice had access to sufficient water and food under a 12-h light/dark cycle.



2.7 In vivo experiments

Following a 7-day acclimatization period, the mice were randomly allocated to four groups (n = 20 each, balanced sex ratio): sham, oral TK, LPS-induced sepsis (LPS), and TK + LPS. Drug efficacy studies of sepsis typically require a mortality rate in animal models of at least 50% (Russell, 2006).

The sham and LPS groups received 1.0 μL/g/d oral saline daily. The TK and TK + LPS groups were similarly administered TK fermentation liquid (1.0 μL/g/d). After one month of daily saline or TK administration, the LPS and TK + LPS groups received an intraperitoneal injection of 15 mg/kg LPS to induce sepsis, whereas the sham and TK groups received a similar volume of saline. Samples were collected 12 h after the induction of sepsis for further analysis.

Sepsis severity was evaluated using the murine sepsis score (MSS; Shrum et al., 2014). Rectal temperatures were monitored every 4 h over a 48-h period using the TH212 intelligent digital thermometer from Beijing Zhongjiao Building Instrument Technology Development Co., Ltd (Beijing, China). For anesthesia, the mice received an intraperitoneal injection of pentobarbital sodium salt. Subsequently, blood, fecal, ascitic fluid, and various tissue samples were collected according to previously established protocols (Wang et al., 2021a).



2.8 Western blotting

Western blotting was performed using established protocols (Su et al., 2023a), including protein extraction, electrophoresis, membrane transfer, and antibody incubation. After washing, secondary antibody incubation and chemiluminescence visualization were performed. Protein band intensities were quantified and expressed as fold change relative to the control samples. The antibodies used are listed in Table 1.


TABLE 1 Antibodies used in the study.
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2.9 RT-qPCR

Total RNA extraction was performed utilizing the TRIzol reagent from Takara (Tokyo, Japan). RT-qPCR was conducted using specific primers (Table 2), and levels were normalized against those of the housekeeping gene, Gapdh, as previously described (Su et al., 2023a). The mRNA levels were quantified as the fold change relative to the control using the ΔΔCt method. PCR was replicated three times for each gene, and the mean Ct value was used to assess gene expression stability.


TABLE 2 Sequences of primers used for qRT-PCR.
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2.10 ELISA

Cytokine concentrations (IL-1β, IL-6, and TNF-α) were quantified employing ELISA kits (IL-1β: SMLB00C, IL-6: SM6000B, TNF-α: SMTA00B, R&D Systems, MN, USA) in accordance with the manufacturer’s instructions.



2.11 Histopathological analysis

Histopathological examination was performed using standard hematoxylin and eosin (H&E) staining protocols (Qu et al., 2022). Lung tissue was washed with sterile saline and fixed in 4% paraformaldehyde for 24 h. The samples underwent dehydration, were sectioned into 4-μm slices, and were mounted on slides. The slides were deparaffinized at 60°C, rehydrated, and stained with H&E. After staining, the sections were rinsed with ethanol and xylene before cover slipping. Tissue injury and necrosis levels were evaluated using a 0–4 grading system (Su et al., 2023a).



2.12 Flow cytometry

Flow cytometry was conducted according to established methods (Su et al., 2023a), using the antibodies listed in Table 1. Red blood cells were lysed, and the samples were resuspended in 2% PBS buffer (HyClone, UT, USA) for cell counting. Samples were surface-stained with specific antibodies (Table 1) in staining buffer at 4°C for 30 min. Analysis was performed using FACSymphony A5 (BD Biosciences, San Diego, CA, USA), and data were analyzed using FlowJo software v10.5.3 (FlowJo LLC, Ashland, OR, USA).



2.13 16S rRNA sequencing and bioinformatics

Twelve hours after LPS administration, the mice were euthanized via cervical dislocation. After disinfecting the exterior with 75% alcohol, the abdominal cavities were opened to collect fecal samples from the cecum to the rectum, which were stored in sterile Eppendorf tubes (to ensure robust results, five replicates were used per group). Sample analysis was carried out by Beijing Biomarker Technologies Co., Ltd. (Beijing, China), employing established protocols for DNA extraction and 16S rRNA sequencing (Li Y. et al., 2020) using a Magnetic Soil and Stool DNA kit (Cat. 4992738, Tiangen Biotech Co., Ltd., Beijing, China) and universal primers 27F and 1492R with PacBio barcodes. The PacBio Sequel II platform was utilized for library construction, sequencing, and subsequent bioinformatics analysis on the BMK Cloud platform.

The linear discriminant analysis (LDA) effect size (LEfSe) method was employed to quantify the notable differences in taxonomy by calculating the effect size using LDA and setting the discriminative feature’s logarithmic LDA score threshold at 4.0. Redundancy analysis was conducted within the R environment, utilizing the vegan package (version 2.3), to scrutinize the microbial diversity across various factors. Furthermore, to ascertain the impact of kombucha on gut metabolism through differences in KEGG pathways among groups, a phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) analysis was performed utilizing STAMP (version 2.1.3),1 leveraging 16S rDNA datasets.



2.14 Whole-genome sequencing

RNA sequencing was performed at Beijing BioMarker Bioinformatics Technology Co., Ltd. using an Illumina NovaSeq 6000 platform, according to established comprehensive genome sequencing protocols (Zhang et al., 2021).



2.15 Statistical analyses

Image processing was performed using Photoshop, Illustrator 2020 (Adobe Illustrator), and ImageJ v1.8.0 (NIH, MD, USA). Statistical analyses were executed using GraphPad Prism (v8.0), employing methods such as unpaired two-tailed t-tests, one-way ANOVA, two-way ANOVA, or Mantel–Cox tests. The results are presented as the mean ± standard deviation, with significance set at P < 0.05.




3 Results


3.1 Multivariate metabolite and metabolic pathway analysis

Non-targeted metabolomics was used to analyze the metabolic substances and pathways of turmeric with and without fermentation in kombucha (TK and TW, respectively). Advanced statistical techniques, such as PCA, PLS-DA, and OPLS-DA, were used for grouping samples and analyzing metabolic changes (Figures 1A-C). Considerable differences in metabolic composition were observed between TK and TW. The response permutation test of the OPLS-DA model confirmed its accuracy and the absence of overfitting (Figure 1D). T-tests and fold-change analysis were used to identify metabolites that were significantly upregulated, downregulated, or unchanged (Figures 1E, F).
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FIGURE 1
Comparative analysis of substance composition in the turmeric alone (control, TW) and turmeric kombucha (TK), via non-targeted metabolomics (n = 3). (A–D) Multivariate statistical analysis of TW and TK. (A) Principal component analysis (PCA). (B) Partial least squares discriminant analysis (PLS-DA). (C) Orthogonal partial least squares discriminant analysis (OPLS-DA). (D) Permutation test. (E) Volcano plot of the differential metabolites in TW and TK. (F) Volcano plot depicting variation in metabolites between TW and TK. VIP, variable independent parameter.


By combining multidimensional and unidimensional analyses, 590 differential metabolites were identified, encompassing 12 categories (Supplementary Table 1). Hierarchical clustering and variable interdependent parameter analysis, used to visually represent these metabolites (Figure 2A), revealed significant post-fermentation changes, notably in 1,4-beta-D-glucan (VIP, 28.14). Categorization of the differential metabolites revealed various differentially expressed compounds, including carbohydrates and their analogs, glycosides, organic acids, polyphenols, flavonoids, alkaloids, and sesquiterpenes (Supplementary Tables 2-7). A summary of 25 turmeric-related compounds was compiled (Supplementary Table 8), and 12 showed significant variance. Pearson’s correlation coefficient analysis was used to explore the linear relationships between these metabolites (Supplementary Figure 1). KEGG database analysis provided insights into metabolic pathway changes during fermentation (Figure 2B and Supplementary Table 9), highlighting significant differences in specific metabolic pathways.
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FIGURE 2
The differential metabolites and pathway enrichment analysis between the turmeric alone (control, TW) and turmeric kombucha (TK). (A) Bidirectional clustering analysis of the 50 top differential metabolites in TW and TK. (B) Bubble plot enrichment analysis of the 20 top metabolic pathways in TW and TK.




3.2 Efficacy of TK in LPS-induced sepsis in mice

A mouse model of LPS-induced sepsis was used to evaluate the therapeutic efficacy of TK (Figure 3A). Among the LPS-induced septic mice, the TK-treated group exhibited less agglomeration and greater physical status, activity, and appetite than the untreated LPS group (Figure 3B). TK treatment notably reduced LPS-induced MSS (P < 0.0001, Figure 3C). Among the septic mice, the TK-treated group exhibited better survival than the LPS group (90 vs. 40%, P < 0.05; Figure 3D). Eight hours after sepsis onset, the body temperature of the TK-treated mice normalized swiftly (P < 0.01, Figure 3E). This suggests that TK has a significant preventative effect against LPS-induced sepsis in mice.
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FIGURE 3
Efficacy of turmeric kombucha (TK) in ameliorating LPS-induced sepsis in mice. (A) Timeline of the experimental protocol for development of the LPS-induced sepsis model in mice. (B) Observable behavioral alterations in mice 12 h after LPS administration (15 mg/kg). (C) Assessment of murine sepsis scores (MSS) in affected mice (n = 10). (D) Effect of pre-administration of TK on survival rates in septic mice (n = 20). (E) Effect of TK pre-administration on body temperature regulation in sepsis-affected mice. Statistical analysis: Mantel–Cox test for (B), two-way ANOVA with Bonferroni post-hoc test for (C–E). Significance levels: ##P < 0.01 and ####P < 0.0001 against the sham group. *P < 0.05, **P < 0.01, and ****P < 0.0001 against the LPS group. Sample counts are provided within parentheses.




3.3 TK-mediated mitigation of LPS-induced pathology

To assess the prophylactic effect of TK on LPS-induced sepsis, lung tissue was subjected to H&E staining 12 h post-LPS induction. Figure 4 reveals that TK treatment mitigated lung injury, including reducing alveolar wall thickening and LPS-induced hemorrhage (P < 0.001). These results reveal a marked reduction in LPS-induced pulmonary impairment in mice, attributable to the prophylactic properties of TK.
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FIGURE 4
Turmeric kombucha exhibits protective effects against lung tissue damage in LPS-induced septic mice at 12 h. (A–H) Representative microscopic images of the lung tissue of mice with LPS-induced sepsis after hematoxylin and eosin (H&E) staining (magnification, 200×). H&E staining reveals the presence of inflammation (indicated by the red arrow), edema (indicated by the blue arrow), hemorrhage (indicated by the black arrow), and thickening of alveolar septa (indicated by the green arrow) in the lung tissues. (I) Lung inflammation scores of the lung tissue of LPS-induced septic mice. Results are expressed as the mean ± standard deviation. Data interpretation was conducted using ANOVA followed by Tukey’s post-hoc test (n = 5). ###P < 0.001 vs. the sham group. ***P < 0.001 vs. the LPS group. The experiment was independently replicated five times (scale bars = 100 μm).




3.4 TK significantly reduces inflammatory cytokine levels in LPS-induced septic mice

To elucidate the role of TK in attenuating inflammatory cytokine expression in vivo, we evaluated its effect on serum and lung-tissue cytokine levels 12 h post-LPS induction. Using RT-qPCR, we investigated the inhibitory influence of TK on the mRNA expression of inflammatory cytokines (IL-1β, IL-6, and TNF-α) in the lungs post-LPS induction. Inflammatory cytokine expression was significantly lower in the septic mice that received TK than in those that did not (P < 0.001, Figure 5A-C). ELISA testing demonstrated a significant reduction in LPS-induced IL-1β, IL-6, and TNF-α serum levels 12 h after LPS-induction (P < 0.01, Figures 5D–F). These findings suggest the notable inhibition of inflammatory cytokine upregulation in LPS-induced sepsis model mice, mediated by TK treatment.
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FIGURE 5
Efficacy of turmeric kombucha in reducing inflammatory factor levels in the serum of LPS-induced septic mice. (A–C) IL-6, IL-1β, and TNF-α mRNA levels in mouse lung tissue, examined via RT-qPCR 12 h after LPS administration (15 mg/kg). (A) IL-6, (B) IL-1β, and (C) TNF-α. (D–F) IL-6, IL-1β, and TNF-α protein concentrations in the lung tissue determined using ELISA, 12 h after LPS exposure. ANOVA, complemented by Tukey’s post hoc test, was employed for data analysis (n = 5). ##P < 0.01 and ####P < 0.0001 against the sham group. **P < 0.01, ***P < 0.001, and *⁣*⁣**P < 0.0001 against the LPS group.




3.5 Effect of TK on immune cell dynamics in LPS-induced sepsis in mice

For the LPS-induced septic mice, the effect of TK on peripheral blood circulating immune cell levels was quantified via flow cytometry. We examined whether TK treatment enhances the immune response in the sepsis model. Twelve hours after LPS induction, the TK group exhibited notably lower populations of activated CD4+ T cells (P < 0.01, Figures 6A, B) and CD8+ T cells (P < 0.001, Figures 6C, D) than the non-TK group. However, 12 h after LPS induction, the levels of B220, B, CD4+ T, CD8+ T, activated CD4+ T, activated CD8+ T, NK, activated NK, Treg, and activated Treg cells did not differ significantly (p > 0.05, Supplementary Figure 2) between the TK and non-TK groups. These findings suggest that TK selectively affects activated CD4+ T and CD8+ T cell populations in LPS-induced sepsis in mice, highlighting its potential modulatory role in specific immune responses.
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FIGURE 6
Effect of the turmeric kombucha treatment on the levels of activated CD4+ and CD8+ T cells in the peripheral blood of septic mice. (A) Flow cytometry and specific markers used for evaluating activated CD4+ T cells in mice with sepsis. (B) Number of activated CD4+ T cells. (C) Flow cytometry and markers for assessing activated CD8+ T cells in the same cohort. (D) Number of activated CD8+ T cells. Data were analyzed using ANOVA and Tukey’s post hoc test (n = 5). ####P < 0.0001 against the sham group. **P < 0.01 and *⁣*⁣**P < 0.0001 against the LPS group.




3.6 TK-mediated inhibition of LPS-induced inflammation

Comprehensive whole-genome RNA sequencing was used to elucidate the mechanistic role of TK in the defense against sepsis. The heatmaps (Figures 7A, B) reveal alterations in gene expression, indicating key differentially expressed genes (DEGs). TK significantly downregulated key genes in various pathways: NF-κB (ikbkb), activation of T cells (lat), and caspase (card14). Volcano plot analysis integration revealed protein interactions (Figure 7C). Subsequent GO and KEGG analyses of the DEGs revealed the regulatory impact of TK. LPS markedly intensified cytokine interactions and pathways. Conversely, TK substantially reduced inflammation (Figures 7C, D). TK notably attenuated the LPS-induced phosphorylation of NF-κB (p65) and IKBα, indicating reduced NF-κB activation (P < 0.001, Figures 7E, F). The mechanism by which TK exerts its protective effect, which curtails LPS-triggered inflammatory responses, delineates a novel therapeutic pathway for sepsis management.
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FIGURE 7
Effect of turmeric kombucha (TK) on the NF-κB pathway in LPS-induced septic mice. (A–C) Gene profile analysis in non-septic mice (sham and TK) and LPS-induced septic mice (with or without TK). (A) Clustered heatmap of gene expression in the sham, TK, LPS, and LPS + TK groups. (B) Volcano plot of differentially expressed genes (DEGs) between LPS-induced septic mice treated with or without TK (LPS vs. LPS + TK; downregulated, blue; upregulated, red; insignificantly altered, black). (C) KEGG pathway analysis of DEGs (LPS vs. LPS + TK). (D–F) Effect of TK on NF-κB signaling in LPS-induced septic mice. (D) Western blot analysis was conducted for NF-κB inhibitor α (IκBα), p-IκBα, NF-κB (p65), and p-p65 in lung tissues 12 h post LPS administration (15 mg/kg). (E,F) Densitometric quantification of proteins using ImageJ. One-way ANOVA, followed by Tukey’s post hoc test, was applied (n = 5). ####P < 0.0001 against the sham group. *⁣*⁣**P < 0.0001 against the LPS group.




3.7 TK modulation of intestinal microbiota homeostasis in LPS-induced septic mice

The sham, TK, LPS, and LPS + TK groups exhibited 14, 20, 26, and 12 unique operational taxonomic units (OTUs), respectively (Figure 8). α-diversity analysis revealed significant differences in the Shannon, Ace, Simpson, and Chao1 indices between the TK-treated and LPS groups (P < 0.01, Figures 8B-E). PCA revealed significant disparities in gut microbial communities among the groups (Figure 8F). We compared microbial community structure by analyzing the relative abundances at the phylum, family, and genus levels (Figure 8G and Supplementary Figures 3A, B). At the genus level, the dominant gut microbiota in mice included Muribaculaceae, Dubosiella, Lachnospiraceae NK4A136, Akkermansia, Desulfovibrio, Ligilactobacillus, Allobaculum, Lactobacillus, and Alloprevotella (Figure 8F). Figures 8G–K and Supplementary Figure 4 reveal that, among the LPS-induced mice, the relative abundances of Alloprevotella, Lachnospiraceae NK4A136 group, Parabacteroides, uncultured_bacterium_Lachnospiraceae, and uncultured_bacterium_Muribaculaceae were significantly higher in the TK-treated mice than in the non-TK mice (P < 0.05). Conversely, among the LPS-induced mice, the relative abundances of Bacillus, Klebsiella, and other genera were notably lower in the TK-treated group than in the non-TK group (P > 0.05).
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FIGURE 8
Effect of turmeric kombucha on the intestinal microbiota equilibrium in mice with LPS-induced sepsis. (A) Venn diagram showing overlapping operational taxonomic units (OTU) of intestinal microorganisms. (B–E) α-diversity of intestinal microbiota (OTU level): (B) Simpson index, (C) ACE index, (D) Shannon index, and (E) Chao1 index. (F) PCA plots based on weighted UniFrac Adonis analysis for different groups. (G) Stacked bar graph showing relative abundances at the genus level. (H) Heatmap of intestinal microorganism relative abundance across treatment groups at the genus level. (I,J) Relative abundances of Allobaculum (I) and Escherichia_Shigella (J). (K) Spearman’s correlation heatmap: bacterial genera, HE scores, and IL-6, IL-1β, and TNF-α levels in mice with sepsis. The heatmap values represent the Z-values calculated by standardizing the relative abundance of the species in each row. The data analysis incorporated ANOVA and Tukey’s post hoc test (n = 5). ####P < 0.0001 against the sham group; ns, nonsignificant. *P < 0.05, **P < 0.01, ***P < 0.001, and *⁣*⁣**P < 0.0001 against the LPS group.


Differences in the microbial community were analyzed using a LEfSe assay (Supplementary Figure 3C). Using LDA > 4.50 as the threshold, different species were identified (Supplementary Figure 3D). Subsequent correlation analysis was performed between the proinflammatory cytokines and intestinal microbiota. IL-1β, IL-6, and TNF-α expression in the serum and lung tissue was positively correlated with the abundance of Akkermansia and negatively correlated with the abundance of Lachnospiraceae NK4A136, Lactobacillus, and Allobaculum in the microbiota (Figure 8D). PICRUSt was used to predict functional genes in the LPS-induced mice with or without TK treatment; 28 significantly differentiated pathways were identified (Supplementary Figure 5). Together, these findings indicate that TK effectively reduced pathogenic bacterial abundance, increased beneficial bacterial abundance, and significantly ameliorated gut dysbiosis in mice with sepsis.




4 Discussion

Non-targeted metabolomics was used to analyze the compositional differences between TK and TW and to further investigate the protective effects and mechanisms of TK in mice with LPS-induced sepsis. Qualitative analysis identified 590 unique metabolites that differentiated TK from TW. Among the top 50 differential metabolites, maltulose and 1,4-beta-D-glucan exhibited the most notable differences. Future studies should consider using targeted metabolomic approaches to further validate and explore the mechanisms of action of TK.

As shown in Figure 9, TK significantly increased the survival rate of mice with LPS-induced sepsis, effectively improving their overall survival. It alleviated symptoms, such as lethargy, anorexia, and mobility reduction, while normalizing body temperature, ultimately increasing survival rates and quality of life. This demonstrates the preventative and therapeutic effects of TK in sepsis. TK markedly suppressed pro-inflammatory cytokine expression (IL-6, TNF-α, and IL-1β) in the LPS-induced mice, reducing the inflammatory burden and modulating immune responses. Furthermore, TK reduced activated CD4+ T and CD8+ T cell counts, attenuated excessive immune responses, and downregulated critical proteins in the NF-κB pathway. In the LPS-induced septic mice, TK induced significant changes in the mouse gut microbiota, notably increasing Lachnospiraceae NK4A136, Lactobacillus, and Allobaculum, which are associated with reduced inflammatory cytokine expression.
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FIGURE 9
Turmeric kombucha (TK) ameliorates LPS-induced sepsis by attenuating inflammation and modulating gut microbiota.


Kombucha has gained prominence owing to its health benefits, including its ability to reduce inflammation. Turmeric, which is rich in bioactive compounds, such as polyphenols and curcumin, is traditionally used as a spice or coloring agent. Curcumin, extracted from turmeric rhizomes, exhibits antioxidant, anti-inflammatory, and anticancer properties (Fadus et al., 2017).

During sepsis, monocytes and neutrophils release a wide array of pro-inflammatory cytokines, leading to a significant increase in lymphocyte numbers and triggering a “cytokine storm,” which is associated with cellular toxicity (Weber et al., 2015). The introduction of cells undergoing programmed cell death substantially mitigates this “cytokine storm” (Karbian et al., 2020). Consequently, reducing inflammation and apoptosis is essential for managing sepsis (Su et al., 2023c,2023d,2024a; 2024b; 2024c). The anti-inflammatory effects of TK in mice with LPS-induced sepsis may be linked to curcumin. Curcumin modulates several cell-signaling pathways, leading to the downregulation of pro-inflammatory adipokines and the upregulation of anti-inflammatory gene products.

The anti-inflammatory properties of kombucha are attributed to its beneficial constituents, such as flavonoids and phenolic acids (gallic acid, catechins, and theaflavins), which are produced via biotransformation and metabolism by the flora in the kombucha. The phenolic content of kombucha from oak-leaf tea fermentation was found to contribute to its pronounced anti-inflammatory and antioxidant effects (Vázquez-Cabral et al., 2017). Similarly, the inhibitory activities of phenolic compounds from peony flowers on bacterial biofilm formation highlight the potential for phenolics in modulating microbiota and inflammation, akin to the phenolic content in TK (Li C. et al., 2020). Additionally, the influence of different extraction methods on the antibacterial and antioxidant activities of phenolic compounds from areca nuts emphasizes the importance of optimizing extraction processes to enhance the therapeutic potential of bioactive compounds (Fan et al., 2022). Using yerba mate extract as an alternative fermentation substrate produced kombucha that significantly inhibited lipoxygenase activity after 14 and 21 days of fermentation (Ziemlewska et al., 2021). The development of herbal extract-based compounds for enhancing immunity and protecting gastric mucosa underscores the relevance of combining bioactive compounds for therapeutic purposes. This aligns with our observation of the capacity of TK to improve survival rates and reduce inflammation in septic mice (Pei et al., 2021).

Quercetin and saponins, the primary anti-inflammatory agents in yerba mate extract, reduce the production of IL-6, COX-2, and NO, the main inflammatory mediators. The tannins in yerba mate extract inhibit the activity of LOX (Ziemlewska et al., 2021), which is integral to the synthesis of leukotriene, a key mediator of the pro-inflammatory response; regulation of LOX is therefore crucial for treating inflammation (Oguntibeju, 2018). Zedoarondiol in LPS-stimulated mouse macrophages markedly suppresses the NF-κB pathway, thus diminishing iNOS, COX-2, and pro-inflammatory cytokine production (Cho et al., 2009).

Although few studies have examined the anti-inflammatory effects of TK, TK has been demonstrated to be an effective immunomodulator (Su et al., 2023e; Zubaidah et al., 2021). The pathogenesis of sepsis involves lymphocyte replication, apoptosis induction, and the upregulation of anti-inflammatory molecules, co-suppressor receptors, and ligands (van der Poll et al., 2017; Venet and Monneret, 2018). The investigation into mechanisms and ingredients promoting the formation of beneficial bacterial biofilm provides insights into the microbiota-modulating effects observed with TK, further supporting its therapeutic potential (Lou et al., 2023).

During sepsis, neutrophils interact with endothelial cells, migrate to sites of inflammation, phagocytose pathogens, and release active factors and enzymes (Shen et al., 2017). Upon cytokine stimulation or pathogen exposure, mononuclear cells or macrophages phagocytose pathogens and present antigens. Effector T cells activate macrophages, which secrete mediators that produce fibrotic tissue (Hou et al., 2015). Dendritic cell (DC) maturation in the spleen and lymph nodes is impeded during sepsis, and DC activation leads to the rapid accumulation of innate immune cells, including monocytes, NK cells, and granulocytes. In patients with sepsis, defective monocyte metabolism occurs during immunosuppression, which is characterized by inhibited glycolysis, fatty acid oxidation, and oxidative phosphorylation (Cheng et al., 2016). In sepsis, NK cells produce high levels of INF-γ, but lose the ability to support the Th1 immune responses necessary for bacterial infection clearance (Guo et al., 2018). Sepsis survivors may thus develop immunosuppression, failing to clear primary infections and becoming susceptible to secondary infections and viral reactivation. This immunosuppression, which involves both innate and adaptive immunity, is regulated by co-stimulatory molecules, such as CD80/B7-1, that are produced via TLR pathway activation and cytokine-induced regulatory T cell transformation; this in turn reduces the expression of antigen presentation-related transcription factors (Pepin et al., 2018).

In this study, TK demonstrated strong anti-inflammatory effects in an acute lung injury model. It significantly improved lung tissue condition in mice, reducing inflammation and immune cell infiltration. LPS stimulation induces cytokines that drive T- and B-lymphocyte differentiation, triggering the activation of cellular immunity (Gao et al., 2020). Additionally, the multifunctional biological potential of cyclic lipopeptides like Iturin, known for their antibacterial and immune-modulating properties, parallels the broad-spectrum impact observed under TK treatment (Wan et al., 2022). However, among the LPS-induced mice, the TK-treated group exhibited markedly lower CD4+ T and CD8+ T cell activation than that of the non-TK group, revealing the modulatory effect of TK on the immune response.

The intestinal microbiota significantly affects overall health, and its metabolic activity affects the host via the gut–brain axis, modifying appetite, food consumption, energy balance, glucose and insulin metabolism, and lipid status (Costa et al., 2023). Dysbiosis of the gut microbiome is associated with increased intestinal permeability, allowing the migration of certain microbes and their products, particularly LPS, into the bloodstream. This process activates TLR-4-mediated immune responses, exacerbating the inherent inflammatory cascades of obesity (Gasmi Benahmed et al., 2021). Via the endotoxin pathway, gut microbiota dysbiosis, which involves an increase in gram-negative bacteria or pathogens and a reduction in beneficial bacteria, disrupts the intestinal mucosal barrier by increasing intestinal LPS levels (Li Y. et al., 2020). Pretreatment with TK significantly affects the intestinal flora of mice, improving their microbiotic diversity and composition and increasing the production of probiotics that maintain intestinal homeostasis (Paul et al., 2023).

Based on our findings, the community structure of the intestinal flora was disrupted under LPS-induced sepsis, exacerbating the damage caused by sepsis. TK intervention protected intestinal homeostasis, with Dubosiella being the dominant bacterial genus in the TK-treated LPS group. Tk thus plays a potentially vital role in obesity treatment and the maintenance of intestinal balance. Verrucomicrobiota were significantly more abundant in the non-TK LPS group than in the TK-treated LPS and sham groups. However, after TK treatment, the abundance of Verrucomicrobiota decreased in the LPS group. The Verrucomicrobiota, which typically constitutes approximately 0.1% of the gut microbiota, includes genera such as Verrucomicrobium and Pedosphaera. Species-level analysis of the mouse gut microbiota revealed that the most significant increase in Verrucomicrobiota was in Akkermansia muciniphila, one of the most abundant members of the human gut microbiome, accounting for 1–5% (Derrien et al., 2008); this anaerobic gut bacterium is crucial in maintaining intestinal homeostasis (Bae et al., 2022). Its unique function in inducing adaptive immune responses in the gut during T-cell subset homeostasis makes these correlations even more valuable (Bae et al., 2022). The immunogenicity of A. muciniphila stems from the lipids on its cell membrane, specifically the active molecule 12-methyltetradecanoyl-13-methylmyristoyl-sn-glycero-3-phosphoethanolamine (standard lipid nomenclature: a15:0-i15:0 PE), which can induce DC cells to produce TNF-α and IL-6 without secreting IL-10 and IL-27P10. This potent phosphatidylethanolamine is not commonly found in the normal microbiota and has not been identified in immune-reactive gut bacteria (Depommier et al., 2019). Here, in the TK group, but not in LPS-induced sepsis, the presence of A. muciniphila and the reduction in the Firmicutes/Bacteroidetes ratio suggest that TK alters the gut microbial community structure. Among the LPS-induced septic mice, A. muciniphila abundance was substantially elevated in the non-TK group, but was lower in the TK-treated group. Furthermore, the A. muciniphila lipid component a15:0-i15:0 PE can intensify the LPS-induced inflammatory response (Pepin et al., 2018), suggesting that A. muciniphila enhances LPS stimulation.



5 Conclusion

This study underscores the protective effects of TK against LPS-induced sepsis and its impact on the intestinal microbiota of mice. Using TW as a control, we employed non-targeted metabolomics to analyze the compositional differences between TK and TW, identifying 590 unique metabolites. TK significantly improved survival rates and quality of life in mice with LPS-induced sepsis by alleviating symptoms and normalizing body temperature. TK exerts both preventative and therapeutic effects in sepsis by markedly suppressing pro-inflammatory cytokine expression, modulating immune responses, and reducing excessive activation of CD4+ and CD8+ T cells. Additionally, TK beneficially alters gut microbiota composition, increasing bacterial genera associated with reduced inflammation, thereby further contributing to its anti-inflammatory effects. Future research should utilize targeted metabolomics to validate these findings and explore specific mechanisms, paving the way for targeted sepsis therapies and expanding kombucha applications.
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Primer Sequence (5'-3')

IL-1B F: TCATTGTGGCTGTGGAGAAG
IL-1B R: TCATCTCGGAGCCTGTAGTG
TNF-a F: GCCTCCCTCTCATCAGTTCTA
TNF-a R: GGCAGCCTTGTCCCTTGA
1L-6 F: CTTGGGACTGATGCTGGTG
IL-6 R: TCATTTCCACGATTTCCCA
GAPDH F: AGAGTGTTTCCTCGTCCCG
GAPDH R: GATGGCAACAATCTCCACTTT

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL, interleukin; TNE, tumor necrosis
factor; F, forward; R, reverse.





